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   Chapter 1 General Introduction 
 

1.1. Developmental dyslexia: general introduction 
 
  Developmental dyslexia, or specific reading difficulty, is a learning disorder that is 
neurobiological in origin. Traditionally, it is defined as a persistent failure to acquire 
efficient reading skills, which is not the direct result of sensory impairments, 
intellectual deficits or lack of educational opportunities (Lyon, Shaywitz, & Shaywitz, 
2003; Word Health Organization, 1993). Dyslexia is one of the most common 
developmental disorders. It occurs in all known languages, affecting 5 – 12% of 
school-aged children (Elizabeth, Beach, & Gabrieli, 2014; Peterson & Pennington, 
2012). In families with a history of dyslexia, the estimate of prevalence surges to 34 – 
66% (Grigorenko, 2001; Puolakanaho et al., 2007; Snowling, Callagher, & Frith, 
2003), pointing to a genetic basis for the disorder. Dyslexia affects many different 
aspects of daily living, reading retardation being merely one of its manifestations. The 
disorder is a lifelong condition, posing a severe risk to academic attainments, 
occupational perspectives and psychosomatic well-being.  
  As noted by Schulte-Körne and Bruder (2010), a poor start with reading acquisition 
may lead to increasing backwardness in reading, demotivation, and ultimately, 
functional illiteracy. Therefore, in order to minimize the detrimental effects of 
dyslexia, it is important to provide dyslexic children with optimal intervention at the 
youngest possible age. Early diagnosis of the disorder, which is a prerequisite for 
early intervention, is thus called for. In this dissertation, we aim to reveal early 
neurophysiological markers of developmental dyslexia that can be detected during the 
first two years of reading acquisition, a critical time window wherein formal literacy 
education starts and key cognitive skills supporting fluent reading are developed. 
  During the past few decades, psycho- and neurolinguistic research, aided by 
neurophysiological and neuroimaging techniques, has significantly advanced our 
understanding of how reading is organized from the cognitive to the brain level, and 
how this complex process could break down in developmental dyslexia. Such 
knowledge is essential for the diagnosis of dyslexia, and may eventually set forth the 
theoretical basis for optimizing intervention programs. In this introductory chapter, 
we first present a dual-route model depicting the cognitive architecture of skilled 
reading, which provides a conceptual framework for investigating normal and 
impaired reading acquisition. This directs us to our main lines of research, i.e., 
abnormalities in auditory/phonological processing and visual word recognition. We 
then present major theories of cognitive deficits underlying dyslexia in these two 
domains, and identify their neuroanatomical origins. Finally, we close this 
introduction with an overview of upcoming chapters in this dissertation. 
 

1.2. The dual-route model of skilled reading 
 
  As a hallmark in the evolutionary history of human intelligence, reading is a multi-
modular cognitive operation integrating lower-level perceptual analyses and higher-
level linguistic computations. Lying at the crux of this complex mechanism is the 
ability to decipher visual language codes and to relate them to units of spoken 
language, which, in order to be produced and comprehended, need to be mentally 
represented and connected to units of meaning (Schlaggar & McCandliss, 2007). This 
interactive network underpinning reading is among the most extensively studied 
topics in psycho- and neurolinguistics.  
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  One of the most influential theories investigating the translation of print into speech 
or meaning is the dual route (DR) model. First proposed by Coltheart (1978), 
Patterson and Shewell (1987), and Ellis and Young (1998), among others, the DR 
model contends that reading proceeds along two alternative routes: a sublexical, or 
indirect route, and a lexical, or direct route. The essential step in reading via the 
sublexical route involves using “grapheme-phoneme correspondence rules” (GPCs; 
Coltheart, 1978) to convert letter strings into phonological representations, which can 
then be used to generate overt speech (i.e., to read aloud). In addition, via this 
sublexical route the auditory word forms being addressed can be connected to 
corresponding items in the semantic lexicon, in a similar way to spoken word 
recognition. The sublexical route works well for reading words with regular spelling-
sound correspondences (e.g., “mint”, “tint”, and “hint”, in which the rhyme is 
pronounced /Int/; examples were taken from Cortese & Balota, 2013), and is 
necessary for pronouncing novel words and nonwords, i.e., words that sound like 
normal words but do not correspond to a lexical entry in the phonological or the 
semantic lexicon (e.g., “plitharize”). The lexical route, on the other hand, makes use 
of an orthographic input lexicon that directly recognizes whole-word orthographic 
patterns. The recognized item is then connected to corresponding items in the 
phonological output lexicon for reading aloud, and in the semantic lexicon to attach 
meaning. Since reading via the lexical route implicates recognition of patterned 
orthographic input, the development of this route requires exposure to print: only 
words that the reader has seen at least once can be decoded this way. Because of its 
dependency on familiarity, the lexical route cannot process novel words or nonwords; 
nevertheless, it is particularly needed to pronounce irregular words (e.g., “pint”, in 
which the rhyme is pronounced in an idiosyncratic way: /aint/).  
  The DR model has undergone several major modifications over the past few 
decades. Remarkably, Coltheart and colleagues (Coltheart, Rastle, Perry, & Langdon, 
2001) developed the DR model into the dual-route cascaded (DRC) model. In contrast 
to the original DR model, which assumes serial grapheme-to-phoneme processing in 
the indirect route, the DRC model postulates bidirectional excitation and inhibition 
connections between the orthographic, the phonological and the semantic lexicon. 
This transition was inspired by the notion of interactive activation (IA) from the 
parallel distributed processing (PDP) model (Harm & Seidenberg, 1999, 2004; 
Seidenberg & McClelland, 1989). Another major change the notion of IA entails, is 
that the scope of the direct route is extended beyond whole words to incorporate 
orthographic patterns smaller than words, such as morphemes, syllables, and letter 
strings at the sub-syllable level (e.g., syllable-onset clusters and syllable rhymes).  
  The DRC model has been tested in numerous studies, and gained support from a 
large body of psycholinguistic data (e.g., Coltheart & Rastle, 1994; Rastle & 
Coltheart, 1999; Ziegler et al., 2008; Ziegler, Perry, & Coltheart, 2000, 2003). There 
are, of course, theoretical accounts that take very different approaches to modeling the 
cognitive architecture of reading, for example, the PDP model (a full description of 
the PDP model, which is also highly influential, falls beyond the scope of this 
introduction; for reviews see, e.g. Seidenberg, 2013). However, a broad consensus has 
been reached, i.e., two routes can be employed to transform print into speech or 
meaning, one hinging on grapheme-to-phoneme conversion and the other on fast, 
accurate recognition of visual word forms (Coltheart, 2005). As we will see in the 
next section, the DRC model provides useful guidelines for research on normal and 
disordered reading acquisition.  
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1.3.  Cognitive deficits underlying developmental dyslexia and their 
neuroanatomical origins 

 
  Under the framework of the DRC model, fluent reading proceeds in two pathways 
and implicates the following components and processes: an orthographic lexicon 
storing the visual form of words, a phonological lexicon storing the sound structure of 
words, a semantic lexicon storing the meaning of words, and a grapheme-to-phoneme 
conversion route that translates orthographic representations into their phonological 
counterparts. The possession of such a dual-route architecture is the end-result of 
successful reading acquisition. Accordingly, if any of the component(s) has not been 
acquired to an age-appropriate level, reading will prove abnormal for age, and the 
way in which the anomaly manifests itself will depend on which component(s) has 
been affected (Coltheart, 2005). For example, if the orthographic lexicon is 
developmentally impaired, the child will have particular difficulty reading irregular 
words, despite relatively preserved reading of words and nonwords; this is the case 
for developmental surface dyslexia (McDougall, Borowsky, MacKinnon, & Hymel, 
2005; Valdois, Bosse, & Tainturier, 2004; Ziegler et al., 2008). If the sublexical 
procedure is poor for age, on the other hand, the child will have a selective deficit in 
reading nonwords and novel words (real words encountered for first time by the 
reader are processed in the same way as nonwords, because they do not have a 
corresponding entry in the orthographic input lexicon yet); this is the case for 
developmental phonological dyslexia (McDougall et al., 2005; Muneaux, Ziegler, 
Truc, Thomson, & Goswami, 2004; White et al., 2006; Ziegler et al., 2008).  
  In the current study, we therefore focus on two lines of research to investigate early 
indicators of developmental dyslexia, i.e., phonological/auditory processing and 
visual word recognition, the former underpinning the sublexical route of the DRC 
model and the latter underpinning the lexical route. Indeed, as the DRC model 
predicts, impairments in these two domains have been shown to play an important 
role in dyslexia. In the rest of this section, we present major theories of 
phonological/auditory-processing and visual-word-recognition deficits underlying 
dyslexia, and discuss their origins in the brain.  
 

1.3.1. Phonological/auditory processing in developmental dyslexia 
 

1.3.1.1. The phonological-core deficit theory 
 
  Historically, the aetiology of dyslexia has been sought in the visual, the auditory, 
and the cognitive-linguistic domains (for a review see, e.g., Vellutino, Fletcher, 
Snowling, & Scanlon, 2004). After decades of discussion, the consensus has been 
reached that, though other systems may each contribute to dyslexia to a certain extent, 
the core difficulty underlying dyslexia is phonological. This is in line with the claims 
of the DRC model regarding learning to read: as discussed in previous sections, an 
important task of reading acquisition in the context of the DRC model is to build up a 
fully functioning sublexical route, which is needed for reading nonwords and novel 
words (the latter type is particularly important in reading acquisition).  
  To acquire the sublexical route, which rests heavily on grapheme-to-phoneme 
conversion, a child must develop phonological awareness, i.e., the awareness that 
speech is combinatorial in nature, comprising a limited number of sounds (phonemes) 
that are combined to make words (Lyon et al., 2003; Ramus, et al., 2003). Moreover, 
the child must realize that written words bear the same internal phonological structure 
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as the spoken words. It is phonological awareness and the understanding that 
constituents of written words are systematically related to spoken units that eventually 
allows the child to connect written words to corresponding items in the phonological 
lexicon (Pugh et al., 2001). Failure in the acquisition of this sublexical/phonological 
route may lead to difficulties reading nonwords and newly encountered words, which 
in turn hinder the development of the orthographic lexicon and subsequently the 
acquisition of the lexical/orthographic route. This way of looking at the origin of 
reading difficulty lays the basis for the phonological-core deficit theory. Specifically, 
supporters of this theory claim that developmental dyslexia arises causally and 
directly from a cognitive deficit in phonological awareness, which renders the 
learning of grapheme-to-phoneme conversion rules difficult, hence weakening the 
very basis of reading alphabetic scripts (Bishop & Snowling, 2004; Lyon et al., 2003; 
Snowling, 2001; Vellutino et al., 2004; Ziegler & Goswami, 2005).  
  Support for the phonological theory comes from behavioral findings that children 
with dyslexia perform poorly on tasks requiring phonological awareness such as 
nonword reading and phoneme deletion (for reviews see, e.g. Ramus, 2004). 
Problems as such are believed to reflect impairments in conscious segmentation and 
manipulation of phonemes. In addition to impoverished phonological awareness, there 
are other problems associated with phonological processing in dyslexia, which may 
point to a more basic deficit in the quality of phonological representations, or their 
access and retrieval (Dandache, Wouters, & Ghesquière, 2014; Ramus et al., 2003): 
these include poor verbal short-term memory, as exemplified in nonword repetition 
and digit span task (e.g., Catts, 1989), and slow retrieval of phonological codes from 
long-term memory, as reflected by the word-finding difficulties frequently observed 
clinically and in experiments using rapid naming tasks1 (e.g., Denckla & Cutting, 
1999; Vellutino et al., 1996). In addition to findings of deficient phonological 
processing in individuals with dyslexia, evidence for the phonological-core deficit 
theory comes from longitudinal prospective studies that have reported a causal link 
between early sensitivity to the phonological structure of words and later literacy 
performance (for reviews see, e.g., Castles & Coltheart, 2004). 
  In short, there is good evidence for a phonological deficit as a primary source of 
reading difficulty. According to a recent review by Schulte-Körne and Bruder (2010), 
a phonological deficit is found in 30 – 60% of the dyslexics depending on the study. 
Indeed, the phonological-core deficit theory has remained the predominant etiological 
view of dyslexia for decades. However, despite the consensus that dyslexia results 
largely, if not exclusively, from a phonological deficit, the origin of this deficit is still 
a matter of debate: is it specific to phonology, as proposed by the phonological core-
deficit theory, or is it part of a more general sensorimotor deficit? One of the theories 
supporting the latter view is the auditory deficit theory, which will be reviewed next. 
 

1.3.1.2. The auditory deficit theory 
 
  Challenging the central and causal role of phonology in dyslexia, the rapid auditory 
temporal processing theory (RATP; Tallal & Piercy, 1973 a, 1973 b) claims that the 
phonological deficit is secondary to a more fundamental deficit in auditory 

1 Alternatively, the rapid naming deficit is considered as an independent source of 
reading difficulty (see, e.g., Kirby, Silvestri, Allingham, Parrila, & La Fave, 2008; 
Wolf & Bowers, 2000; Wolf, Bowers, & Biddle, 2000). 
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mechanisms. Initially proposed to account for deficient auditory processing in specific 
language impairment (SLI), the RATP was later extended to explain dyslexia (Farmer 
& Klein, 1995; McArthur & Bishop, 2001; Stein, 2001; Tallal, 1980; Temple et al., 
2000). Specifically, the RATP contends that children with developmental language 
and literacy disorders have difficulties perceiving transient or rapidly changing 
sounds. In support of the RATP, it has been shown that individuals with dyslexia have 
particular difficulties discriminating phonemes involving rapid spectro-temporal 
transitions (e.g., Mody, Studdert-Kennedy, & Brady, 1997; Schulte-Körne, Deimel, 
Bartling, & Remschmidt, 1998).  
  During the past forty years, the temporal demand the RATP initially stipulated has 
been called into question, and research on deficient auditory processing in dyslexia 
has been extended to incorporate aspects of auditory analyses that do not tax temporal 
processing. The auditory deficit among dyslexic readers has been demonstrated in a 
wide range of tasks, including temporal-order judgment (e.g., Ben-Artzi, Fostick, & 
Babkoff, 2005; Chung et al., 2008), pitch discrimination (e.g., Baldeweg, Richardson, 
Watkins, Foale, & Gruzelier, 1999; Kujala, Belitz, Tervaniemi, & Näätänen, 2003), 
and frequency/amplitude-modulation detection (Menell, McAnally, & Stein, 1999; 
Talcott et al., 1999, 2000, 2002; van Ingelghem et al., 2005; Witton et al., 1998). In 
addition to analyses of general acoustic information, the processing of speech signals 
also proves to be impaired in dyslexic readers, as they exhibit difficulties 
discriminating between speech sounds contrasting various acoustic features, such as 
frequency transition (spectral changes, e.g. /da/ vs. /ga/; Kraus et al., 1996; Meng et 
al., 2005; Schulte-Körne, Deimel, Bartling, & Remschmidt, 2001), and voice-onset 
timing (temporal changes, e.g. /ba/ vs. /pa/; Cohen-Mimran, 2006; Moisescu-Yiflach 
& Pratt, 2005). 
  According to the auditory deficit theory, problems with auditory processing as 
reviewed above cause a cascade of effects, starting with fuzzy, underspecified 
phonological representations, leading to disrupted phonological processing and finally 
bringing on developmental dyslexia (Ben-Artzi et al., 2005; Boets, Wouters, van 
Wieringen, & Ghesquière, 2007; Chung et al., 2008). Therefore, the auditory deficit 
theory does not deny the existence of a phonological deficit or its contribution to 
reading difficulty. Rather, it argues that the phonological deficit is part of a more 
general auditory processing deficit. Next, we elucidate the neuroanatomical networks 
that underlie auditory/phonological processing, and review findings from 
neuroimaging and neurophysiological studies that suggest impairments in this 
network.  
  

1.3.1.3. The neuroanatomical networks underlying auditory and 
phonological processing (and how they may break down in 
dyslexic readers) 
 

  At the neuroanatomical level, two parallel pathways are plausibly implicated in 
auditory/phonological processing of speech and nonspeech stimuli (Boets et al., 2007; 
Hickok & Poeppel, 2000; Scott & Johnsrude, 2003). The first is an antero-ventral 
auditory-to-meaning pathway, which extends from bilateral dorsal superior temporal 
gyrus (STG) to the left anterior superior temporal sulcus (STS) and middle temporal 
gyrus (MTG). Functional imaging data have suggested hierarchical processing along 
this pathway: while the processing of pure tones occurs mainly in the primary 
auditory cortex, complex spectro-temporal signal analyses (e.g., amplitude/frequency 
modulation) are underpinned by the antero-lateral association cortex including 
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bilateral dorsal STG and STS (Hart, Palmer, & Hall, 2003; Humphries, Sabri, Lewis, 
& Liebenthal, 2014; Liebenthal, Binder, Spitzer, Possing, & Medler, 2005; Scott, 
2003; Scott & Wise, 2003). Crucially, temporal fluctuations in amplitude and spectral 
shape are at the core of speech perception, which is primarily accomplished in the left 
middle and anterior STS (Liebenthal et al. 2005; Scott & Wise, 2003).  
  Given the role of the auditory-to-meaning pathway in analyzing acoustic features 
that are critical to phoneme identity, the auditory deficit theory of dyslexia would 
postulate a dysfunction in this pathway. Indeed, there is good evidence for deficient 
neurophysiological processing in dyslexic readers with respect to speech perception 
and auditory temporal analyses (for reviews see Boets et al., 2007; Lyttinen et al., 
2005). Functional imaging studies, on the other hand, did not find consistent evidence 
for reduced activity in the auditory-to-meaning pathway, but rather reported 
anomalies in left frontal regions. Such findings, nevertheless, are consistent with 
evidence gained from normal subjects showing involvement of left frontal regions in 
processing rapidly changing auditory stimuli (e.g., Joanisse & Gati, 2003; Müller, 
Kleinhans, & Courchesne, 2001).  
  The second pathway engaged in auditory/phonological processing is an auditory-to-
motor stream that links posterior temporal cortex to inferior parietal (i.e., angular 
gyrus and supramarginal gyrus) and inferior frontal regions (Boets et al., 2007). This 
network is known to support a wide range of speech- and language-related functions, 
including articulation and naming (primarily in frontal regions; e.g., Fiez & Peterson, 
1998), lexical retrieval (e.g., Misra, Katzir, Wolf, & Poldrack, 2004), grapheme-to-
phoneme mapping (e.g., Jobard, Crivello, & Tzourio-Mazoyer, 2003; Simons et al., 
2002), and phonological working memory (e.g., Démonet, Thierry, & Cardebat, 
2005). Not surprisingly, the phonological-core deficit theory predicts anomalies in 
this pathway. In support of this perspective, a large literature on phonological 
processing in dyslexia has shown reduced activation in left temporoparietal regions of 
dyslexics’ brain, often accompanied by increased, compensatory activation in the 
inferior frontal gyrus (for reviews see, e.g., Paulesu, Danelli, & Berlingeri, 2014; 
Pugh et al., 2001; Temple, 2002).  
  To sum up, both the phonological and the auditory theory provide a feasible account 
of developmental dyslexia, including a possible neurobiological origin. It is beyond 
the scope of this dissertation to assess these two accounts against each other. Rather, 
our primary objective, as illustrated at the beginning of this chapter, is to reveal robust 
indicators of dyslexia that can be detected at an early age. Given this goal, we will 
focus specifically on the auditory deficit of dyslexia, which can easily be assessed 
with beginning readers using a non-attentive paradigm (for more details see 1.4.2.).    
 

1.3.2. Visual word recognition in developmental dyslexia 
 
  The phonological/auditory deficit theory defines dyslexia as primarily a problem 
with spoken language. However, dyslexia is after all a disorder of deciphering visual 
language codes. Under the framework of the DRC model, a parallel, complementary 
counterpart to the sublexical/phonological route is the lexical/orthographic route, 
which is necessary for the correct pronunciation of irregular words. Since the lexical 
route requires an orthographic input lexicon, i.e., a store of the visual form of whole-
word and sublexical orthographic patterns, this route develops only with exposure to 
print. Once established, the lexical route functions faster than the sublexical route, 
because it allows reading comprehension to proceed via direct connections between 
the orthographic and the semantic lexicon, and reading aloud via direct connections 
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between the orthographic and the phonological lexicon. Consequently, fluent adult 
readers rely heavily on the lexical route for normal reading, both silently and aloud, 
and resort to the sublexical route only when encountering low-frequency words, 
nonwords and novel words. 
  A critical first step in reading via the lexical route is visual word recognition. To 
recognize an orthographic pattern fast and accurately, the reader needs to effectively 
extract invariant features from print input while ignoring large variants in font, color 
and other low-level stimulus features. In this way, the reader forms an abstract 
representation of letter/letter-string identity (also known as the visual word form; 
Warrington & Shallice, 1980), which can then be connected to corresponding items in 
the phonological and the semantic lexicon. Failure in this initial visual-orthographic 
analysis would hinder the computation of visual word-forms and hence lead to 
reading difficulties. So far, a well-formulated theory describing the visual-
orthographic deficit of dyslexia at the cognitive level has yet to be developed (but see 
Maurer & McCandliss, 2007; McCandliss & Noble, 2003; Valdois, Lassus-Sangosse, 
& Lobier, 2012, discussed later). Nevertheless, a large number of neuroimaging 
studies have investigated the neural substrate of visual-orthographic processing and 
how it may break down in dyslexia.  
  The visual-orthographic system of the reading network is located ventrally in the 
extrastriate cortex. Within this system, the bilateral areas are thought to support initial 
visual analyses. The outcome of this preliminary processing is subsequently fed into 
the left anterior part of the system, a region widely referred to as the visual word form 
system (VWFS; Cohen et al., 2000). The VWFS is postulated to underpin the 
computation of visual word-forms, and the interaction between the VWFS and 
classical language areas, on the other hand, serves to relay the visual word-forms to 
phonological and semantic processing (Bruno, Zumberge, Manis, Lu, & Goldman, 
2008). 
  Just as a radio can be tuned to receive a particular range of frequencies, the VWFS 
can be tuned to process print. Specifically, fMRI studies have identified two levels of 
VWFS tuning in fluent adult readers. First, a fast, coarse form of tuning can be found 
when contrasting print with visual baseline under equivalent conditions: the former 
consistently elicits stronger activation in the VWFS (e.g., Brem et al., 2006; van der 
Marker et al., 2009; Vinckier et al., 2007). The second level of VWFS tuning, i.e., the 
fine tuning, concerns differential processing of familiar and unfamiliar word forms 
(e.g., words vs. pseudo words, or high-frequency vs. low-frequency words): the 
former are processed more efficiently and therefore evoke lower activation in the 
VWFS (e.g., Bruno et al., 2008; Devlin, Jamison, Gonnerman, & Matthews, 2006; 
Kronbichler et al., 2004, 2007). When reported, the tuning effects (both the coarse 
and the fine form) were typically described in terms of relative strengths of activation. 
Thereby, the evidence supports preferential, but not exclusive, processing of visual 
word-forms in the VWFS. It has been suggested that this region embraces a form of 
perceptual expertise for reading a particular script, which supports fast recognition of 
visual words presented in that script. Putting it metaphorically, the VWFS serves as a 
"gateway", through which invariant features extracted from the print input come into 
contact with higher-level linguistic representations (Schlaggar & McCandliss, 2007).  
  From a developmental perspective, the functional specialization of the VWFS is 
thought to develop with learning to read. Initially, recognizing visual word-forms is 
just the same as recognizing general objects, and may engage a wide range of visual 
processing mechanisms. With increasing exposure to print and gradual maturation of 
the underlying neural circuitry, the system "learns" to make effective use of 



Chapter 1   General Introduction 

 9 

mechanisms focusing on invariant visual features that are critical to letter identities, 
while reducing the usage of less appropriate mechanisms. Supporting this perspective, 
developmental functional imaging studies have demonstrated a gradual transition 
from bilateral extrastriate activations for the task of reading to more focal, left ventral 
occipitotemporal activations. Failure in this specialization process thus leads to 
deficient visual word recognition, and ultimately, to impaired reading. Accordingly, 
both the coarse and the fine form of VWFS specialization seem to be disrupted in 
dyslexia (Kronschnabel, Schmid, Maurer, & Brandeis, 2013; Paulesu et al., 2001; 
Richlan, Kronbichler, & Wimmer, 2011; Rumsey et al., 1997; Schulz et al., 2008; 
Shaywitz et al., 2002; van der Mark et al., 2009; Wimmer et al., 2010). 
  As mentioned earlier, a well-established theory describing deficient visual word 
recognition at the cognitive level is still to be developed. So far, two major accounts 
have been put forward. The phonological mapping hypothesis, proposed by 
McCandliss and Noble (2003) and Maurer and McCandliss (2007), suggests that the 
visual-tuning deficit can be linked to the phonological-core deficit of dyslexia, as the 
grapheme-to-phoneme conversion process that lies at the basis of alphabetic reading 
could map phonological difficulties to reading-related visual processing. 
Alternatively, the visual-tuning deficit may constitute an independent source of 
reading difficulties (Valdois et al., 2012). In this dissertation, we present a cross-
linguistic study aiming to investigate the underlying mechanism of specialized visual 
processing for print (see Chapter 4). A more detailed discussion of these two 
theoretical accounts is provided in the general discussion (see Chapter 5).  
 

1.4. The current study 
 
  The objective of the current study is to reveal neurophysiological markers of 
developmental dyslexia in beginning readers of Dutch, thus contributing to the early 
diagnosis and intervention of the disorder. To fulfill this objective, we focus on two 
lines of research: auditory discrimination of speech and nonspeech stimuli, and visual 
word recognition. Specifically, we use electroencephalography (EEG) to record brain 
activities of children with varying degrees of reading fluency, while they are doing 
tasks assessing auditory/visual processing. Using generalized additive modeling 
(GAM; Wood, 2006), we characterize specific patterns of brain activities linked to 
reading abilities, thus revealing neurophysiological markers that may help distinguish 
poor from normal readers. Below we briefly introduce our study population, as well 
as the neurophysiological technique (EEG) and the statistical modeling we used to 
collect and analyze the data. We then close this introductory chapter with an overview 
of upcoming chapters in this dissertation. 
 

1.4.1. Study population 
 

  Participants in the current project were recruited from children who participated in 
the Diagnosis of Dyslexia study (WakelKamp, 2015; MA-thesis), a behavioral study 
investigating the cognitive profiles of beginning readers of Dutch, with a focus on 
early diagnosis of dyslexia. In total, 75 children were recruited from 9 primary 
schools in various cities and villages surrounding the city of Groningen. Schools were 
approached through existing contacts that the Center for Language and Cognition 
Groningen (CLCG) had with EDventure, an association of education consultancy 
firms in the Netherlands. Teachers in participating schools received information about 
the study, and were asked to refer especially poor-reading children. Parents of the 
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children who were referred then received information about the study. Only children 
whose parents gave informed consent for participation were approached further. For 
these children, teachers filled out questionnaires about general learning progress and 
reading performance, whereas parents filled out questionnaires about neurological 
disorders, family history of dyslexia and other possibly relevant cognitive problems, 
handedness and visual/auditory acuity. Our exclusion criteria are the following: 
 

⎯ neurological disorders (e.g., traumatic brain injury or epilepsy) 
⎯ serious mental or psychiatric problems, emotional disturbances or attentional 

deficits (e.g., autism or ADHD) 
⎯ speech and language problems (e.g., specific language disorder) 
⎯ uncorrected vision or hearing problems 
⎯ bilingual background 

 
  Based on these criteria, 75 children were selected for the Diagnosis of Dyslexia 
study. All of them were neurologically health, right-handed and had normal or 
corrected-to-normal vision and hearing. A comprehensive behavioral test battery was 
administered to the children during the first 1.5 year of formal reading education 
(between the end of Grade 1 and halfway Grade 2). The test battery comprised 
assessments of reading skills, phoneme awareness, rapid automatized naming (RAN), 
and nonverbal intelligence (See Appendix A.1 for a detailed description of the tests). 
MA students of neurolinguistics tested the children in a silent classroom at school.  
  All participants of the Diagnosis of Dyslexia study and their parents were asked 
whether they were interested in taking part in two ERP studies. Due to several reasons 
(the major reason being the long-distance parents would have to travel to the ERP-
laboratory), of the 75 children only 18 agreed to participate. To increase the sample 
size, another 3 children were recruited from a dyslexia center in the city of Zwolle, 
the Netherlands. Therefore, a total number of 21 children participated in the ERP 
experiments (9 males and 12 females; mean age [±SD] = 7.7 [±0.46] years). Since the 
statistical-modeling approach we employed (generalized additive modeling; see 
1.4.3.) can accommodate continuous, nonlinear predictors, we used raw reading 
scores to index the children’s reading ability without resorting to group dichotomy 
(poor-reading vs. control). Behavioral measurements of individual participants are 
summarized in Table A.4.4 in Appendix A.4. 
    

1.4.2. Neurophysiological measurements 
 
  Electroencephalography (EEG) is a non-invasive method to record electrical 
activities in the human brain using electrodes placed on the scalp. The event-related 
potential (ERP) represents electrophysiological response in the EEG signal that is 
time-locked to the onset of a particular event. Traditionally, ERPs are obtained by 
averaging across a large number of EEG epochs, a process that presumably removes 
background noise in the ongoing EEG that is unrelated to the event. The peaks and 
troughs in the resulting ERP waveform, typically referred to as components, are 
thought to reflect underlying neural activities (Luck, 2005). An important advantage 
of the ERP is that it measures neural activities with millisecond precision. 
Furthermore, some ERP components (including those investigated in the current 
study, see below) can be elicited irrespective of subject’s attention or behavioral task. 
Therefore, compared with behavioral measures, ERPs are less likely to be 
contaminated by confounding factors such as task demand, attention and motivation. 
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Such characteristics render the ERP a particularly suitable tool for investigating basic 
aspects of visual and auditory processing in beginning readers. In the current study, 
we focus on the following ERP components to assess auditory discrimination and 
visual word recognition. Detailed descriptions of these components can be found in 
relevant chapters.  
 
MMN 
 
  The mismatch negativity, widely known as the MMN, is a negative-going 
component of the auditory ERP that peaks between 160 and 220 ms, and is largest at 
central midline electrode sites. The MMN arises in response to any discriminable 
change in a repetitive chain of homogeneous auditory stimuli. Therefore, it is thought 
to provide an objective measure of the accuracy of auditory perception (Näätänen & 
Alho, 1997; Näätänen, Pakarinen, Rinne, & Takegata, 2004; Näätänen & Winkler, 
1999). In accordance with the auditory deficit theory, reduced MMN to both speech 
and non-speech stimuli has been observed in dyslexic children, pointing to a basic 
deficit in auditory discrimination that underlies dyslexia (Cohen-Mimran, 2006; 
Kraus et al., 1996; Meng et al., 2005; Moisescu-Yiflach & Pratt, 2005; Schulte-Körne 
et al., 2001).  
 
N170 
 
  The N170 (or N1) component of the visual ERP is a negative-going deflection that 
peaks between 150 and 200 ms over occipito-temporal electrode sites. The N170 is 
thought to index visual expertise of the viewer, as it is strongly elicited by familiar 
visual categories, such as faces, compared to low-level visual control-stimuli 
(Gauthier, Curran, Curby, & Collins, 2003; Latinus & Taylor, 2006). Specifically, 
enhanced N170 for print (words or word-like letter strings) has been associated with 
perceptual expertise for written language, which supports fast, automatized 
recognition of visual word-forms (Brem et al., 2005; Maurer, Brandeis, & 
McCandliss, 2005a; Maurer, Brem, Bucher, & Brandeis, 2005b; Maurer, Zevin, & 
McCandliss, 2008; Rossion, Joyce, Cottrell, & Tarr, 2003). In line with fMRI findings 
of disrupted VWFS specialization in dyslexia, the N170 tuning effect develops 
rapidly in typically developing children during the early phase of reading acquisition, 
but not in children with dyslexia (Araújo, Bramão, Faísca, Petersson, & Reis, 2012; 
Eberhard-Moscicka, Jost, Raith, & Maurer, 2015; Maurer et al., 2007, 2011). 
 

1.4.3. Statistical modelling 
 
  We use generalized additive modelling (GAM; Wood, 2006) for offline analyses of 
the ERP data. The GAM is a novel statistical tool for analyzing time-series data. 
Different from linear regression, GAM provides flexible tools for modeling nonlinear 
relations, thus allowing us to assess the complete, nonlinear shape of the ERP signal 
over the entire timespan wherein the effect of interest might emerge. Crucially, by 
accommodating nonlinear interactions between multiple predictors, GAM avoids 
arbitrary dichotomy of inherently continuous variables (e.g., grouping the participants 
as control vs. dyslexic based on their reading scores), a practice that is likely to 
decrease statistical power and increase the possibility of finding spurious 
significances. Furthermore, GAM can account for systematic variations introduced by 
random-effect factors, e.g., subject and item, hence increasing the generalizability of 
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our results. A detailed introduction to GAM and its application to ERP data can be 
found in the Methods section of Chapter 2.  
 

1.4.4. Outline of the disseration 
 
  Following the lines of research outlined in this introductory chapter, Chapter 2 
presents an ERP experiment investigating the relationship between reading 
performance and the size, as well as the lateralization pattern, of the N170 print-
tuning effect. We hypothesize that the tuning effect grows larger as reading score 
increases, and that such correlation is particularly robust in the left hemisphere. If 
verified, the N170 print-tuning effect would prove to be a valid neurophysiological 
marker of dyslexia. In Chapter 3, we present another ERP experiment with the same 
group of children, which aims to assess their auditory discriminability using the 
mismatch negativity. Similarly, we expect a positive correlation between the size of 
the MMN and reading fluency, which would lend support to the validity of the MMN 
as a neurophysiological marker of dyslexia. In Chapter 4, to investigate whether the 
N170 print-tuning effect extends to logographic Chinese and to shed light on the 
underlying mechanism of the N170 print-tuning effect (i.e., whether it is triggered by 
grapheme-to-phoneme conversion or by visual familiarity with a particular script), we 
conducted a cross-linguistic ERP study contrasting readers of alphabetic language 
(Dutch) and readers of logographic language (Chinese). Finally, we conclude the 
thesis with a general discussion of all findings collected.  
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Chapter 2 

Fast Visual Specialization for Print and Reading Fluency: Using Generalized 
Additive Modelling to Study a Neurophysiological Marker of Emerging 
Dyslexia2 

 

Abstract | Background: When presented with print (words or word-like letter strings), 
fluent adult readers activate fast, specialized visual brain processes, which underlie 
the basis for efficient recognition of print input. At the neurophysiological level, 
specialized visual processing of print is indexed by the N170 component of the event-
related potential (ERP): in alphabetic languages, print consistently elicits larger N170 
responses than visual baseline (e.g., symbols), especially in the left hemisphere. Such 
a tuning effect develops rapidly within the first two years of schooling in typically 
developing children, and is believed to reflect reading expertise associated with one’s 
own language. The finding of absent/attenuated tuning effect in children with 
dyslexia, on the other hand, has generated expectations that the print N170 may help 
distinguish poor from normal readers at an early age. 

Aims: In the current study, we thus investigated whether the N170 print-tuning effect 
has already emerged in beginning readers of Dutch (second graders), and, if yes, 
whether the size and the lateralization pattern of this tuning effect are systematically 
related to reading fluency. 

Methods & Procedures: To fulfil these objectives, we recorded the ERPs of a group 
of Dutch children with varying degrees of reading fluency while they were 
performing a repetition detection task with words, pseudo words and symbol strings. 
In offline analysis of the ERP data, we used generalized additive modelling (GAM) to 
investigate the relation between reading score and the size, as well as the 
lateralization pattern of the N170 print-tuning effect. Such a novel statistical tool 
allows us to assess the complete, nonlinear shape of the ERP signal over time while 
controlling for systematic variations associated with subjects and items. 
 
Results & Conclusions: The results of the GAM analyses demonstrated a robust N170 
print-tuning effect (i.e., enhanced N170 for words compared to symbols) in the left 
hemisphere, as well as a positive, almost linear relation between reading ability and 
the size of the tuning effect. Overall, our findings lend support to the validity of the 
N170 print-tuning effect as a neurophysiological marker of emerging dyslexia.  
 
Key words: visual word recognition, developmental dyslexia, N170 print-tuning 
effect 
 

 
  

2 This chapter was adapted from: Qin, R., Wieling, M., van der Spek, J., Maurits, N. 
M., & Maassen, B. (2015). Fast visual specialization for print and reading fluency: 
Using generalized additive modelling to study a neurophysiological marker of 
emerging dyslexia. Manuscript submitted for publication.  
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2.1. Introduction 
 

  Developmental dyslexia is a neurobiologically-based learning disorder that impairs a 
child’s ability to read and write. Over the past few decades, the flourishing of 
neuroimaging techniques has significantly advanced our understanding of the neural 
substrates of reading and reading disorders. Such knowledge is key to identifying 
early precursors of dyslexia, and may eventually give rise to highly-targeted 
intervention programs (Posner & Rothbart, 2005).  
  One of the most intensively investigated parts of the reading network is the left 
ventral occipito-temporal cortex. This particular patch of the visual cortex is believed 
to underlie fast, automatized recognition of print (visually presented words or word-
like letter strings), and is hence termed as the visual word form system (VWFS, 
Cohen et al., 2000). The VWFS appears to be tuned to print processing: in response to 
print, fluent adult readers activate fast, specialized visual brain processes in the 
VWFS, enabling efficient recognition and categorization of the stimuli (Brem et al., 
2006, 2010; Dehaene, Cohen, Sigman, & Vinckier, 2005; van der Mark et al., 2009; 
Vinckier et al., 2007). Such print-specific activation, however, seems to be reduced in 
dyslexic adults and children (Helenius, Tarkiainen, Cornelissen, Hansen, & Salmelin, 
1999; Kronschnabel et al., 2013; Paulesu, et al., 2001; Richlan et al., 2011; Rumsey et 
al., 1997; Shaywitz et al., 2002; van der Mark et al., 2009; Wimmer et al., 2010).  
  An apt tool for studying such transient visual-specialization processes is the event-
related potential (ERP), which records electrical brain activity on a time scale of 
milliseconds. Previous research has pointed to the N170 component of the ERP as the 
electrophysiological correlate of print tuning, which is an occipito-temporal negativity 
peaking between 140 and 220 ms after stimulus onset. The N170 has long been 
known to respond more strongly to particular classes of stimuli than to others, 
depending on the visual expertise of the viewer. For example, bird experts show 
larger N170 to bird than to dog stimuli, whereas dog experts demonstrate the opposite 
pattern (Tanaka & Curran, 2001). Furthermore, familiarity with human faces results 
in enlarged N170 responses for face stimuli (Gauthier et al., 2003; Latinus & Taylor, 
2006). Analogously, exposure to written language gives rise to N170 tuning effect for 
print: in fluent adult readers, the N170 is consistently found to be larger for print than 
for visually-matched control stimuli (Bentin, Mouchetant-Rostaing, Giard, Echallier, 
& Pernier, 1999; Brandeis, Lehmann, Michel, & Mingronem, 1995; Brem et al., 2005; 
Maurer et al., 2005a, 2005b, 2008; Rossion et al., 2003). In contrast to the object and 
the face N170, which typically show a bilateral pattern, the print N170 is 
lateralized to the left hemisphere (Brandeis et al., 1995; Brem et al., 2005; Rossion 
et al., 2003). Source localization studies have identified the left VWFS as the 
neuroanatomical correlate of the print N170 (Helenius et al., 1999; Proverbio & Zani, 
2003).   
  Specifically, two levels of N170 tuning have been reported. A coarse form of tuning 
is reflected by larger N170 amplitudes for print stimuli (e.g., words or pseudowords) 
than for nonsense character strings made from symbols or icons. Such enhanced 
responses can be readily elicited using implicit reading tasks, indicating that the 
prelexical sensitivity of N170 is largely automatic (Bentin et al., 1999; Schendan, 
Ganis, & Kutas, 1998). A second, fine form of N170 tuning concerns differential 
processing of familiar and unfamiliar word forms (e.g., words vs. pseudowords, or 
high-frequency vs. low-frequency words): the former are easier to process and 
therefore evoke a smaller N170 than the latter (Curran, Tanaka, & Weiskopf, 2002; 
Hauk & Pulvermuller, 2004; Sereno, Brewer, & O'Donnell, 2003). Compared with the 
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coarse tuning, the fine tuning is less robust. The subtle differences in N170 amplitude 
between different subtypes of print stimuli can be observed in explicit reading tasks, 
such as lexical or semantic tasks (Bentin et al., 1999; McCandliss, Posner, & Givon, 
1997), but not in implicit reading tasks (Bentin et al., 1999; Maurer et al., 2005 a, 
2005b; Schendan et al., 1998; Wydell, Vuorinen, Helenius, & Salmelin, 2003). 
  The two forms of N170 tuning also differ in their developmental trajectories. While 
the fine tuning doesn’t fully develop until reading has become automatic (McCandliss 
& Noble, 2003), the coarse tuning emerges rather early, with its size peaking within 
the first two years of reading acquisition. In a longitudinal study by Maurer and 
colleagues (Maurer et al., 2006), preliterate kindergarten children showed identical 
N170 responses to words and symbol strings; after two years of reading education, 
however, enhanced N170 for words was reliably found in the same children. A 
comparison between the second graders and adults revealed that the coarse tuning 
effect attenuates during adulthood, presumably because reading has become 
increasingly proficient through intensive training. Taken together, these findings 
suggest that the N170 tuning effect for print, especially its coarse form, is a valid 
marker for emerging reading expertise. Therefore it is of particular interest to 
investigate N170 tuning in novice readers with dyslexia, as it may prove to be a valid 
neurophysiological indicator of the disorder. Supporting this view, evidence has been 
accumulating that the left-lateralized print N170 develops rapidly with learning to 
read in typically developing children, but not in dyslexic children (Araújo et al., 2012; 
Eberhard-Moscicka et al., 2015; Maurer et al., 2007, 2011). 
  In the current study, we aim to investigate the relation between N170 print-tuning 
effect and reading fluency in novice readers of Dutch. Our prediction is that children 
with better reading performances show larger print-tuning effects, especially in the 
left hemisphere. A particular difficulty in ERP studies with children is to define the 
time window wherein peak or mean amplitude of the component under investigation 
is to be measured. This is because ERP signal in children tends to follow a different 
time course from that in adults, and is characterized by greater individual variations. 
In this study we use generalized additive modelling (GAM; Wood, 2006) to analyse 
the N170 tuning effect for print, a statistical tool for modelling nonlinear relations. 
With GAM it is possible to assess the entire time-course of the ERP signal (which 
exhibits a nonlinear shape). There is hence no need for a pre-defined time window of 
analysis. As a regression method, GAM is also capable of accommodating numeric 
predictors. Such a characteristic allows us to use raw reading scores to index reading 
ability, rather than resorting to group dichotomization (poor-reader vs. control), which 
often proves to be arbitrary when participants are yet too young for diagnosis. Since 
GAM is relatively new in ERP research, we provide a brief introduction to this 
statistical tool in the Methods section.  

 
2.2. Methods 

 
2.2.1. Participants 

 
  Twenty-one children (9 males and 12 females; mean age [±SD] = 7.7 [±0.46] years) 
participated in the current study. All children were recruited from regular primary 
schools, and were tested during the second half of Grade 2. Teachers were asked to 
refer especially poor readers for this study. Informed consent was obtained from both 
parents prior to inclusion. Parents also filled out questionnaires regarding neurological 
disorders, handedness and visual acuity. All participants were neurologically healthy, 
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right-handed, and had normal or corrected-to-normal vision. The study was approved 
by the Medical Ethical Review Board of the University Medical Center Groningen 
(ABR nr NL43354.042.13). 
  Before participating in the ERP experiment, the children were tested (on a separate 
day) for reading fluency and reading-related cognitive abilities. A comprehensive 
behavioral test battery was administered, which comprised assessments of word 
reading (Drie-Minuten Toets, hereinafter referred to as DMT; Verhoeven, 1995), 
phoneme deletion, rapid automatized naming (RAN test; Denckla & Rudel, 1976), 
and orthographic knowledge. For statistical analyses of the ERP data, scores on the 
DMT test were used to index reading ability, which is a standardized word-reading 
test in Dutch. All children had normal nonverbal intelligence based on performance 
on the Matrix Reasoning subtest of the Wechsler Preschool and Primary Scale of 
Intelligence test (WPPSI; Wechsler & Naglieri, 2008).  
 

2.2.2. Materials 
 

  The participants performed a one-back repetition detection task with three 
conditions: Dutch words, pseudowords and symbols. The Dutch words were high-
frequency nouns (average occurrences per million: 2.75; Corpus Gesproken 
Nederlands [Spoken Dutch Corpus]). All words were selected from Grade-one 
textbooks to ensure the children’s familiarity with them. The pseudowords were 
pronounceable pseudowords. The symbol strings consisted of simple geometric 
symbols, similar to those used in previous studies (Brem et al. 2005; Maurer et al., 
2006, 2007; 2008). The stimuli were matched for string length (mean length in cm 
[±SD]: word, 12.4 [±2.1]; pseudoword: 11.8 [±2.3]; symbol, 13.1 [±1.9]) and the 
number of characters in a string (3 to 5) across conditions.  
 

 
 
  The stimuli were shown in black on a white background in the centre of the screen. 
For each condition, there were two blocks of 48 items; for each block, 8 immediate 
repetitions were pseudo-randomly presented as targets (17%), avoiding two 



Chapter 2   Fast Visual Specialization for Print and Reading Fluency 

 18 

immediate repetitions in a row. The items were shown for 700 ms, followed by an 
inter stimulus interval (ISI) of 1000 ms. Participants were seated 1.2 meters away 
from the computer screen, and were instructed to press a joystick button as quickly as 
possible after immediate stimulus repetition (see Fig. 2.1). The N170 is an automatic 
response to visual stimulation that can be elicited irrespective of the subjects’ 
attention or behavioural task. The purpose of having a task was to ensure that the 
participants viewed the stimuli. Overall, the children were able to detect immediate 
repetitions with fair accuracy across all conditions (average accuracy [%±SD]: word, 
89.7 [±7.8]; pseudoword: 84.3 [±9.1]; symbol: 81.6 [±11.7]), indicating that they 
were attending to the stimuli during the experiment.  
 

2.2.3. ERP recording and analysis 
 
  The electroencephalogram (EEG) was recorded on an ASA-Lab system, using a 64-
channel WaveGuard cap with sintered Ag/AgCl electrodes (ANT Neuro Inc., 
Enschede, the Netherlands). Additional electrodes were used to record horizontal 
(HEOG; electrodes positioned at the outer canthus of each eye) and vertical eye 
movements (VEOG; electrodes positioned above and below the left eye). Impedance 
was kept below 20kΩ. The EEG was digitized online at a sampling rate of 512 Hz and 
was referenced to the average of all channels. 
  For offline analyses, the acquired EEG data were corrected for eye blinks and 
horizontal eye movements using principal component analysis (Ille, Berg, & Scherg, 
2002). The corrected data were subsequently band-pass filtered (0.5 to 40 Hz) and 
segmented into trials of 1200 ms duration, including a 200 ms baseline. Trials with 
extreme amplitudes (larger than ± 100 μv) were rejected. The remaining trials were 
baseline corrected and down-sampled to 100 Hz to speed up further analyses. The 
data were then exported from ASA-Lab to the statistical package R, including only 
non-target trials (target trials were excluded because they were likely to be 
contaminated by finger movements involved in button pressing). Specifically, three 
homologue pairs of occipito-temporal channels, i.e., P7/P8, O1/O2, PO7/PO8, were 
selected for statistical analyses according to the maximum of the potential distribution 
on topographic maps. Mean amplitude for each hemisphere was computed by 
averaging across selected channels per hemisphere. As shown in Fig. 2.2, grand 
average ERPs at these occipito-temporal channels reveal a clear negativity between 
approximately 175 and 275 ms in all conditions. This negativity is more prominent in 
the word and the pseudoword condition than in the symbol condition, whereas 
virtually no difference can be observed between the word and the pseudoword 
condition. For the analysis we hence focused on the crucial contrast between word 
and symbol, which indexes the coarse print-tuning effect.   

2.2.4. Statistical analysis 
 

2.2.4.1. Generalized additive modelling 
 
  We used Generalized Additive Modelling (GAM; Wood, 2006) to analyse the 
exported ERP data. In contrast to linear regression, which assumes linearity in the 
relation between individual predictors and the dependent variable, GAM provides 
flexible tools for modelling nonlinear relations. An important advantage of GAM is 
that the form of the nonlinearity does not need to be specified in advance (such as y = 
x2, defining a parabola). Rather, GAM determines the optimal shape of the 
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nonlinearity automatically, in such a way that it strikes a balance between under- and 
over-smoothing (via generalized cross-validation or relativized maximum likelihood; 
see Wood, 2006 for more details). 
  In GAM, via smooth functions termed “splines”, it is possible to model individual 
(nonlinear) predictors, as well as nonlinear interaction between multiple predictors. 
An apt tool to assess the nonlinear effect of a single predictor is the thin plate 
regression spline, which models the nonlinear pattern as a combination of several 
simple functions (a linear line, a quadratic function, a cubic polynomial, etc.). To link 
multiple predictors, a tensor product spline can be used, which, by combining cubic 
polynomials in all dimensions under investigation, generates a wiggly surface 
representing the nonlinear interaction between the predictors (see Wieling, 
Montemagni, Nerbonne, & Baayen, 2014 for an application of the tensor product 
spline in dialectology). Crucially, GAM always determines the amount of smoothing 
automatically; the user only needs to specify the upper bound on the 
complexity/degree of nonlinearity of the surface (Tremblay & Newman, 2015). In 
recent years, GAM has been applied successfully to many domains, including 
dialectology (Wieling et al., 2014; Wieling, Nerbonne, & Baayen, 2011) and psycho- 
and neurolinguistics (Kryuchkova, Tucker, Wurm, & Baayen, 2012; Meulman, 
Wieling, Sprenger, Stowe, & Schmid, 2015; Tremblay & Baayen, 2010). A more 
detailed introduction to GAM can be found in Baayen, Kuperman, and Bertram 
(2010). 
 

 
 

2.2.4.2. Applying GAM to ERP data 
 
  GAM provides an innovative approach for analysing time-series data consisting of 
measurements made over consecutive time points, such as ERP data. In traditional 
ANOVA models, analysis of the ERP signal involves averaging over multiple trials 
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for each subject. Peak amplitude or mean amplitude in a given time window is 
subsequently measured on the averaged waveform. As a consequence, in such an 
approach only one data point per trial is considered and the temporal dynamics of the 
data are lost. The cause of this problem lies in the fact that the ANOVA approach (but 
also linear mixed-effects regression) cannot accommodate nonlinearities, such as the 
shape of the ERP signal over time. We therefore turned to GAM, which allows us to 
model these nonlinearities directly. As an example, in Fig. 2.3, a thin plate regression 
spline models the nonlinear relation between time and the amplitude of the ERP 
signal (measured in microvolt), yielding a nonlinear curve describing the pattern of 
the brain potentials during an interval of 400 ms after stimulus onset. Notably this 
curve closely resembles the grand average ERPs (Fig. 2.2), with a clear negativity 
peaking between 175 and 275 ms.  
 

 
 
  Another advantage of GAM over ANOVA is that there is no need to dichotomize 
quantitative variables that are inherently continuous. When participants are too young 
for diagnoses of dyslexia (i.e. approximately before grade two in the Netherlands), a 
common practice in line with the ANOVA approach is to group participants into 
“poor-readers” vs. “controls” on the basis of their performance on reading and/or 
other cognitive tests. This dichotomy, which in many cases is somewhat arbitrary, is 
likely to decrease statistical power and increase the likelihood of generating spurious 
significance (McCallum, Zhang, Preacher, & Rucker, 2002; Tremblay & Newman, 
2015). Since GAM allows us to model nonlinear interactions among multiple 
continuous predictors (see above), we use raw reading scores instead of the grouping 
factor “poor-reader vs. control” to index the children’s reading ability. As an example, 
in Fig. 2.4, a tensor product spline models the nonlinear ERP pattern over time and 
across reading scores. The contour lines represent isolines connecting combinations of 
time and reading score modelled to have the same amplitude. The colours correspond 
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to the isolines, with blue, green, yellow and light grey indexing increasing values. For 
example, the blue areas around 200 ms indicate negative responses across all reading 
scores, with deeper shades of blue indicating more negative values; between 300 and 
400 ms, participants with low (30 – 50) or high (70 – 100) reading scores showed 
positive responses (coded with yellow or light grey), whereas those with moderate 
reading scores (50 – 70) showed responses close to zero microvolt (coded with 
green).  
 

 
 

2.2.4.3. Modelling random effects in GAM 
 
  As a mixed-effect regression model, GAM can take into account random-effect 
factors. In regression analyses and other methodologies, fixed-effect factors refer to 
variables with a limited number of levels, all of which are included in the data (e.g., 
gender). On the other hand, random-effect factors are factorial predictors with a large 
number of levels, from which a random sample is drawn and investigated. In the 
current study, random-effect factors include subject and item (i.e., we could have 
included other children and a different set of words/pseudowords/symbols).  
  Since our subjects and items are randomly sampled from a larger population, they 
are likely to introduce systematic variation. In mixed-effects regression models, 
random intercepts and slopes are used to account for this variation and thereby 
prevent Type I errors in estimating the significance of the predictors (Baayen, 
Davidson & Bates, 2008; Jaeger, 2008). In GAM, factor smooths, a non-linear 
analogue to random intercepts/slopes, can be used to account for nonlinear individual 
variability and prevent overconfident (i.e., too thin) confidence bands (see Meulman 
et al., 2015). For instance, each child may show a specific (nonlinear) ERP pattern 
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over time in each condition and hemisphere. The GAM approach takes this variability 
into account, thereby increasing the generalizability of the results.  
 

2.3.Results 
 
  In the current study, we used GAM to investigate the relation between reading 
performance and the size, as well as the lateralization pattern of the N170 print-tuning 
effect. The analyses were performed using the mgcv package (version 1.8.4; Wood, 
2006) in R (version 3.1.2). The minimally adequate model was determined by means 
of model comparison. Specifically, ML (maximum likelihood estimation) scores were 
used to compare models differing in fixed effects, and fREML (fast restricted 
maximum likelihood estimation) scores were used to compare models differing in 
random effects. Since GAM reports negative likelihood, a reduction in ML/fREML 
scores indicates an increase in the goodness of fit and the generalizability of the 
model (Wieling et al., 2011, 2014; Wood, 2006).  
  To start with, we fitted a baseline model with a nonlinear pattern over Time as the 
only fixed-effect factor, and Subject and Item as random-effect factors. In subsequent 
models, Reading score (DMT), Hemisphere and Condition were added step-by-step 
while the random-effect factors were held constant. The inclusion of each fixed-effect 
factor, either categorical or numeric, was supported by Chi-square tests of ML scores 
(all ps < 0.001), i.e., the extra complexity was warranted given the improvement in 
model performance. Similarly, to assess whether additional complexity was needed in 
the random-effect structure (e.g., to allow for hemispheric differences in individual 
ERP patterns over time), the fixed-effect factors were kept constant (i.e., those 
identified to be necessary in the previous step) and Chi-square tests of fREML scores 
were applied. The resulting model with all significant predictors and verified random-
effect structure is specified as follows:  
 
μV = tensor (Time, DMT, by = Hemisphere × Condition)  
         + Hemisphere × Condition  
         + factor smooth (Time, Subject × Hemisphere)  
         + factor smooth (Time, Item × Hemisphere) 
 
  Our dependent variable, i.e., the amplitude of the brain potential (in μV), is 
measured over the first 400 ms after stimulus onset. We include a nonlinear 
interaction between Time (in milliseconds) and Reading score (measured by the DMT 
test) via a tensor product spline, which models a similar surface as visualized in Fig. 
2.4. The by-part in the tensor product spline allows the surface to vary for each of the 
four combinations of Hemisphere (left or right) and Condition (word or symbol). As 
the tensor product splines are approximately centred (i.e., on average equal to 0), 
overall differences (across the entire time window) between the four combinations are 
accommodated by the separate interaction between Hemisphere and Condition. 
Finally, the model includes factor smooths per subject and per item, which allow 
variability in the ERP signal over time associated with individual subjects and items 
(separately per hemisphere). This final model explains approximately 30% of the 
variance of our dependent variable. The significance and associated statistics of the 
fixed-effect predictors and the random-effect structure are summarized in Table 2.1 
and Table 2.2, respectively. A detailed interpretation of the model estimates is 
provided below. 
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Interpreting fixed-effect predictors 
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  The nonlinear patterns modelled via the tensor product splines are best explained 
along with their visualizations. Fig. 2.5 displays the regression surface for symbols 
(Panel A) and for words (Panel B), separately for each hemisphere. In these contour 
plots, the amplitude of brain potentials is plotted as a joint function of time (ms; x-
axis) and reading score (DMT; y-axis). The modelled amplitude of the ERP signal is 
color-coded, with blue, green, yellow and light grey indexing increasing values (see 
also the interpretation of Fig. 2.4 in the description of the Methods). Table 2.1 shows 
that all four regression surfaces plotted in Panel A and Panel B are highly significant 
(all ps < 0.001). The edf values (i.e., estimated degrees of freedom), which provide an 
estimation of the degree of nonlinearity, indicate that all the regression surfaces are 
highly nonlinear (all edf”s > 7).    
  Since the print-tuning effect is indexed by the difference between ERP response to 
words and that to symbols, we subtracted the regression surface for symbols from that 
for words (via the function plot_diff2 from the R package itsadug; van Rij, Wieling, 
Baayen, & van Rijn, 2015), separately for each hemisphere. The resulting surfaces are 
presented in panel C. For the left hemisphere, between 175 and 275 ms, i.e., the time 
window for the N170 response, the word – symbol difference grows larger (more 
negative) as reading score increases, indicating a positive relation between the size of 
N170 print-tuning effect and reading performance. Such a pattern is missing in the 
same time window for the right hemisphere, where the unfolding of word – symbol 
difference follows a more complex, nonlinear pattern. 
  For clarification, Fig. 2.6 and Fig. 2.7 each offers a different type of visualization of 
the patterns shown in panel C of Fig. 2.5 (via the function plot_diff from the R 
package itsadug). In Fig. 2.6, time (x-axis) is plotted against the amplitude of the 
word – symbol difference (y-axis). For both hemispheres, Panel A visualizes the 
general pattern of the word – symbol difference over time, with reading score set to 
the average value (DMT = 52). Panels B, C, and D present time trends of the word – 
symbol difference for children with a reading score of 40, 60 and 80, respectively. 
The N170 print-tuning effect is clearly visible in the left hemisphere, as demonstrated 
by a prominent negative peak between 175 and 275 ms at all levels of reading 
performance. Consistent with the pattern observed in Fig. 2.5, this negativity indexing 
the N170 print-tuning effect grows larger as reading score increases from 40 to 60 and 
to 80. For the right hemisphere, however, visualizations of the difference wave over 
time do not support the existence of a robust N170: the word – symbol difference was 
not significant in children with average or lower reading scores, as the confidence 
bands largely overlap with the zero line in the first three plots. On the other hand, 
children with high reading scores (DMT = 80) did show a larger negativity to words 
than to symbols, nevertheless across the entire timespan under investigation (hence 
not specific to the N170), as reflected by an ascending difference wave (i.e., 
becoming more negative) in Panel D.  
  In Fig. 2.7, reading score (x-axis) is plotted against the amplitude of the word-
symbol difference (y-axis), with Panels A to E showing the effect of reading score on 
the word – symbol difference at 175 ms, 200 ms (the median time point), 225 ms, 250 
ms and 275 ms, respectively. For the left hemisphere, a positive, almost linear relation 
between reading score and the size of the print-tuning effect can be observed across 
the entire time window for the N170. For the right hemisphere, on the other hand, the 
effect of reading score is highly nonlinear: the word – symbol difference is reversed 
in polarity (i.e., positive, although not significant) for children with a moderate 
reading score (i.e., between 40 and 60), while a negative and significant word – 
symbol difference is found in children with a relatively high reading score (i.e., 
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between 70 and 90). As shown in Panel D of Fig. 2.6, however, children with high 
reading scores showed a larger negativity to words than to symbols in the right 
hemisphere across the entire time span between 0 and 400 ms after stimulus onset. 
Therefore such enhanced negativity for words is not likely to index perceptual 
expertise specific to initial visual decoding of print stimuli.  
 

 
 

 
 
Interpreting random-effect predictors 
 
  With respect to the random-effect factors, the effect of time varied significantly per 
subject and per item, indicating that there was large variability in the non-linear 
subject- and item-related ERP patterns (separately per hemisphere). We did not find 
support for between-condition variability in the individual time trends. This can be 
interpreted as words consistently eliciting a larger negativity than symbols across 
different subjects. In other words, the N170 tuning effect, as indexed by N170 
amplitude-difference between words and symbols, can be robustly detected at the 
individual level. 
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2.4. Discussion 
 
  The objective of the current study was to investigate a possible neurophysiological 
marker of emerging dyslexia, i.e., visual specialization for print. Previous research 
has revealed deviant development of print-specific activation in beginning readers 
with dyslexia, as reflected by an absence of additional occipitotemporal activity for 
print (words or word-like letter strings) over visual baseline (symbols) in the dyslexic 
brain. At the neurophysiological level, this additional occipitotemporal activity is 
captured by the N170 component of the event-related potential. In the current study 
we investigated the relation between reading ability and the size, as well as the 
lateralization pattern, of the N170 print-tuning effect. For the first time, we used 
generalized additive modeling (GAM) to address this issue. This novel statistical tool 
characterizes the nonlinear shape of the ERP signal over the entire time window 
wherein the N170 tuning effect might emerge, thus yielding a more objective estimate 
of the effect than peak or mean amplitude measured from a pre-selected time window. 
Furthermore, by accommodating nonlinear interactions, GAM avoids arbitrary 
dichotomy of continuous variables (e.g., reading score), thereby decreasing the 
probability of finding spurious effects. Last but not least, GAM increases the 
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generalizability of our findings by controlling for individual variations introduced by 
random-effect factors.  
  The results of our GAM analyses revealed a robust coarse tuning effect in the left 
hemisphere, as reflected by a prominent negativity peaking between 175 and 275 ms 
on the word – symbol difference wave. Crucially, the observed tuning effect was 
present across all levels of reading score, growing larger in size as reading score 
increases. In accordance with this pattern, visualizations of the effect of reading score 
at various time points demonstrated a positive, almost linear relation between reading 
score and the amplitude of the word – symbol difference across the entire time 
window for the N170 response. This set of findings, however, was limited to the left 
hemisphere. For the right hemisphere, the effect of reading score on the amplitude of 
the word – symbol difference was highly nonlinear. Only children with relatively high 
reading scores showed a reliably larger negativity to words than to symbols. 
However, such enhanced responses were present across the entire timespan under 
analysis (0 to 400 ms post stimulus onset), and therefore were not likely to reflect 
specifically initial visual decoding of print stimuli. Children with average or lower 
reading scores did not show a reliable word – symbol difference in the right 
hemisphere.  
  Our finding regarding the correlation between reading score and the size of the 
coarse tuning effect adds to existing evidence obtained using traditional ANOVA 
approaches. The coarse tuning effect, as indexed by an enhanced N170 response for 
words over visual baseline, has been found to develop rapidly during the initial stage 
of reading acquisition in typically developing children, but not in children with 
dyslexia (Araújo et al., 2012; Eberhard-Moscicka et al., 2015; Maurer et al., 2007, 
2011). Using a nonlinear modelling approach (GAM), the current study expands upon 
earlier findings by characterizing the relation between reading fluency and the N170 
coarse-tuning effect on a more fine-grained, continues scale. Our results demonstrate 
that, not only does the presence of a coarse tuning effect differentiate between poor 
and normal readers, but the size of this tuning effect also correlates systematically 
with reading score. It is also worth noting that, in our study sample, words 
consistently elicited a larger negativity than symbols, as reflected by the lack of 
between-condition variability in individual ERP patterns over time (the factor smooth 
(Time, Subject × Condition) was not warranted in the random structure of the final 
model). This is in line with earlier findings that the coarse tuning effect could be 
robustly detected at the individual level (Eberhard-Moscicka et al., 2015). Taken 
together, these findings lend further support to the validity of the N170 coarse-tuning 
effect as a neurophysiological marker of dyslexia.  
  The correlation between the size of the print-tuning effect and reading ability may 
suggest a reciprocal relationship: on the one hand, the sensitivity for print only 
develops with increasing exposure to print; on the other hand, such sensitivity exerts 
strong influence on the outcome of learning to read. Specifically, print tuning is 
believed to index perceptual expertise for written language, which lies at the basis of 
fast, automatized visual word recognition that characterizes skilled reading. From a 
developmental perspective, visual decoding of print could start as part of the general 
object-recognition process, engaging an extensive network of visual processing 
mechanisms. With repetitive exposure to patterned orthographic information, 
mechanisms focusing on visual cues critical to letter identities are increasingly 
employed, and hence, tuned to print processing, while less appropriate mechanisms 
are gradually suppressed (Schlaggar & McCandliss, 2007). Supporting this 
perspective, functional imaging studies on the developing reading network have 
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demonstrated reduced activation in bilateral extrastriate regions, accompanied by 
increased involvement of the left ventral occipitotemporal cortex (Brown et al., 2005; 
Schlaggar et al., 2002; Shaywitz et al., 2002). Failure in this specialization process, as 
reflected neurophysiologically as reduced N170 tuning for print, leads to difficulties 
with visual word recognition, and ultimately, to problems with reading. There is 
evidence, however, that impaired visual specialization for print is best characterized 
as a developmental delay, rather than a persistent deficit. Following a group of 
dyslexic children and their age-matched controls, Maurer and colleagues (Maurer et 
al., 2011) found that the prominent coarse-tuning deficit characterizing dyslexic 2nd 
graders (Maurer et al., 2007) had largely disappeared by the 5th grade, presumably 
because visual word recognition has become automatized through years of reading 
practice, and most dyslexic children have caught up in this respect. Beyond the early 
years of reading acquisition, the coarse-tuning deficit seems to be restricted to severe 
cases of dyslexia (Helenius et al., 1999), and is most detectable when the reading 
system is seriously challenged, e.g., in explicit reading tasks (Maurer et al., 2011). 
Thereby, the N170 coarse-tuning deficit plays a particularly important role at the 
beginning of learning to read, and is best used as a diagnostic index for emerging 
dyslexia.  
  In our study, the N170 coarse-tuning effect was present only in the left hemisphere, 
as was the positive relation between reading score and the size of the tuning effect. 
This confirms previous results regarding the lateralization of the print N170, and 
accords well with the view that the left VWFS underpins visual specialization for 
print (Maurer et al., 2011, 2007; Tarkiainen, Helenius, Hansen, Cornelissen, & 
Salmelin, 1999). Indeed, the left-lateralization pattern has been suggested to be an 
important feature of print tuning (Bentin et al., 1999), which differentiates visual 
expertise for language from that for general objects or faces (Maurer & McCandliss, 
2007). According to the phonological mapping hypothesis, proposed by McCandliss 
and Noble (2003), the left-hemispheric modulation of the print N170 is induced by 
grapheme-to-phoneme conversion. Since the phonological and the orthographic 
systems are frequently co-activated for the task of reading, especially at the early 
stage of reading acquisition, difficulties with phonological processing in dyslexics 
could affect their visual-orthographic processing. Following this line of reasoning, the 
N170 print-tuning deficit, though occurring in the visual domain, might be related to 
the phonological-core deficit of dyslexia. In support of the phonological mapping 
hypothesis, a study by Brem and colleagues (Brem et al., 2013) found enhanced N170 
responses following participation in a serious game designed to train grapheme-
phoneme correspondences. An alternative account of the origin of the print N170, the 
perceptual account, relates the enhanced and left-lateralized N170 for print to visual 
familiarity with a particular script (e.g., Valdois et al., 2012). Under this framework, 
the print-tuning deficit is considered an independent visual processing deficit.  
  Whereas the coarse tuning effect can be robustly detected and systematically related 
to reading score, we did not find indication for a reliable fine tuning effect, as the 
children responded almost equally to words and to pseudowords across both 
hemispheres. This is not surprising given that the fine tuning effect doesn’t fully 
develop until reading has become automatic (McCandliss & Noble, 2003), and that 
the fine tuning effect, if developed at all, usually does not surface in implicit reading 
tasks, such as the repetition detection task used in the current study (Bentin et al., 
1999; Maurer et al., 2005 a, b; Schendan et al., 1998; Wydell et al., 2003). As 
proposed by Eberhard-Moscicka and colleagues (2015), the lack of fine tuning effect 
in beginning readers might reflect their insufficient experience with written language.  
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  A limitation of the current study is the subjectivity involved in the selection of the 
channels for analyses. Indeed, GAM can be used to model the topography of the ERP 
signals over the entire scalp, e.g., by creating a tensor product spline combining time 
and electrode position (coded with x and y coordinates). In future research, advances 
in the software would allow such complex modelling to take into account individual 
electrodes, thus offering a more complete representation of the data. Another 
limitation of our study is its small sample size. The correlation between reading score 
and the size of the N170 print-tuning effect needs to be tested with a larger sample in 
further studies.  
  To conclude, in the current study we used generalized additive modelling to 
investigate the nonlinear dynamics of neural activities underlying fast visual word 
recognition. Our results demonstrate a robust N170 coarse-tuning effect in the left 
hemisphere, as well as a positive relation between reading fluency and the size of the 
tuning effect. The N170 coarse-tuning effect, readily elicited by implicit reading tasks 
and robustly detected at the individual level, thus offers an early neurophysiological 
marker to distinguish poor from normal readers at the initial stage of reading 
acquisition.   
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Chapter 3 
 

Auditory Discrimination and Reading Fluency: Using Generalized Additive 
Modelling to Study a Neurophysiological Marker of Emerging Dyslexia 

 

Abstract | Background: Converging evidence from research on the aetiology of 
developmental dyslexia suggests that a core component of reading failure is a 
cognitive deficit in phonological processing, which itself may originate from a more 
fundamental deficit in auditory perception and discrimination. So far, most studies on 
deficient auditory processing in dyslexia have focused on the mismatch negativity 
(MMN), an ERP component traditionally regarded as an objective measure of the 
accuracy of auditory discrimination. The results these studies yielded, however, have 
been rather mixed, with some finding reduced MMN in the dyslexic group and others 
finding normal MMN. This inconsistency is partly caused by methodological 
differences across studies regarding, for example, deviance size (the size of the 
difference between standard and deviant stimuli), temporal/spectral features of 
stimulus materials, and time window of analysis.  

 
Aims: In the current study, we aimed to test whether the presence/size of the mismatch 
negativity can reliably distinguish poor from normal readers. 
 
Methods: To achieve this objective, we used a passive oddball paradigm to elicit 
mismatch responses. Both speech (syllable) and nonspeech (tone) stimuli were used, 
with the size of the deviant stimulus manipulated. In offline analysis of the ERP data, 
we used generalized additive modelling (GAM) to investigate the relation between 
reading ability and the presence/size of the mismatch responses. As a nonlinear 
modelling approach, GAM allows us to assess the complete, nonlinear pattern of the 
ERP signal over time, thus avoiding the need for a specific time-window of analysis 
(which is often difficult to define as the MMN exhibits large variability in timing).  
 
Results & Conclusions: Overall, the size of the mismatch response was not 
systematically related to reading score in either condition. For the tones, exploratory 
analyses revealed a positive, albeit moderate, correlation between reading score and 
the size of the MMN to small deviants in the left hemisphere. For the syllables, 
mismatch responses were found, also for small deviants, at midline electrodes in time 
windows corresponding to the classic MMN and a late discriminative negativity 
(LDN); the size of these mismatches, however, was not reliably related to reading 
performance. Taken together, these findings do not support the validity of the 
mismatch response as a neurophysiological marker of dyslexia: the relation between 
reading fluency and the presence/size of the mismatch response is not robust and is 
highly dependent on a wide range of methodological factors.  
 
 
Key words: auditory discrimination, phonological-core deficit, developmental 
dyslexia, mismatch negativity (MMN) 
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3.1. Introduction 
 
  Developmental dyslexia, or specific reading difficulty, is a learning disorder 
characterized by a persistent failure to acquire efficient reading skills, which occurs 
despite normal intelligence and adequate schooling. Historically, the etiology of 
developmental dyslexia has been explored in the visual, the auditory, and the 
cognitive-linguistic domain (Vellutino et al., 2004).  
  One of the candidate hypotheses, the rapid auditory temporal processing theory 
(RATP; Tallal & Piercy, 1973a, 1973b), claims that developmental language and 
literacy disorders are caused by difficulties perceiving transient or rapidly changing 
sounds (for more recent reviews see, e.g., McArthur & Bishop, 2001; Talcott & 
Witton, 2002; van Ingelghem et al., 2005). Over the past few decades, research on the 
auditory deficit has been extended to incorporate aspects of auditory analyses that do 
not tax temporal processing. There is good evidence that dyslexics perform poorly on 
a wide range of auditory tasks, for example, frequency and amplitude modulation 
detection (Ahissar, Protopapas, Reid, & Merzenich, 2000; Amitay, Ben-Yehudah, 
Banai, & Ahissar, 2002; Boets, Wouters, van Wieringen, & Ghesquière, 2006; Fischer 
& Hartnegg, 2004; Menell et al., 1999; Rocheron, Lorenzi, Fullgrabe, & Dumont, 
2002), intensity discrimination (Amitay, Ahissar, & Nelken, 2002; Amitay et al., 
2002), and categorical perception of phonemes and nonspeech stimuli (Breier et al., 
2001; Serniclaes, Sprenger-Charolles, Carré, & Démonet, 2001). Such difficulties in 
basic auditory processing lead to underspecified phonological representations and 
hence to disrupted phonological processing, which, in turn, has been postulated to lie 
at the core of developmental dyslexia (de Jong & van der Leij, 2003; Pennington & 
Lefly, 2001). 
  An objective measure of the accuracy of auditory discrimination is the mismatch 
negativity (MMN) of the event-related potential (ERP). The MMN arises in response 
to any discriminable change in a repetitive sequence of homogeneous stimuli 
(Näätänen & Alho, 1997; Näätänen et al., 2004; Näätänen & Winkler, 1999). It is 
commonly thought to be generated by a change-detection mechanism that compares 
each incoming stimulus with the auditory memory representation of the preceding 
stimulation (Garrido, Kilner, Stephan, & Friston, 2009; Näätänen, 1992, 2001; 
Näätänen & Winkler, 1999). A suited design to study the MMN is the oddball 
paradigm, in which the MMN is obtained by subtracting the ERP response to standard 
stimuli from that to deviant stimuli. This results in a frontocentral negativity in the 
difference waveform that peaks between 100 to 250 ms after stimulus onset (Luck, 
2005). 
  A large body of empirical evidence has shown that the presence and size of the 
MMN correlates with behavioral discrimination performance, suggesting that the 
MMN is an apt tool for assessing auditory discriminability (Bishop, 2007; Näätänen, 
1992). Moreover, the MMN is regarded as developmentally stable, as it has been 
elicited in infants as well as young children (Cheour, Leppänen, & Kraus, 2000). Such 
findings generated expectations that the MMN would help detect auditory 
discrimination deficits in children with (or likely to develop) dyslexia at an early age. 
Crucially, the MMN indexes automatic, pre-attentive processing of auditory stimuli 
and therefore can be elicited in the absence of attention (Garrido et al., 2009; 
Näätänen, 2001; Ritter, Deacon, Gomes, Javitt, & Vaughan, 1995). This characteristic 
renders the MMN particularly suited for studies with children and clinical 
populations.  
  Early research has indeed supported the use of MMN as a diagnostic tool for 
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dyslexia. Diminished MMN amplitudes in dyslexic individuals have been reported for 
standard – deviant tone pairs differing in frequency, as well as for speech stimuli 
contrasting various acoustic features, such as frequency transition (spectral changes, 
e.g., /da/ vs. /ga/; Kraus et al., 1996; Meng et al., 2005; Schulte-Körne et al., 2001), 
and voice onset timing (temporal changes, e.g. /ba/ vs. /pa/; Cohen-Mimran, 2006; 
Moisescu-Yiflach & Pratt, 2005). Furthermore, longitudinal studies have evidenced 
the predictive value of the MMN for later reading skills. For example, following 
children at familial risk for dyslexia and their age-matched controls, the Jyvaskyla 
study in Finland found correlations between mismatch response to speech stimuli 
recorded shortly after birth and later reading and spelling skills (Guttorm et al., 2005; 
Lyytinen et al., 2004).  
  On the other hand, contradictory findings have also emerged. The poor reliability of 
the MMN at the individual level has been noted (Picton, Alain, Otten, Ritter, & 
Achim, 2000; Uwer & von Suchodoletz, 2000). Moreover, attenuated MMN is not 
present in all dyslexics. In a review of MMN studies with SLI/dyslexic children, 
McArthur and Bishop (2001) found that a significant proportion of children with 
developmental language/reading disorders, sometimes more than half of the sample, 
didn’t show attenuated MMN. A more fundamental issue is that the presence/size of 
the MMN often fails to converge with behavioral discrimination measures (Bishop & 
Hardiman, 2010). If a participant showing an MMN cannot discriminate the sounds 
behaviorally, the failure could be due to peripheral factors such as poor attention, 
while initial analyses of the sounds in the brain are intact. The opposite pattern, 
however, is more difficult to explain, i.e., participants lacking an MMN can 
nevertheless perceive the differences behaviorally. Indeed, the MMN is often missing 
in a large percentage of healthy study participants, especially when the standard – 
deviant parings are easily discriminable (Neuhoff, et al., 2012; Pettigrew et al., 2004). 
Such findings have raised doubts about the validity of the MMN as a diagnostic index 
for dyslexia. 
  A potential explanation for the variability across studies concerns the way the MMN 
is measured. Traditionally, this is done by first computing separate averages for the 
standards and the deviants across multiple trials, subtracting these to obtain a 
difference wave, and then measuring the peak or mean amplitude of the difference 
wave within a specific time window. A problem with this approach is the arbitrariness 
involved in the selection of the time window for measurement. As noted by Bishop 
(2007), the timing of the MMN varies considerably, depending on a number of 
parameters including participant age (e.g., Shafer, Morr, Kreuzer, & Kurtzberg, 
2000), acoustic features of the stimuli (e.g., Gage, Poeppel, Roberts, & Hickok, 
1998), and the probability of the deviants (e.g., Sabri & Campbell, 2001). Moreover, 
in addition to the classic MMN, a late discriminative negativity (LDN) has been 
identified between 300 to 550 ms after stimulus onset (Bishop, Hardiman, & Barry, 
2010, 2011; Cheour, Korpilahti, Martynova, & Lang, 2001; Korpilahti, Krause, 
Holopainen, & Lang, 2001). The discovery of the LDN, which seemingly indexes 
additional processing at a later stage (Bishop et al., 2011), further blurs the time 
window of the mismatch response. Hereinafter we use the general term “mismatch 
response” to address both the classic MMN and the LDN. Yet another difficulty for 
time-window selection is that the difference wave rarely shows a conspicuous peak; 
in many cases, the standard and deviant waveforms diverge over a prolonged interval 
(Bishop, 2007). Taking these points together, a new approach for analyzing the 
mismatch responses is called for, one that avoids pre-selection of the time window for 
measurement. 
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  In the current study, we therefore use generalized additive modeling (GAM; Wood, 
2006) to investigate the mismatch response. Different from linear regression models, 
in which the effect a predictor has on the dependent variable is linear, GAM can be 
used to model nonlinear relations. With GAM, it is possible to assess the nonlinear 
shape of the ERP signal over the entire timespan wherein the effect of interest might 
emerge. Such a characteristic renders GAM well suited for studying ERP components 
with large variability in timing, as present for example, in the mismatch response.  
Moreover, GAM provides flexible tools for modeling nonlinear interactions. 
Specifically, multiple predictors are combined in smooth functions termed “splines” 
(Meulman et al., 2015; Wieling et al., 2014), which yield a wiggly surface (when two 
predictors are combined) or a wiggly hyper-surface (when three or more predictors 
are combined). In our case, we use a tensor product spline to model the interaction 
between time and reading score. This allows us to avoid group dichotomization (poor-
reader vs. control), a practice that often proves to be arbitrary when participants are 
yet too young for diagnosis of dyslexia to be given (i.e., before end of Grade 2 in the 
Netherlands). Last but not least, GAM accounts for systematic variations introduced 
by random-effect factors (e.g., subjects and items) via factor smooths (nonlinear 
analogue to random intercepts/slopes in mixed-effect linear regression), hence 
increasing the generalizability of our results. 
  In summary, in this study we use GAM to investigate mismatch responses to both 
speech (syllables) and nonspeech (tone) stimuli. Additionally, deviance size, i.e., the 
size of the difference between the standard and the deviant stimulus, is manipulated, 
because it has been known to influence the mismatch response, such that small 
deviance size makes a more sensitive test (Bishop, 2007; Bishop et al., 2010). We 
hypothesize that in both conditions, the size of the mismatch response grows larger as 
reading score increases, especially for the small deviant.  
 

3.2. Methods 
 

3.2.1.  Participants 
 
  Twenty-one children (9 males and 12 females; mean age [±SD] = 7.7 [±0.46] years) 
participated in the current study. All children were recruited from regular primary 
school, and were tested during the second half of Grade 2. Teachers were asked to 
refer especially poor readers for this study. Informed consent was obtained from both 
parents prior to inclusion. Parents also filled out questionnaires regarding neurological 
disorders, handedness, as well as auditory and visual acuity. All participants were 
neurologically healthy, right-handed, and had normal hearing and vision. The study 
was approved by the Medical Ethical Review Board of the University Medical Center 
Groningen (ABR nr NL43354.042.13). 
  Before participating in the ERP experiment, the children were tested (on a separate 
day) for reading fluency and reading-related cognitive abilities. A comprehensive 
behavioral test battery was administered, which comprised assessments of word 
reading (Drie-Minuten Toets, hereinafter referred to as DMT; Verhoeven, 1995), 
phoneme deletion, rapid automatized naming (RAN test; Denckla & Rudel, 1976), 
and orthographic knowledge. For statistical analyses, scores on the DMT test were 
used to index reading ability, which is a standardized word-reading test in Dutch. All 
children had normal nonverbal intelligence based on performance on the Matrix 
Reasoning subtest of the Wechsler Preschool and Primary Scale of Intelligence test 
(WPPSI; Wechsler & Naglieri, 2008). 
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3.2.2.  Materials 

 
  An oddball paradigm was used to elicit mismatch responses. To observe automatic, 
pre-attentive processing of sounds, we presented the children with silent movie clips 
along with the auditory stimulation. The paradigm consisted of two conditions, i.e., 
tones and syllables, with the size of deviant stimuli manipulated (small vs. large). The 
tone stimuli consisted of a standard 1000 Hz tone, a small deviant of 1030 Hz and a 
large deviant of 1200 Hz. The syllable stimuli were adapted from a /bak/-/dak/ 
continuum used in van Leeuwen et al. (2008). The /bak/-starting point was 
characterized by a constant level of the F2 at 1100 Hz. For each intermediate signal, 
the F2 onset was gradually situated at higher frequencies, making the fall of the 
transition steeper in every step. At the /dak/-endpoint of the continuum the transition 
was falling from 1800 to 1100Hz. The 50% point of classification was situated 
between levels 3 and 4. For the current study, level 1 was used as the standard, level 3 
as the small deviant and level 5 as the large deviant.  
  In each condition, there were two blocks of 400 trials. In each block, the standard 
stimulus appeared on 70% of the trials (280 trials). Each type of deviant stimulus 
(small vs. large) was quasi-randomly presented with 15% possibility (60 trials), so 
that two deviants (irrespective of deviance size) never occurred in succession. All 
stimuli had durations of 175 ms, and were presented at 85 dB to both ears through 
headphones. Stimulus onset asynchrony was set at 1 s.  
 

3.2.3. ERP recording and analysis 
 
  The electroencephalogram (EEG) was recorded on an ASA-Lab system, using a 64-
channel WaveGuard cap with sintered Ag/AgCl electrodes (ANT Neuro Inc., 
Enschede, the Netherlands). Additional electrodes were used to record horizontal 
(HEOG; electrodes positioned at the outer canthus of each eye) and vertical eye 
movements (VEOG; electrodes positioned above and below the left eye). Impedance 
was kept below 20kΩ. The EEG was digitized online at a sampling rate of 512 Hz and 
was referenced to the average of all channels. 
  For offline analyses, the acquired EEG data were corrected for eye blinks using 
principal component analysis (Ille et al., 2002). The corrected data were subsequently 
band-pass filtered (0.5 to 40 Hz) and segmented into trials of 1000 ms duration, 
including a 200 ms baseline. Trials with extreme amplitudes (larger than ± 100 μv) 
were subsequently rejected. The remaining trials were baseline corrected and down 
sampled to 100 Hz to speed up further analyses. The data were then exported from 
ASA-Lab to the statistical package R, including both types of deviants and the 
standards before the large deviants. Standards occurring at other positions were 
excluded to ensure that each condition consisted of an equal number of trials (i.e., 120 
trials). Specifically, 15 fronto-central channels, i.e., F3, F5, FC3, FC5, C5, C3 from 
the left hemisphere, F4, F6, FC4, FC6, C4, C6 from the right hemisphere, and FZ, 
FCZ, CZ from the midline, were selected for statistical analyses according to the 
maximum of the potential distribution on topographic maps. In R, mean amplitude for 
each region was computed by averaging across selected channels per region; these 
region-averages were then used for GAM analyses. For visualization purpose, we 
present grand average ERPs at all selected channels in Fig. 3.1.  
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3.2.4. Statistical analyses 

  We use generalized additive modeling (GAM) to investigate whether children with 
higher reading scores show larger mismatch responses, separately for each condition 
(Tone vs. Syllable). The analyses were performed using the mgcv package (version 
1.8.4; Wood, 2006) in R (version 3.1.2). 
  For each condition, the minimally adequate model was determined by means of 
model comparison. Specifically, ML (maximum likelihood estimation) scores were 
used to compare models differing in fixed effects, and fREML (fast restricted 
maximum likelihood estimation) scores were used to compare models differing in 
random effects. Since GAM reports negative likelihood, a reduction in ML/fREML 
scores indicates an increase in the goodness of fit and the generalizability of the 
model (Wieling et al., 2011, 2014). To start with, we fitted a baseline model with a 
nonlinear pattern over Time (0-800ms) as the only fixed-effect factor, and Subject as 
the random-effect factor. In subsequent models, Reading score (DMT), Hemisphere 
(left, mid or right) and Condition (standard, small deviant, or large deviant) were 
added step-by-step while the random-effect factor was held constant. A fixed-effect 
factor, either continuous or factorial, was preserved only if it significantly increased 
the goodness of fit of the model, as shown by Chi-square tests of ML scores (p < 
0.05). Similarly, to assess whether additional complexity was needed in the random-
effect structure (e.g., to allow for hemispheric differences in individual ERP patterns 
over time), the fixed-effect factors were kept constant (i.e., those identified to be 
necessary in the previous step) and Chi-square tests of fREML scores were applied. 
 

3.3. Results 
 

3.3.1. Mismatch response to tone stimuli 

  The minimally adequate model with all significant predictors and verified random-
effect factor is specified as follows: 

μV = thin plate (Time, by = Hemisphere × Condition)  
         + Hemisphere × Condition  
         + factor smooth (Time, Subject × Hemisphere)  
 
  Since Reading score did not significantly improve the goodness of fit of the model 
(the model with Reading score has a higher ML score than the one without Reading 
score), only one continuous predictor is included in the final model, i.e., Time. 
Accordingly, we use a thin plate regression spline to assess the (nonlinear) effect of 
time on the amplitude of the ERP signal (see Wieling et al., 2011 for an application of 
the thin plate regression spline in dialectology). The thin plate regression spline, an 
apt tool for modeling a single nonlinear predictor, yields a one-dimensional smooth 
that depicts the nonlinear shape of the ERP signal over time. The by-part in the thin 
plate regression spline allows this smooth to vary for each of the nine combinations of 
Hemisphere (left, mid, or right) and Condition (tone stand, tone small deviant, or tone 
large deviant). As the thin plate regression splines are approximately centred (i.e., on 
average equal to 0), overall differences (across the entire time window) between the 
nine combinations are accommodated by the separate interaction between Hemisphere 
and Condition. Finally, the model includes factor smooths per subject, which allow 
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the time trends to vary per subject (separately per hemisphere). This final model 
explains approximately 2% of the variance of our dependent variable. The 
significance and associated statistics of the predictors are summarized in Table 3.1.  
 

 

 
 
Interpreting fixed-effect predictors 
 
  To facilitate interpretation, Fig. 3.2 and Fig. 3.3 visualize the smooths modeled with 
the thin plate regression splines, separately for each type of deviant (Fig. 3.2: small 
deviant; Fig. 3.3: large deviant), and for each region of analysis (top: left hemisphere; 
middle: midline; bottom: right hemisphere). In both figures, Panel A presents the 
smooths for the standard tones and Panel B those for the deviant tones. As shown in 
Table 3.1, all smooths presented in Panel A and B are highly significant (all ps < 2e-
16). The edf values (i.e., estimated degrees of freedom), which provide an estimation 
of the degree of nonlinearity, indicate that they are highly nonlinear (all edf’s > 8). 
These smooths essentially model the unfolding of the brain potential over time and 
therefore resemble the grand average ERPs shown in Fig. 3.1. For both standard and 
deviant tones, the P1-N1 complex is present across the scalp, and is most prominent at 
left-hemisphere electrodes. 
  Since the mismatch response is indexed by the difference between ERP response to 
the standard and the deviant stimuli, we subtracted the smooths for the standards from 
those for the deviants (via the function plot_diff from the R package itsadug; van Rij 
et al., 2015). The resulting smooths representing the deviant – standard difference 
wave, i.e., the mismatch response, are presented in Panel C. For both types of deviant, 
a reliable mismatch response is visible in the left hemisphere, as reflected by a 
negative peak around 200 ms (i.e., the time window of N1) in the deviant – standard 
difference wave. For the midline and right hemisphere, however, there is no evidence 
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for a robust mismatch response, as the confidence bands of the difference waves 
overlap with the zero line across the entire timespan under investigation (except for a 
positive peak around 300 ms at midline electrodes for the large deviant – standard 
difference wave). 
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Interpreting random-effect factors 
 
  In the current dataset the random-effect factor is Subject. Item does not constitute a 
random-effect factor because only a limited number of levels are sampled for this 
factor (i.e., two deviants, one standard). As shown in the random structure of the final 
model, the effect of time varied significantly per subject, indicating that there was 
large variability in the nonlinear subject-related ERP patterns over time. Moreover, 
these individual ERP patterns varied significantly between different scalp regions. On 
the other hand, we did not find any indication that they varied significantly between 
different conditions (the factor smooth (Time, Subject × Condition) was not 
warranted), or between different combinations of hemisphere and condition (the 
factor smooth (Time, Subject × Hemisphere × Condition) was not warranted either).  
 
Exploratory analysis: the effect of reading score on the size of mismatch response 
 
  To investigate the relation between reading score and the presence/size of the 
mismatch response, we built a separate (non-optimal) model incorporating Reading 
score, specified as follows: 
 
μV = tensor product (Time, Reading score, by = Hemisphere × Condition)  
         + Hemisphere × Condition  
         + factor smooth (Time, Subject × Hemisphere)  
 
  Here, a tensor product spline models the interaction between two continuous 
predictors, i.e., time and reading score, generating a two-dimensional regression 
surface that varies for each of the nine combinations of Hemisphere and Condition. 
This model has a similar structure to the final model (see above); the only difference 
is that the one-dimensional smooths (modeling the effect of time) in the final model 
are replaced by two-dimensional regression surfaces (modeling the interaction 
between time and reading score). To assess the relation between reading ability and 
the mismatch response, we subtracted the regression surfaces for the standards from 
those for the deviants, separately for each type of deviant and each region of analysis 
(via the function plot_diff2 from the R package itsadug). The resulting surfaces are 
visualized in Fig. 3.4 and Fig. 3.5 (Fig. 3.4: small deviant, Fig. 3.5: large deviant; in 
both figures: Panel A: left hemisphere, Panel B: midline, Panel C: right hemisphere). 
In these contour plots, the amplitude of the deviant – standard difference is plotted as 
a joint function of time (ms; x-axis) and reading score (DMT; y-axis). The modelled 
amplitude is color-coded, with blue, green, yellow and light grey indexing increasing 
values.  
  For the small deviant (Fig. 3.4), a positive relation between reading score and the 
presence/size of the mismatch response is observed in the left hemisphere, as the 
deviant – standard difference grows larger (i.e., becomes more negative) as reading 
score increases around 200 ms. Such a positive relation, however, is missing in the 
same time window for midline and right-hemisphere electrodes, where the unfolding 
of the brain potentials follows a much more complex, nonlinear pattern. For the large 
deviant (Fig. 3.5), the relation between reading score and the size of the mismatch 
response is nonlinear across all three regions of analysis. 
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  To further illustrate the positive relation between reading score and the size of the 
mismatch response discussed above, Fig. 3.6 and Fig. 3.7 each offers a different type 
of visualization of the regression surface for the small deviant – standard difference 
(i.e., mismatch response to the small deviant tone) in the left hemisphere (via the 
function plot_diff from the R package itsadug). In Fig. 3.6, time (x-axis) is plotted 
against the amplitude of the mismatch response (y-axis). Panel A visualizes the 
general pattern of the mismatch over time, with reading score set to the average value 
(DMT = 52). Panels B, C, and D present time trends of the mismatch response for 
children with a reading score of 40, 60 and 80, respectively. Consistent with the 
pattern observed in Fig. 3.4, a reliable mismatch response is observed in children with 
higher-than-average reading scores, but not in children with average or lower reading 
scores (the confidence bands of the small deviant – standard difference waves are 
distinctively above the zero line in the time window of the mismatch negativity in 
Panels C and D, but not in Panels A and B.   
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  In Fig. 3.7, reading score (x-axis) is plotted against the amplitude of the mismatch 
response (y-axis), with Panels A to E showing the effect of reading score on the small 
deviant – standard difference at 160 ms, 180 ms, 200 ms, 220 ms and 240 ms, 
respectively. A positive relation between reading score and the size of the mismatch 
response starts to develop around 160 ms, and can be reliably observed between 180 
and 240 ms. 
   

 
 

 
   

3.3.2. Mismatch response to syllable stimuli 

  The minimally adequate model with all significant predictors and verified random-
effect factor is specified as follows: 
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μV = thin plate (Time, by = Hemisphere × Condition)  
      + Hemisphere × Condition  

+ factor smooth (Time, Subject × Hemisphere)  
 

  This model is similar in structure to the final model for the tone condition. In total 
the model explains approximately 3.1 % of the variance of our dependent variable. 
The significance and associated statistics of the predictors are summarized in Table 
3.2. 
 

 

 
 
Interpreting fixed-effect predictors 
 
  Fig. 3.8 and Fig. 3.9 visualize the smooths modeled with the thin plate regression 
splines, separately for each type of deviant (Fig. 3.8: small deviant; Fig. 3.9: large 
deviant), and for each region (top: left hemisphere; middle: midline; bottom: right 
hemisphere). In both figures, Panels A and B presents the smooth for the standard and 
the deviant syllables, respectively. All smooths are nonlinear and highly significant 
(all edf’s > 7.4). Panel C presents the smooths representing the deviant – standard 
difference, i.e., the mismatch response, obtained by subtracting the smooths for the 
standards from those for the deviants. Assessing both types of deviants and all regions 
of analysis, only the small deviants elicited a larger negativity than the standards at 
midline electrodes around 200 and 500 ms, as demonstrated by the negative peaks in 
the mismatch wave in Fig. 3.8.  
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 Interpreting random-effect predictors 
 
  With regard to the random-effect structure, the effect of time varied significantly per 
subject, indicating that there was large variability in the nonlinear subject-related ERP 
patterns over time. Besides, these individual patterns varied significantly between 
different regions of analysis.  
 
Exploratory analysis: the effect of reading score on the size of mismatch response 
 
  Similarly to the tone condition, we built a separate model to investigate the effect of 
reading score on mismatch responses to syllable stimuli. The model is specified as 
follows: 
 
μV = tensor product (Time, Reading score, by = Hemisphere × Condition)  
         + Hemisphere × Condition  
         + factor smooth (Time, Subject × Hemisphere)  
 
  In this model, Time and Reading score are combined in a tensor product regression 
spline, which models a two-dimensional regression surface that varies for each of the 
nine combinations of Hemisphere and Condition. To investigate the relation between 
reading score and the mismatch response to deviant syllables, we subtracted the 
regression surfaces for the standards from those for the deviants, separately for each 
type of deviant and each region of analysis (via the function plot_diff2 from the R 
package itsadug). The resulting surfaces are visualized in Fig. 3.10 and Fig. 3.11 (Fig. 
3.10: small deviant, Fig. 3.11: large deviant; in both figures: Panel A: left hemisphere, 
Panel B: midline, Panel C: right hemisphere). As shown in these figures, across both 
types of deviants and all regions of analysis, the regression surface being modelled is 
highly nonlinear, indicating there is no systematic relation between reading score and 
the presence/size of mismatch response to deviant syllables. The only exception is 
observed for mismatch response to large deviants at midline electrodes (shown in Fig. 
3.11, Panel B), where the deviant – standard difference grows more and more positive 
(i.e., with an opposite polarity to usual mismatch response) as reading score increases. 
Such a positive correlation is present across the entire time span under investigation.   
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3.4. Discussion 
 

  The objective of the current study is to examine the validity of the mismatch 
response as a diagnostic tool for the auditory discrimination deficit in developmental 
dyslexia. Previous research has yielded inconsistent results regarding this issue: on 
the one hand, studies have shown that the presence/size of the mismatch response 
reliably distinguishes between dyslexic and normal readers; on the other hand, 
failures in finding MMN differences between clinical and control groups have been 
reported, as well as poor correlation between behavioural discrimination measures 
and mismatch responses. As noted by Bishop (2007), the disparity in the literature is 
partially attributed to the way the mismatch response is measured: with its large 
variability in timing, the mismatch response is difficult to assess objectively with 
peak/mean amplitude measured over a specific time window, defined a priori or post 
hoc.  
  In the current study, we therefore used generalized additive modelling (GAM) to 
investigate the relation between reading fluency and the presence/size of the 
mismatch response. As a nonlinear regression approach, GAM is capable of 
modelling the (nonlinear) shape of the ERP signal over the entire timespan wherein 
the effect of interest might emerge, and is therefore particularly suited for assessing 
ERP components with large variability in latency, such as the mismatch response. In 
addition, by accommodating reading score as a continuous (nonlinear) predictor, 
GAM allows us to characterize the relation between reading ability and the mismatch 
response on a fine-grained, continuous scale. Below we summarize major findings 
obtained from our GAM analyses and discuss their relevance, separately for the tone 
and the speech condition.  
 

3.4.1. Mismatch response to tone stimuli 
 
  For both the large and the small deviant, a reliable mismatch response was observed 
only in the left hemisphere. Overall, we found no indication that reading score was 
systematically related to the size of the mismatch response, as the inclusion of the 
factor Reading score did not significantly improve the goodness of fit of the model. 
Exploratory analyses including Reading score, however, revealed a positive, albeit 
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moderate, correlation between reading score and the size of the mismatch response for 
the small deviant in the left hemisphere. 
  Results from MMN studies using nonspeech stimuli are rather mixed, with some 
finding reduced MMN in the dyslexic group (Baldeweg et al., 1999; Csépe, 2003) and 
others finding normal MMN (Heim et al., 2000; Kujala et al., 2003; Meng et al., 
2005; Schulte-Körne et al., 1998, 2001; Sharma et al., 2006). Furthermore, the 
opposite pattern, i.e., enhanced MMN to nonspeech stimuli in the dyslexic group, has 
also been reported (Hugdahl et al., 1998; Kujala, Lovio, Lepistö, Laasonen, & 
Näätänen, 2006). Such inconsistency in the literature has raised questions about 
whether the MMN, as the field once anticipated, can be used to assess the auditory-
processing deficit in dyslexia. The lack of systematic correlation between reading 
fluency and the presence/size of the mismatch response in the current study thus casts 
further doubt on the validity of the MMN as a neurophysiological indicator of 
dyslexia.  
  In a separate model testing the effect of reading score, nevertheless, a mild 
correlation between reading score and the size of the MMN to the small deviant was 
found at left hemisphere electrodes. This aligns with findings from studies explicitly 
manipulating the size of the deviant, i.e., reduced MMN in clinical groups was most 
often observed in studies using relatively small deviants (Baldeweg et al., 1999; 
Csépe, 2003). In a review of MMN studies on frequency discrimination, Bishop 
(2007) concluded that studies reporting significant group differences tended to use 
deviant – standard differences (i.e., the percentage change [in Hz] from the standard 
to the deviant) of 10% or less, presumably because larger differences yield a sizable 
MMN in most participants and therefore do not reveal subtle impairments in auditory 
discrimination. On the other hand, it has also been noted that easily discriminable 
deviant – standard pairings often do not elicit an MMN at all, and therefore cannot 
distinguish the clinical from the control group (e.g. Pettigrew et al., 2004; the current 
study). With regard to lateralization, one might expect that the mismatch response is 
left lateralized for speech stimuli and bilateral for nonspeech stimuli, but the literature 
on laterality effects suggests a much more complicated picture: while some studies 
found left-hemispheric attenuation of the MMN (and its magnetic counterpart 
MMNm) in dyslexics (Kujala et al., 2003; Renvall & Hari, 2003), others found 
nonsignificant group differences (Kujala et al., 2006; Schulte-Körne et al., 2001; 
Sharma et al., 2006). Overall, laterality effects are subtle and highly variable 
depending on other factors (Bishop, 2007). Our finding of a left-lateralized reading 
score – MMN size correlation, which was revealed by exploratory analysis, should 
thus be interpreted with caution.  

3.4.2. Mismatch response to syllable stimuli 
 
  Similar to the case of the tone condition, in the syllable condition, the inclusion of 
the factor Reading score was not warranted in the final model, indicating that the 
presence/size of the mismatch response was not systematically related to reading 
score. Exploratory analyses including the factor Reading score did not reveal any 
significant effect, either. Across both types of deviants (large and small) and all 
regions of analysis (left, midline, and right), mismatch responses were found for the 
small deviant at midline electrodes around 200 ms and 400 ms, in correspondence 
with the time window of the classical MMN and the LDN. The presence of the LDN 
in the syllable condition (but not the tone condition) adds to previous findings that the 
LDN is most prominent in response to speech stimuli (e.g., Korpilahti et al., 2001). 
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  Despite initial findings of significant attenuation of the mismatch response to speech 
stimuli in children with dyslexia (e.g. Kraus et al., 1996; Schulte-Körne et al., 1998, 
2001; for a review see Schulte-Körne & Bruder, 2010), results from subsequent 
studies have been highly variable: significant group differences are frequently absent 
(e.g., Heim et al., 2000; Paul, Bott, Hemi, Wienbruch & Elbert, 2006; Sebastian & 
Yasin, 2008; Shafer, Morr, Datta, Kurtzberg, & Schwartz, 2005), or are found only in 
subgroups (Banai, Nicol, Zecker, & Kraus, 2005; Giraud et al., 2005; Lachmann, 
Berti, Kujala, & Schroger, 2005;  Shankarnarayan & Maruthy, 2007). The null result 
reported in the current study, once again, questions the validity of the mismatch 
response as a diagnostic tool for the putative auditory deficit in dyslexia. 
  A number of methodological factors might account for the lack of correlation 
between reading ability and the presence/size of the mismatch response observed in 
the current study and many other studies. First of all, the type of stimulus seems to 
play a role. MMN differences between clinical and control groups were most often 
found in studies using standard /da/ and deviant /ga/ (e.g., Sharma et al., 2006; Uwer, 
Albrecht, & von Suchodoletz, 2002). The contrast between /ba/ and /da/, on the other 
hand, seldom elicited significant group differences (for a review, see Bishop, 2007). 
Such a result pattern, though not fully understood yet, suggests that specific spectral 
features of speech sounds may pose particular difficulties for children with dyslexia. 
For example, deficient processing of fast acoustic changes may play a role, as the 
second formant transition of /ga/ is much steeper than that of /da/. 
  Another potential explanation for the null results is that the MMN deficit is not 
directly related to literacy problems per se. Rather, it reflects impairments in oral 
language skills, which are often present in children with dyslexia (Bishop, 2007; 
Schulte-Körne & Bruder, 2010). A number of studies have noted co-occurrence of 
attenuated MMN and poor scores on receptive/expressive oral language tasks (Banai 
et al., 2005; Sharma et al., 2006; Uwer et al., 2002). In future research, it would be 
useful to subdivide the poor-readers into those with and without oral-language 
impairments, and test whether the two groups respond differentially to speech 
deviants. 
   

3.4.3. General discussion and conclusion 
 
  In the current study, we aimed to examine mismatch responses to both speech 
(syllable) and nonspeech (tone) stimuli in beginning readers of Dutch. To summarize, 
the size of the mismatch response was not systematically related to reading 
performance in either condition. For tones, exploratory analyses revealed a positive, 
albeit mild correlation between reading score and the size of the MMN to small 
deviants in the left hemisphere. For syllables, mismatch responses were found for 
small deviants at midline electrodes in time windows corresponding to the classic 
MMN and the LDN; the size of these mismatches, however, was not reliably related 
to reading performance. 
  The inclusion of both speech and nonspeech stimuli is interesting, as it allows us to 
investigate whether the auditory deficits are restricted to speech perception, or 
whether they also affect the processing of general acoustic information. In keeping 
with the phonological-core deficit theory, several researchers have proposed that the 
auditory deficits in dyslexia are specific to speech, and therefore cannot be attributed 
to impairments in the basic auditory mechanism (Bishop & Snowling, 2004; Bitz, 
Gust, Spitzer, & Kiefer, 2007; Schulte-Körne et al., 1998, 2001). Our data, however, 
do not support this view, as a moderate correlation between the size of the mismatch 
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response and reading score was found in the nonspeech condition, but not in the 
speech condition. In future research, studies matching speech with nonspeech stimuli 
for spectral and envelope complexity are needed to shed light on this issue (Bishop, 
2007). 
  Overall, the mismatch responses investigated in the current study did not reliably 
discriminate poor from average readers. Indeed, a large body of empirical data has 
questioned the reliability of the mismatch response as an index of the accuracy of 
auditory discrimination in the general population, as well as its validity as a 
neurophysiological indicator of developmental dyslexia. On the one hand, the 
presence/size of the MMN often fails to converge with behavioral discrimination 
measures (the MMN is even found to be absent in a large percentage of healthy 
subjects), and the reliability of the MMN at the individual level is rather poor. On the 
other hand, the auditory deficits indexed by attenuated mismatch responses are 
seemingly restricted to subset of cases of dyslexia, and are highly dependent on a 
wide range of methodological factors (e.g., the type of participants being tested, size 
of the deviant, acoustic features being contrasted, time window of analysis, etc.). For 
future research, we therefore suggest judicious selection of stimulus materials, and 
employment of suited statistical tools that capture the large variability of the 
mismatch response in timing (e.g., the GAM approach used in the current study). 
Moreover, it would be interesting to subdivide the clinical group based on the 
participants’ cognitive-linguistic profiles and relate the MMN deficits to subtypes of 
language or literacy disorders.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 



 

 50 

 

 

 

 

 

 

Chapter 4 

The Underlying Mechanism of Fast Visual Specialization for 
Print: A Cross-linguistic ERP Study 

  



Chapter 4   The Underlying Mechanism of Fast Visual Specialization for Print 

 51 

Chapter 4  

The Underlying Mechanism of Fast Visual Specialization for Print: 
A Cross-linguistic ERP Study3 
 
 
Abstract| Background: The N170 component of the event-related potential (ERP) is 
thought to index neural specialization for print: in alphabetic languages, enhanced and 
left-lateralized N170 response is consistently observed for print over visual baseline 
(e.g., symbols). So far, print-tuning studies in non-alphabetic languages have been 
scarce and tended to yield inconsistent results, especially regarding the lateralization 
pattern of such a tuning effect. Moreover, it remains difficult to control for confounds 
of low-level stimulus features. Additional studies are thus needed to investigate N170 
tuning for print in non-alphabetic languages.  
 
Aims: In the current study, we aimed to investigate N170 tuning for logographic 
Chinese and for pinyin, a phonetic system that transcribes Chinese characters into 
Latin alphabet. The outcome of this research was also expected to shed light on the 
underlying mechanism of neural specialization for print, i.e., whether the print N170 
is triggered by grapheme-to-phoneme conversion or by visual familiarity with a 
particular script.  
 
Methods: Different from previous print-tuning studies in Chinese, we adopted a cross-
linguistic design in which native Chinese adults and Dutch adults (who could not read 
Chinese) detected immediate repetitions with logographic characters, pinyin and 
symbol strings. Since the two groups viewed the same set of stimuli, any between-
group difference in their patterns of tuning, as indexed by the contrast between print 
(character or pinyin) and control stimuli (symbol string), must be triggered by their 
differential experience with the Chinese script rather than by differences in low-level 
stimulus features between print and control stimuli.  
 
Results & Conclusions: We found that both groups responded more strongly to 
characters than to symbols, but the character – symbol difference was significantly 
left lateralized in the Chinese group only; the Dutch group demonstrated a bilateral 
topography instead. With respect to pinyin, both Chinese and Dutch participants 
showed larger N170 responses to pinyin than to symbol strings; the left-hemispheric 
modulation, however, was absent in both groups, presumably because it is uncommon 
to process pinyin in long strings. Taken together, our findings suggest that 
logographic characters evoke enhanced, left-lateralized N170 responses as do 
alphabetic words, and that such a tuning effect is clearly driven by script familiarity, 
rather than by differences in visual features between print and control stimuli. Since 
grapheme-to-phoneme conversion seldom exists in logographic Chinese, our results 
tend to support the visual familiarity account of the print N170. We acknowledge 

3 This chapter was adapted from: Qin, R., Maurits, N. M., & Maassen, B. (2015). The 
underlying mechanism for fast visual specialization for print: A cross-linguistic ERP 
study. Manuscript submitted for publication. 
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however, that phonological activation in general, if not grapheme-phoneme 
conversion in particular, may also contribute to the N170 print-tuning effect.  
 
Key words: visual word recognition, N170 print-tuning, logographic Chinese 
 

4.1. Introduction 
 
Skilled reading depends on fast, automatized recognition of print (words or word-

like letter strings). Converging evidence from neuroimaging studies suggests that the 
visual decoding of print is accomplished in the left ventral occipito-temporal cortex 
(Dehaene & Cohen, 2011; Dehaene et al., 2005). This particular patch of the visual 
cortex has been labelled the ‘visual word form system’ (VWFS; Cohen, et al., 2000), 
as it is consistently activated for visually presented words (for a review, see Wandell, 
2011). The VWFS appears to be tuned to print processing: in response to written 
words, fluent adult readers activate fast, specialized visual processes in the VWFS, 
enabling efficient categorization and recognition of the stimuli (Brem et al., 2006; 
Dehaene, et al., 2005, van der Mark et al., 2009; Vinckier et al., 2007). 
  A robust neurophysiological marker for such transient visual specialization 
processes is the N170 component of the event-related potential (ERP), an occipito-
temporal negativity peaking between 140 and 220 ms after stimulus onset. The N170 
is consistently found to be larger for print than for visually-matched control stimuli, 
even in implicit reading tasks (Bentin et al., 1999; Maurer et al., 2005a, 2005b; 
Schendan et al., 1998), suggesting that such enhanced response is largely automatic. 
The N170 tuning effect for print is believed to develop with increasing exposure to 
written language (Brem et al., 2010; Maurer et al., 2006, 2007), as the N170 
component has long been known to be shaped by individual visual expertise in many 
domains. For example, bird experts showed larger N170 to bird than to dog stimuli, 
whereas dog experts demonstrated the opposite pattern (Tanaka & Curran, 2001). 
Similarly, familiarity with human faces leads to an enlarged N170 for face stimuli 
over visual baseline (Gauthier et al., 2003; Latinus & Taylor, 2006). In contrast to the 
object and the face N170, which typically show a bilateral pattern, the print N170 is 
lateralized to the left hemisphere (Brandeis et al., 1995; Brem et al., 2005; Rossion et 
al., 2003). Furthermore, source localization studies have identified activity in the left 
VWFS as its metabolic correlate (Bentin et al., 1999; Helenius et al., 1999; Provobio 
& Zani, 2003), suggesting that the print N170 forms an independent category that is 
specific to language, rather than being a variant of the object N170. 
    So far, most ERP studies on N170 tuning for print have focused on alphabetic 
languages, and the few conducted in the context of non-alphabetic languages have 
yielded inconsistent results. Although enlarged N170 responses to print (relative to 
control stimuli) have been generally reported, for example, for Japanese (Koyama, 
Kakigi, Hoshiyama, & Kitamura, 1998; Kuriki, Hirata, Fujimaki, & Kobayashi, 1996; 
Maurer et al., 2008; Shirahama, Ohta, Takashima, Matsushima, & Okubo, 2004), 
Korean (Kim, Yoon, & Park, 2004), and Chinese (Cao, Li, Zhao, Lin, & Weng, 2011; 
Lin et al., 2011; Wong, Gauthier, Woroch, DeBuse, & Curran, 2005; Zhang et al., 
2011; Zhao, Li, Cao, He, & Weng, 2012), the lateralization pattern of such effect 
remains obscure. On the one hand, left-hemispheric dominance has been found in 
Japanese (Kuriki et al., 1996) and Chinese readers (Cao et al., 2011; Lin et al., 2011; 
Wong et al., 2005; Zhao et al., 2012). Notably in a cross-linguistic study by Maurer 
and colleagues (Maurer et al., 2008), native Japanese readers, but not English-only 
readers, showed left-lateralized N170 responses to logographic Japanese script, 
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indicating that the left-hemispheric modulation of the print N170 indexes reading 
expertise with a particular writing system. On the other hand, bilateral N170 
responses have also been observed in Korean readers (who could read Chinese) 
viewing Chinese characters (Kim et al., 2004), native Chinese readers viewing 
Chinese characters (Zhang et al., 2011), and Japanese readers viewing Kana scripts 
(Koyama et al., 1998). Clearly, additional studies are needed to investigate N170 
tuning for print in non-alphabetic languages, especially its lateralization pattern.  
  Interestingly, such studies may provide a window into the underlying mechanism of 
the print N170. Despite the consensus that the N170 print-tuning effect reflects 
extensive experience with visual words in one’s own language, the exact level at 
which the tuning takes place is still hotly debated. While some studies relate the print 
N170 to grapheme-to-phoneme conversion processes underpinning reading in 
alphabetic languages (Maurer & McCandliss, 2007; Proverbio & Zani, 2003), others 
focus on low-level, perceptual aspects of print processing, attributing the observed 
tuning effect to visual familiarity with a particular script (Wong et al., 2005). In 
alphabetic languages, the transparent orthography – phonology relationship renders it 
difficult to disentangle ‘pure’ visual aspects of print processing from evoked 
phonological processes. In this light non-alphabetic languages, in which the mapping 
between sound and image is relatively arbitrary, may offer a unique opportunity to 
unravel the nature of print tuning. 
  In the present study, we thus examine N170 tuning for print in Chinese, a 
logographic script in which the primary unit, i.e., character, represents meaning rather 
than sound. In Chinese, although each character is realized phonologically as a 
syllable, constituent phonemes of the syllable are not atomistically represented within 
the corresponding character (McBride-Chang & Chen, 2003). Thus grapheme-to-
phoneme conversion processes are largely absent in reading Chinese logographic 
script (Chen, Allport, & Marshall, 1996; Perfetti & Zhang, 1995). This renders 
Chinese particularly suitable for studying the underlying mechanism of print tuning: if 
the enhanced and left-lateralized print N170 is triggered by grapheme-to-phoneme 
conversion, such effect should be weak or even nonexistent in logographic Chinese; 
in contrast, if the print N170 is engendered by visual familiarity with a particular 
script, it should be observed for Chinese, as well. In addition to the logographic script, 
a phonetic pinyin system is used as an auxiliary means to code Chinese speech in 
written form. By adopting the English alphabet and additional tone-marking 
diacritics, pinyin facilitates the transcription of Chinese characters into the Latin 
alphabet. Though never used in formal texts as an independent script, pinyin is widely 
taught at the beginning of reading education to facilitate learning of the 
pronunciations of characters. Interestingly, pinyin maps letters to phonemes, as do 
alphabetic scripts. Such characteristics render pinyin an apt tool for studying the 
processing of sound-based scripts in Chinese readers.  
  Several print-tuning studies have been done in Chinese (Cao et al., 2011; Lin et al., 
2011; Wong et al., 2005; Zhang et al., 2011; Zhao et al., 2012). In addition to the 
mixed results regarding lateralization (discussed above), existing studies suffer from 
confounds of low-level stimulus features. As mentioned in Maurer and colleagues 
(2008), a common difficulty confronting print tuning studies is to match control 
stimuli (e.g., symbols) with print for low-level visual features. This poses particular 
difficulties to studies with Chinese, because logographic characters, with their 
uniquely square, compact structure, differ from control stimuli in many aspects other 
than wordness (the status of being a word); these include visual complexity, string 
length, spatial structure, etc. It is not yet clear what features are most critical to 
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control for, and tests of visual similarity are rarely reported. It is thus possible that the 
N170 tuning effects, if observed at all, are (partially) caused by differences in low-
level visual features between control and print stimuli and thus do not necessarily 
reflect reading expertise with the script per se. Yet another limitation with existing 
print tuning studies in Chinese is that most of them have focused on single characters, 
whereas the majority of Chinese words are composed of two or more characters 
(Wood & Connelly, 2009). Last but not least, no study so far has examined the N170 
tuning effect for pinyin. 
  Motivated by such a scenario, in the current study we investigate N170 tuning to 
logographic Chinese characters and to phonetic pinyin.  To control for confounds of 
low-level stimulus features, we adopted a cross-linguistic design in which native 
Chinese readers and native Dutch readers who could not read Chinese performed a 
repetition detection task with Chinese words (composed of two to four characters), 
pinyin and symbol strings. Since the two groups of participants viewed the same set 
of stimuli, any difference in their patterns of tuning, as indexed by N170 amplitude-
difference between print (character or pinyin) and control stimuli (symbol), must be 
attributed to their differential experience with the Chinese script rather than to 
differences in visual features between print and control stimuli. Our primary objective 
is to investigate whether enhanced, left-lateralized N170 response for print, which has 
consistently been found in alphabetic languages, can also be observed in logographic 
Chinese and phonetic pinyin script. Implications for the underlying mechanism of 
specialized visual processing for print will also be addressed.  
 

4.2. Methods 
 
4.2.1. Participants 

 
  Native Chinese readers (n = 19) and native Dutch readers who could not read 
Chinese (n = 19) participated in the study. The two language groups were matched for 
age [Chinese: 23.7 years (SD = 2.4, range = 20.5 – 30.3); Dutch: 23.8 years (SD = 
3.3, range = 20.3 – 33.5); P > 0.9] and gender ratio (Chinese: 6 males and 13 females; 
Dutch: 7 males and 12 females). Both the Chinese and the Dutch participants were 
graduate or undergraduate students, and were tested in the same ERP lab located in 
the Netherlands. Two of the Chinese participants had a rudimentary knowledge of 
Dutch, whereas the Dutch participants were selected on the basis of their complete 
ignorance of Chinese language and its orthography. All participants were 
neurologically healthy, right-handed and had normal or corrected-to-normal vision. 
Written informed consent was gained from each participant prior to inclusion. ERP 
studies with healthy adults for non-medical purposes are not subject to medical ethical 
approval in the Netherlands 
 

4.2.2. Materials 
 
  The participants performed a one-back repetition detection task with three 
conditions: Chinese words (in logographic characters), pinyin and symbol strings. The 
Chinese words were high-frequency nouns consisting of two to four characters 
(average occurrences per million: 23.48; Cai & Brysbaert, 2010), extending 9.7 to 
19.1 cm (mean = 16.7 cm, SD = 2.5). The pinyin strings were phonetic transcriptions 
of the items in the character condition, extending 15 to 27. 6 cm (mean = 20.2 cm, SD 
= 3.4). The symbol strings consisted of three to five geometric symbols, similar to 



Chapter 4   The Underlying Mechanism of Fast Visual Specialization for Print 

 55 

those used in previous studies (Maurer et al., 2007; Brem et al., 2005), extending 8.6 
to 16.2 cm (mean = 13.1 cm, SD = 2.2). The N170 is an automatic response to visual 
stimulation that can be elicited irrespective of the subjects’ attention or behavioural 
task. The purpose of having a task was to ensure that the participants viewed the 
stimuli. 
  The stimuli were shown in black on a white background in the centre of the screen. 
For each condition, there were two blocks of 48 items; for each block, 8 immediate 
repetitions were pseudo-randomly presented as targets (17%), avoiding two 
immediate repetitions in a row. The items were shown for 700 ms, followed by an 
inter stimulus interval (ISI) of 1000 ms. Participants were seated 1.2 m away from the 
computer screen, and were instructed to press a joystick button as quickly as possible 
after immediate stimulus repetition (see Fig. 4.1). 
 

 
 

4.2.3. ERP recording and analysis 
 

  The electroencephalogram (EEG) was recorded on an ASA – Lab system, using a 
64- channel WaveGuard cap with sintered Ag/AgCl electrodes (ANT Neuro Inc., 
Enschede, the Netherlands). Additional electrodes were used to record horizontal 
(HEOG; electrodes positioned at the outer canthus of each eye) and vertical (VEOG; 
electrodes positioned above and below the left eye) eye movements. Impedance was 
kept below 10kΩ. The EEG was digitized online at a sampling rate of 512 Hz and was 
referenced to the average of all channels. 
  For offline analyses, the acquired EEG data were corrected for eye blinks and 
horizontal eye movements using principal component analysis (Ille et al., 2002). The 
corrected file was subsequently band-pass filtered (0.5 to 40 Hz) and segmented into 
trials of 1625 ms duration, including a 125 ms baseline. Trials with extreme 
amplitudes (larger than ± 100 μV) were rejected, and the remaining trials were 
baseline corrected before averaging. Individual ERPs were then computed by 
averaging separately for each condition, including only non-target trials. Target trials 
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were excluded from further analyses because they were likely to be contaminated by 
finger movements involved in button pressing. Next grand averages of the condition 
ERPs were computed separately for each language group. For further statistical 
analysis, three pairs of occipito-temporal channels (i.e., P7/P8, O1/O2, PO7/PO8) 
were selected according to the maximum of the potential distribution on topographic 
maps. Peak amplitudes of the N170 component at selected channels were determined 
by detecting the amplitude of the negative peak between 110 and 220 ms after 
stimulus onset. For most of the participants, there was only one negative peak; in case 
there was more than one peak, we selected the first negative peak following P1. Mean 
N170 peak amplitude for each hemisphere was computed by averaging across 
selected channels per hemisphere. 
 

4.2.4. Statistical analysis 
 
Behavioural data 
 
  To assess task involvement of the participants, accuracy and reaction time of their 
behavioural responses were each analysed using a repeated measures ANOVA with 
within-subject factor ‘Condition’ (character, pinyin or symbol) and between-subject 
factor ‘Language group’ (Chinese vs. Dutch). 
 
ERP data 
 
  To investigate N170 tuning to logographic Chinese characters and to phonetic 
pinyin, two repeated measures ANOVAs were performed with within-subject factors 
‘Condition’ (character vs. symbol or pinyin vs. symbol) and ‘Hemisphere’ (left vs. 
right), and between-subject factor ‘Language group’ (Chinese vs. Dutch). 
 

4.3. Results 
 
4.3.1. Behavioural data 

 

 
 
  Accuracy and reaction time measures are summarized in Table 4.1. In general, 
repetitions of characters and pinyin were more accurately detected than repetitions of 
symbol strings [Condition, F (2,72) = 7.88, p < 0.001]. This pattern was more 
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pronounced in the Chinese participants, who were familiar with both types of print 
stimuli [Condition × Language group, F (2,72) = 5.24, p < 0.01]. 
  In terms of reaction time, both groups responded faster to characters and symbol 
strings than to pinyin [Condition, F (2,72) = 20.36, p < 0.001]. In addition, Dutch 
participants generally responded faster than Chinese participants [Language group, F 
(1,36) = 7.12, p < 0.01]. Although such a group difference was observed for all types 
of stimuli, it was the largest for pinyin, which resembled the Latin alphabet 
[Condition × Language group, F (2,72) = 5.85, p < 0.01]. Overall, the high accuracy 
and speed indicated that participants were attending to the stimuli during the 
experiment. 
 

4.3.2. ERP data 
 
  Fig. 4.2 displays the average ERPs recorded over the occipito-temporal region. In 
both language groups, a negative peak around 170 ms was clearly visible for all 
stimulus types and all electrodes. Fig. 4.3 shows the N170 peak amplitudes for each 
language group, hemisphere and condition, averaged over the three electrodes 
selected per hemisphere. 
 

 
  
N170 tuning to logographic Chinese characters: character vs. symbol  
 
  In general, characters evoked larger N170 responses than symbol strings [Condition, 
F (1,36)= 23.16, p < 0.001]. In addition, Chinese participants showed larger N170 
than Dutch participants [Language group, F (1,36) = 6.54, p < 0.05]. Crucially, 
although the overall size of the character – symbol N170 amplitude difference did not 
differ between the two language groups [Condition × Language group, F (1,36) = 
2.83, p > 0.1], the lateralization pattern of this difference did [Language group × 
Condition × Hemisphere, F (1,36) = 13.71, p < 0.001]. 
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  Planned comparisons within each language group separately revealed that in Chinese 
participants the character – symbol N170 amplitude difference was highly significant 
[Condition, F (1,18) = 15.32, p < 0.001], and that this difference was strongly left 
lateralized [Condition × Hemisphere, F (1,18) = 14.87, p < 0.001]. Dutch participants, 
who had no experience with written Chinese, also responded more strongly to 
Chinese characters than to symbol strings, although with lower significance 
[Condition, F (1,18) = 7.86, p < 0.05]. Different from the case of Chinese participants, 
in Dutch participants the character – symbol N170 amplitude difference was similar 
between hemispheres [Condition × Hemisphere, F (1,18) = 1.88, p > 0.1]. 
 
N170 tuning to phonetic pinyin script: pinyin vs. symbol 
 
  In general, the N170 response was stronger for pinyin than for symbol strings 
[Condition, F (1,36) = 13.85, p < 0.001], and stronger in Chinese participants than in 
Dutch participants [Language group, F (1,36) = 4.71, p < 0.05]. There was no 
significant interaction effect between Condition, Language group or Hemisphere. 
Separate group analyses revealed that both language groups showed an enlarged N170 
response to pinyin compared with symbol strings [Condition, Chinese group: F (1,18) 
= 12.33, p < 0.01; Dutch group: F (1,18) = 3.86, p < 0.05]. Neither group showed a 
lateralization effect for the pinyin – symbol difference in N170 amplitude [Condition 
× Hemisphere, Chinese group: F (1,18) = 0.37, p > 0.5; Dutch group: F (1,18) = 0.53, 
p > 0.4). 
 

 
 

4.4. Discussion 
 
  The current study aimed to investigate specialized visual brain processes engaged in 
reading Chinese, a logographic script that links characters with meaning rather than 
with sound. For the first time, we adopted a cross-linguistic design to study N170 
tuning for print in Chinese, in which native Chinese readers and Dutch readers who 
were completely ignorant of written Chinese detected immediate repetitions in 
sequences of Chinese words, pinyin and symbol strings. Since the two groups were 
exposed to the same set of stimuli, any difference in their patterns of tuning must be 
attributed to their differential experience with the Chinese script, rather than to 
differences in visual features between print and control stimuli. In this way, we ruled 
out potential confounds of low-level stimulus features, which have posted a persistent 
challenge to print-tuning studies in Chinese. With such confounds properly 
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controlled, we were able to increase the visual complexity of the character stimuli, 
i.e., to include Chinese words composed of multiple characters. Furthermore, we 
extended current understanding of the print-tuning phenomenon in Chinese by 
including pinyin, an auxiliary phonetic system for transcribing logographic Chinese. 
The outcome of this research was also expected to provide insights into the 
underlying mechanisms of specialized visual processing for print. 
 

4.4.1. Visual tuning to logographic Chinese characters 
 
  Our analyses revealed that, similar to alphabetic words, logographic Chinese 
characters evoked a larger N170 response than control stimuli (i.e., symbol strings), 
especially in the left hemisphere. This adds to existing evidence of enhanced and left-
lateralized N170 responses for individual Chinese characters (Cao et al., 2011; Lin et 
al., 2011; Wong et al., 2005); further, we expand upon previous findings by showing 
that such tuning effects extends to whole words composed of multiple characters.  
Crucially, our results clearly demonstrate that the left-lateralized N170 print-tuning 
effect is driven by expertise with a particular script, rather than by differences in 
visual features between print and control stimuli. This is because the Dutch 
participants, who were exposed to the same task and stimuli, showed a bilateral 
instead of left-lateralized character – symbol difference in N170 amplitude. 
  While the left-lateralization of the print N170 is well established in alphabetic 
languages, it is less so in logographic Chinese. Both left-lateralized and bilateral 
topographies have been reported (Cao et al., 2011; Kim et al., 2004; Lin et al., 2011; 
Maurer et al., 2008; Wong et al., 2005; Zhang et al., 2011). The inconsistency is 
likely to be caused by differences in task demand across studies. For example, Kim 
and colleagues (2004) found bilateral N170 responses to Chinese characters using a 
semantic decision task, which has been known to engage right-hemisphere processing 
(Bookheimer, 2002). On the other hand, left-lateralized N170 topography is more 
common in implicit reading tasks, such as repetition detection (e.g., Maurer et al., 
2008, the present study) or colour-matching tasks (e.g., Lin et al., 2011).  
  Notably the Dutch participants, who had no experience with written Chinese, also 
responded more strongly to Chinese characters than to symbol strings, presumably 
because the former were visually more complex than the latter. Indeed, the difference 
between N170 responses to words and to symbols was significant in both language 
groups. This is consistent with previous findings of enhanced N1 responses for long 
stimuli over short stimuli (Wong et al., 2005; Wydell et al., 2003; Xue, Jiang, Chen, 
& Dong, 2008). As noted by Xue and colleagues (Xue et al., 2008), visual complexity 
strongly modulates N1 amplitude, so that longer, more complex stimuli evoke larger 
N1 responses; this is especially true when the stimuli are visually unfamiliar (e.g., 
Chinese logographic characters and symbol strings for Dutch participants in the 
current study).  
  To summarize, the size of the N170 tuning effect did not differ between native and 
naïve readers of Chinese; however, the two groups did differ in the lateralization 
pattern of this tuning effect, as demonstrated by a left-lateralized topography in 
Chinese participants and a bilateral topography in Dutch participants. Taken together, 
our results suggest that enhanced N170 responses to print over visual baseline may be 
(partially) due to visual complexity, whereas the left-lateralization pattern of the print 
N170 is clearly driven by reading expertise with a particular script. This aligns with 
consistently reported findings of left-lateralized print N170 in alphabetic languages, 
suggesting that the left-hemispheric modulation is a characterizing feature of the print 



Chapter 4   The Underlying Mechanism of Fast Visual Specialization for Print 

 60 

N170 across languages, and that similar visual specialization processes underpin 
reading in both alphabetic and logographic scripts. Since the current study focused 
specifically on visual tuning for print in Chinese, we did not include Dutch words.  To 
explicitly test the universality of the print N170, further studies are needed to 
investigate N170 tuning to logographic and alphabetic stimuli within the same groups 
of participants. 
 

4.4.2. Visual tuning to phonetic pinyin script 
 

  With regard to the N170 print-tuning effect for pinyin, our analyses revealed that 
both Chinese and Dutch participants showed enhanced, bilateral N170 responses to 
pinyin than to symbol strings. Such enhanced responses presumably reflect script 
familiarity with pinyin: for Chinese participants, pinyin is an auxiliary system for 
transcribing logographic characters; for Dutch participants, pinyin resembles the Latin 
alphabet except for the usage of tone-marking diacritics. However, the possibility 
cannot be ruled out that the observed tuning effects (in both groups) were partially 
triggered by low-level stimulus features. As discussed above, visual complexity 
strongly influences N1 amplitude. Following this line of reasoning, enhanced N170 
responses to pinyin strings may be attributed to the fact that they were longer than the 
symbol strings (average string length: pinyin: 20.2 cm; symbol: 13.1 cm). 
  Since pinyin maps letters to phonemes as do alphabetic scripts, one would expect the 
N170 tuning effect for pinyin to be left lateralized. Our results, however, 
demonstrated a bilateral topography of the pinyin – symbol difference in both groups. 
The lack of left-hemispheric modulation in the Chinese participants may reflect the 
fact that they are less familiar with pinyin than with the logographic script. As a 
method to facilitate associations between characters and spoken words, pinyin is 
presented only at the initial stage of reading education to denote the pronunciation of 
the corresponding character; at the age of ten, children start to read solely in the 
logographic script. For adult readers, pinyin serves primarily as one of the input 
methods for entering Chinese characters into computers using alphabetic keyboards 
(except for that, pinyin is used only to spell Chinese geographic and personal names 
in foreign publications). Due to widely-implemented associative relation functions, 
however, input efficiency is greatly improved and one seldom needs to enter the 
entire pinyin string for multi-character words; in most cases, one merely enters (part 
of) the pinyin for the first character, and the rest of the word will be displayed 
automatically (among several alternatives) on the screen. It is therefore uncommon 
for Chinese adults to process pinyin in long strings. Similarly for the Dutch 
participants, though individual pinyin alphabets can be read in analogy to Latin 
alphabets, the long strings pose a challenge for recognition. Since the N170 print-
tuning effect is specific to strings of letters and is typically not evoked by individual 
letters (Maurer et al., 2005 b; Pernet et al., 2003), the lack of visual familiarity for 
pinyin strings may account for the absence of left-lateralized N170 responses for 
pinyin in both Chinese and Dutch participants.  
 

4.4.3. Underlying mechanism of N170 tuning for print 
 
  The underlying mechanism of the print-tuning phenomenon is still hotly debated. 
Whereas some researchers attribute the tuning effect to grapheme-to-phoneme 
conversion processes, others highlight the role of visual familiarity with the script. In 
the current study, we found enhanced and left-lateralized N170 responses for Chinese, 
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a logographic script in which grapheme-to-phoneme conversion rules do not apply, 
thus adding to the evidence for the perceptual familiarity account. In support of this 
idea, the left-hemispheric modulation of the print N170 was absent for pinyin, a 
phonetic script that engages grapheme-to-phoneme conversion but is encountered far 
less frequently than the logographic script by adult readers. 
  We acknowledge however that visual word recognition in Chinese may be (partially) 
modulated by phonological activation in a broader sense, if not by grapheme-to-
phoneme conversion in particular. According to the universal phonological principle 
theory (Perfetti & Harris, 2013; Perfetti, Zhang, & Berent, 1992), all reading engages 
phonology at the earliest moment and the smallest unit allowed by the writing system. 
A similar account was proposed by the grain size theory (Ziegler & Goswami, 2005), 
i.e., reading procedures assemble phonology according to the grain size of 
orthography. Specifically, the small grain size of alphabets allows a phoneme-level 
assembly of phonology, whereas the large grain size of Chinese logographs supports 
syllable-level assembly. Under these universal hypotheses, reading in both alphabetic 
and logographic scripts engages phonology; what differs between them is the way 
phonology is implemented into the writing system (Perfetti et al., 2013). Supporting 
this view, there is good evidence that phonology is activated when Chinese characters 
are read for meaning (See Perfetti, Liu, & Tan, 2005 for a review). Following this line 
of reasoning, phonology may very well influence visual word recognition in Chinese, 
thus playing a role in shaping the left-lateralized print N170 for logographic 
characters.   
 

4.5. Conclusion and directions for further research 
 
  To sum up, fluent adult readers of Chinese showed enhanced, left-lateralized N170 
responses to logographic characters compared to visual baseline (i.e., symbols). The 
observed tuning effect was clearly driven by native readers’ familiarity with the script 
rather than by differences in visual features between print and baseline, because such 
a pattern was absent in control participants viewing the same set of stimuli. This 
aligns with consistently reported findings of left-lateralized print N170 in alphabetic 
languages, suggesting that the left-hemispheric modulation is a characterizing feature 
of the print N170 across languages. On the other hand, the left-hemispheric 
modulation was absent for the N170 tuning effect for pinyin, possibly because the 
long strings of pinyin were visually unfamiliar to both groups of participants. Taken 
together, our findings point to a perceptual origin of the N170 print-tuning effect, i.e., 
it is visual expertise with a particular script that leads to enhanced and left-lateralized 
N170 response for print. We acknowledge however that phonological activation in 
general, if not grapheme-phoneme conversion in particular, may also contribute to the 
N170 print-tuning effect in Chinese.  
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  Chapter 5 General Discussion 
 
  Reading is one of the most important vehicles for human communication and culture 
propagation. Despite its fundamental role in literate societies, reading is not an innate 
ability and has to be explicitly taught and learnt. Though most children master the 
basic principles of reading within the first few years of schooling, about 3 – 10% of 
children are affected by developmental dyslexia and hence experience tremendous 
difficulties with learning to read (Lyon et al., 2003; Peterson & Pennington, 2012). To 
minimize the detrimental effects of dyslexia, it is of vital importance to detect the 
disorder at an early age so that optimal intervention can be provided in time. The 
studies reported in this dissertation are intended to reveal early neurophysiological 
indicators of developmental dyslexia in novice readers of Dutch. 
  One of the most influential theoretical accounts of reading, the dual route cascaded 
(DRC) model (Coltheart et al., 2001), proposes that skilled reading proceeds in two 
pathways, i.e., a lexical/orthographic route supporting whole word recognition and a 
sublexical/phonological route converting letter strings into phonological 
representations. While the former requires fast, automatic recognition of visual word-
forms, the latter necessitates mastery of grapheme-to-phoneme conversion rules, for 
which intact auditory discrimination is a pre-requisite (impaired auditory 
discrimination leads to underspecified phonological representations); therefore, in this 
dissertation, we investigated early indicators of dyslexia in two domains, i.e. visual 
word recognition and auditory discrimination, both of which are key components 
underlying skilled reading.  
  To fulfil these objectives, we recorded children’s event-related potentials (ERPs), 
i.e., electrical brain activities, while they were performing an implicit reading task 
with words, pseudowords and symbol strings (for the experiment on visual word 
recognition, presented in Chapter 2), or were exposed to auditory stimuli under a non-
attentive oddball paradigm (for the experiment on auditory discrimination, presented 
in Chapter 3). In offline analyses of the ERP data, we characterized specific patterns 
of brain activities in relation to the children’s reading abilities, thus revealing 
neurophysiological markers that help distinguish poor from normal readers.    
  A major methodological contribution of this thesis is that we used generalized 
additive modelling (GAM; Wood, 2006) to analyse the ERP data, a novel statistical 
tool assessing the complete, nonlinear shape of the ERP signal over time. In 
conventional analyses of ERP data, it has become standard practice to average across 
multiple trials to obtain an average waveform for each subject, from which peak or 
mean amplitude is obtained within a pre-defined time window. This practice tends to 
cause a loss of power in general; moreover, it poses a particular difficulty for studies 
with children, as ERPs in children typically exhibit larger variability in timing than 
ERPs in adults. With GAM, we managed to model the nonlinear dynamics of the ERP 
signal over time, thus avoiding the need for a pre-defined time window of analysis. 
Another advantage associated with GAM is that, by accommodating nonlinear 
interactions, GAM allows us to use raw reading scores to index reading ability instead 
of the categorical factor “poor-reader vs. control”. In this way, we were able to 
characterize the relation between reading ability and the ERP patterns of interest on a 
continuous, fine-grained scale.  
  Below we summarize major findings of the ERP experiments presented in this 
dissertation as obtained from GAM analyses and discuss their relevance to theories of 
skilled reading and reading difficulty. The chapter concludes with recommendations 
for further research.  
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5.1. Visual word recognition in dyslexia: N170 print tuning effect 

 
5.1.1. N170 print-tuning effect: a robust neurophysiological marker 

of emerging dyslexia 
 
  There is substantial evidence that identification of printed words implicates the left 
ventral occipito-temporal cortex, a region widely known as the visual word form 
system (VWFS; Cohen et al., 2000). By virtue of experience-dependent cortical 
plasticity, exposure to print starts shaping the functional properties of the VWFS at 
the beginning of reading acquisition, and gradually leads to the specialization of this 
region for written language. At the neurophysiological level, fast, reading-related 
visual specialization is indexed by enhanced, left-lateralized N170 responses for print 
(e.g., words, pseudowords, consonant strings, etc.) relative to visual baseline (e.g., 
symbols, icons or word-scrambles). Such a tuning effect for print has been shown to 
develop rapidly within the first two years of schooling in typically developing 
children (Maurer et al., 2006). The finding of attenuated/absent tuning effects in 
dyslexic children, on the other hand, has generated expectations in the research 
community that the print N170 may represent a neurophysiological indicator of 
emerging dyslexia (Araújo et al., 2012; Eberhard-Moscicka et al., 2015; Maurer et al., 
2007, 2011).  
  In Chapter 2, we used GAM to investigate the relation between reading fluency and 
the size, as well as the lateralization of the N170 print-tuning effect. Our major 
finding is a positive, almost linear relation between reading score and the size of the 
tuning effect. This converges with, and furthers, previous findings that the 
presence/size of the tuning effect discriminates between poor and normal readers. In 
this regard, our finding lends further support to the validity of the print N170 as a 
neurophysiological indicator of developmental dyslexia. The second major finding is 
that a robust N170 print-tuning effect is present only in the left hemisphere, so is the 
positive relation between reading score and the size of the tuning effect. This adds to 
existing evidence that the left-hemispheric modulation is a distinguishing 
characteristic of the print N170 (Brandeis et al., 1995; Brem et al., 2005; Maurer & 
McCandliss, 2007; Rossion et al., 2003), one that sets it apart from other categorises 
of visual expertise, e.g., the face N170 and the object N170, which typically exhibit a 
bilateral or right-lateralized pattern (Latinus & Taylor, 2006; Tanaka & Curran, 
2001). 
  Besides the primary (rather pragmatic) objective of testing the validity of the print-
tuning deficit as a diagnostic indicator of dyslexia, it is also of interest to examine the 
underlying mechanism of the print-tuning effect itself. Although a broad consensus 
has been reached that print tuning reflects extensive expertise with a particular script, 
it remains challenging to identify the specific level from which the tuning effect 
stems. In this regard, two theoretical accounts have been proposed. On the one hand, 
the phonological mapping theory links reduced N170 tuning for print to the 
phonological-core deficit of dyslexia (Maurer & McCandliss, 2007; McCandliss & 
Noble, 2003). Specifically, this theory contends that the gradual specialization of the 
VWFS, reflected electrophysiologically as an enhanced, left-lateralized N170 
response for print, is developed under profound influence of the grapheme-to-
phoneme conversion processes that underlie reading in alphabetic scripts. In support 
of the phonological mapping theory, a positive correlation between phonological 
decoding ability and the degree of VWFS specialization has been found in typical and 
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impaired readers (Shaywitz et al., 2002). Moreover, there is evidence that specific 
reading training focusing on letter-sound correspondences leads to an emerging N170 
tuning effect in preliterate kindergarteners (Brem et al., 2010), and in adults learning 
an artificial language (Yoncheva, Blau, Maurer, & McCandliss, 2010).  
  On the other hand, the visual familiarity account postulates a perceptual origin of the 
print N170. In a study by Valdois and colleagues (Valdois et al., 2012), a global 
report task was administered to dyslexic children and their age-matched controls, in 
which participants had to report verbally as many elements as possible within letter-, 
digit-, or colour-strings that were presented for a brief period of time (about 200 ms). 
Since letter-, digit-, and colour-names are equally familiar, orally reporting elements 
from each category should engage similar visual-to-phonology mapping processes. 
Therefore, if dyslexics’ poor performance on letter-report tasks were primarily driven 
by difficulties with phonological processing, the dyslexic group would be equally 
impaired across all conditions. The results, however, demonstrated impaired 
letter/digit-string processing but intact colour-string processing in dyslexics. This 
dissociation was interpreted as providing evidence for the visual familiarity account, 
as colour strings are visually less familiar than letter- and digit-strings (it is also quite 
usual to process letters and digits in strings, but not colour patches). Furthermore, in a 
separate experiment, the dyslexic group was shown to be similarly impaired 
(compared with the control group) in letter-string report whether a high-taxing 
phonological task was simultaneously performed or not. Such a pattern of results is 
only expected if oral report of letter-strings depends primarily on visual processing 
rather than phonological processing. Taken together, these findings point to a visual 
familiarity account of deficient letter-string processing in dyslexia.  
  As discussed above, the phonological mapping account and the visual familiarity 
account each provides a possible explanation of the underlying mechanism of the 
print-tuning effect. In the context of alphabetic languages, however, it is challenging 
to assess these two accounts against each other. This is because orthography and 
phonology are closely intertwined in sound-based scripts, thus making it difficult to 
disentangle ‘pure’ visual aspects of print processing from evoked phonological 
processes. In this light, non-alphabetic languages, in which the mapping between 
sound and word form is relatively arbitrary, provide a unique opportunity to unravel 
the nature of the print-tuning effect. Moreover, an implication for the phonological 
mapping theory is that the left-lateralization of the print N170 would be robust and 
pronounced in alphabetic, but not in non-alphabetic languages, because grapheme-to-
phoneme conversion hardly exists in the latter scripts (Maurer & McCandliss, 2007). 
Motivated by such a scenario, in Chapter 4 we investigated whether the enhanced, 
left-lateralized N170 print-tuning effect extends to Chinese, the most widely used 
logographic writing system in the world. Interestingly, in addition to the logographic 
script, a phonetic pinyin system is used as an auxiliary means to code Chinese 
speech in written form. The outcome of this research was expected to provide useful 
insights in to the underlying mechanism of N170 tuning for print.  
 

5.1.2. Underlying mechanism of the N170 print tuning effect 
 
  A common difficulty confronting print-tuning studies is to match control stimuli 
(e.g., symbols) with print for low-level visual features. This poses particular 
difficulties to studies with Chinese, because logographic characters, with their 
uniquely square, compact structure, differ from control stimuli in many aspects other 
than wordness (the status of being a word); these include visual complexity, string 
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length, spatial structure, etc. It is not yet clear what features are most critical to 
control for, and tests of visual similarity are rarely reported in existing studies 
(Maurer et al., 2008). It is possible that the N170 tuning effects, if observed at all, are 
(partially) caused by differences in low-level visual features between control and print 
stimuli and thus do not necessarily reflect reading expertise with the script per se. To 
avoid such confounds, we adopted a cross-linguistic design including native Chinese 
readers and native Dutch readers (who could not read Chinese) as controls. Since the 
two groups of participants viewed the same set of stimuli, any difference in their 
patterns of tuning, as indexed by the contrast between print (i.e., logographic 
characters or pinyin strings) and control stimuli (i.e., symbol strings), must be 
attributed to their differential experience with the Chinese script rather than to low-
level stimulus features.  
  The results revealed that both Chinese and Dutch readers responded more strongly to 
logographic characters than to symbol strings, but the character – symbol difference 
was significantly left lateralized in the Chinese group only; the Dutch group 
demonstrated a bilateral topography instead. With respect to pinyin, both Chinese and 
Dutch participants showed larger N170 responses to pinyin than to symbol strings; the 
left-hemispheric modulation, however, was absent in both groups, presumably 
because it is uncommon to process pinyin in long strings. Taken together, our findings 
suggest that logographic characters evoke enhanced, left-lateralized N170 responses 
as do alphabetic words, and that such tuning effect is clearly driven by script 
familiarity, rather than by differences in visual features between print and control 
stimuli.  
  As proposed by Paulesu and colleagues (Paulesu et al., 2001), despite variations 
among orthographies in the visual form of graphic components and mapping 
strategies, some principles underpinning reading are shared universally. Crucially, all 
reading begins with visual analysis, and is dependent on connections to spoken 
languages. At the neurobiological level, this is reflected by universal activations in the 
left occipitotemporal cortex (i.e., the neural substrate of the print N170) for the task of 
reading (Perfetti et al., 2013), a region that presumably supports visual word 
recognition and links it to language areas. By showing that the left-lateralized print 
N170 extends to Chinese characters, this thesis provides neurophysiological evidence 
that alphabetic and logographic reading summon similar visual-orthographic 
processes.  
  Since we found a robust N170 print-tuning effect for logographic Chinese script, in 
which grapheme-to-phoneme conversion hardly exists, our results seem to support the 
visual familiarity account of the N170 print-tuning effect. The current set of findings, 
however, does not necessarily weaken the role of phonology in the development of 
visual specialization for print. As Lin and colleagues (Lin et al., 2011) put forward, 
phonology may play a crucial role in shaping the print N170 during the initial stage of 
reading acquisition. Specifically, when novice readers encounter written words, the 
left-lateralized phonological system is frequently co-activated with the visual system, 
leading to the left-lateralization of the print N170. Fluent adult readers, on the other 
hand, do not necessarily resort to the speech network while viewing visually 
presented words, especially in implicit reading tasks, thus reducing the contribution of 
phonology to the left-lateralized N170 in such contexts. In short, influence from 
phonology and visual familiarity with a particular script each constitutes a possible 
source for the left-lateralized print N170; whereas the former may play a particular 
important role at the early stage of reading acquisition (when reading proceeds mainly 
via the sublexical/phonological route), the latter is likely to gain in importance as 
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reading becomes increasingly automatic (when a sizable orthographic input lexicon is 
obtained and the lexical/orthographic route of reading is established).   
  Given that grapheme-to-phoneme conversion hardly exists in Chinese, one might 
speculate that the dual-source scenario outlined above would not apply to Chinese, 
and that the left-lateralized print N170 for logographic characters would be 
exclusively driven by visual familiarity. Indeed, it is possible that visual word 
recognition in Chinese is (partially) modulated by phonology in a broader sense, if not 
by grapheme-to-phoneme conversion in particular. According to the universal 
phonological principle theory (Perfetti & Harris, 2013; Perfetti et al., 1992), all 
reading engages phonology at the earliest moment and the smallest unit allowed by 
the writing system. A similar account was proposed by the grain size theory (Ziegler 
& Goswami, 2005), i.e., reading procedures assemble phonology according to the 
grain size of orthography. Specifically, the small grain size of alphabets allows a 
phoneme-level assembly of phonology, whereas the large grain size of Chinese 
logographs supports syllable-level assembly. Under these universal hypotheses, 
reading in both alphabetic and logographic scripts engages phonology; what differs 
between them is the way phonology is implemented into the writing system (Perfetti 
et al., 2013). Supporting this view, there is good evidence that phonology is activated 
when Chinese characters are read for meaning (See Perfetti et al., 2005 for a review). 
Following this line of reasoning, phonology may very well influence visual word 
recognition in Chinese, thus playing a role in shaping the left-lateralized print N170 
for logographic characters.  
 

5.2. Auditory discrimination in dyslexia: the mismatch negativity  
 
  A prevailing view regarding the aetiology of developmental dyslexia is that it 
originates from a cognitive deficit in representing and manipulating speech sounds. 
This phonological deficit itself, on the other hand, has been hypothesized to result 
from a more basic deficit in auditory processing. Motivated by such a scenario, a 
large body of research has been conducted to evaluate whether performance on tasks 
assessing auditory discriminability can help distinguish between poor and normal 
readers (for reviews see, e.g., Hämäläinen, Salminen, & Leppänen, 2013; Näätänen, et 
al., 2012; Schulte-Körne & Bruder, 2010). The majority of these studies have used the 
mismatch negativity (MMN), an ERP component traditionally regarded as an 
objective measure of the accuracy of auditory discrimination (Näätänen et al., 2004; 
Näätänen & Winkler, 1999). Since the MMN can be readily elicited using a passive, 
non-attentive paradigm, it provides a useful adjunct to behavioural assessments of 
auditory discriminability in young children and clinical populations who have 
difficulty with psychoacoustic tasks.  
  In Chapter 3, we thus used an oddball paradigm to investigate the relation between 
reading fluency and the presence/size of the mismatch response. Both speech 
(syllable) and nonspeech (tone) stimuli were included, with the size of the deviant 
stimuli manipulated (small vs. large). Our results show that, overall, the size of the 
mismatch response was not systematically related to reading score in either condition. 
For the tones, exploratory analyses revealed a positive, albeit moderate, correlation 
between reading score and the size of the MMN to small deviants in the left 
hemisphere. For the syllables, mismatch responses were found, also for small 
deviants, at midline electrodes in time windows corresponding to the classic MMN 
and a late discriminative negativity (LDN); the size of these mismatches, however, 
was not reliably related to reading performance. 
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  So far, the literature on MMN and dyslexia has been highly inconsistent, with some 
studies reporting attenuated MMN in dyslexics and others failing to reveal significant 
group differences between dyslexic and normal readers (for a review see Bishop, 
2007; Schulte-Körne & Bruder, 2010). Using GAM to accommodate the numeric (and 
potentially nonlinear) predictor Reading score, we characterized the relation between 
reading ability and the presence/size of the mismatch response on a continuous, fine-
grained scale. Yet, we did not find any indication for a robust correlation over the 
entire timespan wherein the mismatch response might emerge. A more fundamental 
issue that casts doubt on the validity of the MMN as the electrophysiological correlate 
of auditory discrimination is that the presence/size of the MMN often fails to 
converge with behavioral discrimination measures. There is even evidence that the 
MMN is absent in a large percentage of healthy adults, especially for easily 
discriminable standard-deviant parings (e.g., Pettigrew et al., 2004; the large deviants 
in the tone/syllable condition in our study). 
  A lot of methodological factors might account for the mixed results regarding the 
reliability of attenuated MMN as a diagnostic index for reading disability. As has 
been shown in the current study and in many earlier studies, deviance size seems to 
play a role, so that small deviants are more likely to distinguish dyslexic from normal 
readers (frequency change in percentage < 10%; Bishop, 2007). This might be taken 
as evidence that the auditory discrimination deficit in dyslexics surfaces only when 
the difference between the standard and the deviant is subtle. On the other hand, the 
mismatch response to speech stimuli is also highly variable depending on stimulus 
features. For example, the contrast between /ba/ and /ga/ (e.g. Sharma et al., 2006; 
Uwer et al., 2002) has a better chance of eliciting significant group differences than 
that between /ba/ and /da/ (e.g. Sebastian & Yasin, 2008; our study). Such a pattern of 
results, though not fully understood yet, suggests that specific spectral features of 
speech sounds may pose particular difficulties for dyslexic readers. Another factor 
that has a notable impact on the mismatch response is presentation rate: significant 
differences between dyslexic and control groups are more often seen with rapid 
(stimulus onset asynchrony < 500 ms) than slow presentation rates (Bishop, 2007). 
  Besides the methodological factors listed above, another potential explanation for 
the lack of correlation between reading ability and the presence/size of the MMN is 
that the putative auditory deficit of dyslexia is not directly related to reading 
difficulty, and therefore does not become manifest unless specific mediating factors 
are present. Specifically, poor performance on oral language tasks in children with 
reduced MMN suggests that deficient auditory discrimination may be associated with 
impaired oral language skills, rather than classic dyslexia (Bishop, 2007). In a 
prospective longitudinal study, Boets and colleagues (Boets, Wouters, van Wieringen, 
De Smedt, & Ghesquière, 2008) provided a succinct account of how a low-level 
auditory processing deficit leads to impaired speech perception, disrupted 
phonological development, and ultimately to literacy problems. Using causal path 
analysis, the researchers found that preschool measures of auditory processing were 
related, both directly and indirectly (mediated via speech perception), to those of 
phonological awareness, which in turn predicted literacy achievement at the end of 
first grade. Auditory processing itself, however, was not directly related to literacy 
measures. Considering the role of phonological awareness as a mediating factor 
linking auditory processing to reading fluency, in future research it would be useful to 
subdivide dyslexic readers into those with and without phonological deficits, and test 
whether the two groups would be differentially impaired in auditory processing. 
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5.3. Concluding remarks 
 

  In this thesis, we chose to investigate neurophysiological markers of emerging 
dyslexia in two domains, i.e., visual word recognition and auditory discrimination. 
Along both lines of research, we assessed very basic aspects of perceptual processing 
that constitute critical first steps in deciphering visual/oral language codes. There are 
two reasons for this selection. First, given our dedication to early diagnosis of 
developmental dyslexia, it is important to focus on aspects of perceptual/language 
processing that can be easily tested in young children, preferably under non-attentive 
paradigms. Secondly, several widely implemented remediation programs, at least in 
Europe, are based on the assumption of basic visual or auditory perception deficits in 
dyslexia (Schulte-Körne & Bruder, 2010). To ensure efficient execution of the 
intervention plans, it is crucial to examine their empirical basis. Overall, our findings 
suggest that the N170 coarse tuning effect (i.e., enhanced, left-lateralized N170 
response for print) is a valid neurophysiological indicator of dyslexia, one that can be 
readily elicited by implicit reading tasks and robustly detected at the individual level. 
On the other hand, the relation between reading ability and the mismatch negativity is 
less systematic, and is highly dependent on a series of methodological factors.   

 
5.4. Directions for future research 

 
1. Study population: Since neither the auditory discrimination nor the visual word 
recognition deficit seems adequate to account for the full spectrum of impaired 
reading patterns, it would be useful to relate these two deficits to subtypes of 
developmental dyslexia. This is in line with the claims of the hybrid model 
(Pennington, 2006; Pennington, et al., 2012), i.e., there is no single etiological or 
cognitive factor that is sufficient to cause dyslexia; rather, dyslexic symptoms 
observed at the behavioural level can be traced back to various combinations of 
underlying cognitive deficits. In future research, it would be advisable to subdivide 
the dyslexic group on the basis of their cognitive-linguistic profiles, and investigate 
whether different subgroups exhibit different patterns regarding visual word 
recognition and auditory discrimination.    
 
2. Statistics: A limitation of the GAM approach implemented in this thesis concerns 
the subjectivity involved in the selection of the channels for analyses. Indeed, GAM 
can be used to model the topography of the ERP signals over the entire scalp, e.g., by 
creating a tensor product combining time and electrode position (coded with x and y 
coordinates). However, such an approach is currently too computationally intensive. 
In future research, advances in the software would likely allow such complex 
modelling to take into account individual electrodes, thus offering a more complete 
representation of the data. 
 
3. A possibility of linking N170 to MMN: As hypothesized by the phonological 
mapping theory, the print-tuning deficit can be traced back to difficulties with 
phonological processing. Since the MMN presumably indexes the accuracy of 
auditory perception, which itself is closely related to phonological processing, it 
would be impactful to investigate the relation between the print N170 and the MMN 
(probably in combination with measures of phonological processing as mediating 
factors). 
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A. Appendix to Chapter 1: General introduction 
 
 

      A.1  Behavioural tests used in the Diagnosis of Dyslexia study 
 
 
  Reading fluency: A standardized word-reading test in Dutch, the Drie Minuten Toets 
[Three Minutes Test] (DMT; Verhoeven, 1995), was used to assess general reading 
skills. The participants were shown three lists of words of increasing length and 
difficulty, and were asked to read out the words as fast and accurately as possible. 
Raw score was determined on the basis of the number of words read correctly within 
one minute, which was subsequently converted to a categorical score (A To E) 
indicating the level of reading fluency (with age taken into consideration) compared 
to the population used for the DMT norms.  
 
  Phonological awareness: A phoneme deletion task was used to assess the ability to 
access and manipulate speech sounds (see Appendix A.2). For this task, the 
participants heard pronounceable pseudowords; they were first asked to repeat the 
pseudoword and then to reproduce a pseudoword with a particular sound deleted from 
the original pseudoword. The task gradually became more difficult as the number of 
syllables that the pseudo words consisted of increased. A total number of 12 
experimental items and 5 practice items were included. The score consisted of a point 
for each item that was correctly produced.  

  Naming speed: A standardized Rapid Automatized Naming (RAN) test of colours, 
letters and digits (Denckla & Rudel, 1976) was used to assess the children’s naming 
speed and time needed to retrieve verbal information. The test consisted of a sheet 
with five rows of nine items in various colours/letters/digits. The children were asked 
to name the items one by one as accurately and quickly as possible. The score for 
each naming category (i.e., colours/letters/digits) was determined by subtracting the 
amount of items named incorrectly from the total amount of items, and dividing the 
outcome from the amount of time taken. A mean RAN score was then computed by 
averaging the scores for each naming category. 
 
  Orthographic knowledge: An orthographic choice task was used to assess 
orthographic knowledge (see Appendix A.3 for a sample of the test items). The test 
consisted of a list of words spelled in three different ways, one correct and two 
incorrect. The children were asked to underline the word that was spelled correctly. A 
total number of 70 items were included. Scoring was based on a point received for 
each correct item.  
 
  Nonverbal intelligence: The Matrix Reasoning subtest of the Wechsler Preschool 
and Primary Scale of Intelligence (WPPSI) test (Wechsler & Naglieri, 2008) was 
administered to assess nonverbal intelligence. The participants were asked to select 
the image that would complete an incomplete matrix or series out of five options. The 
raw score was converted to a T-score (with age of the participant taken into 
consideration). Children with a T-score of or above 40 are considered to have normal 
nonverbal intelligence.  
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A.2  Phoneme deletion task  
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A.3  Orthographic Choice Task 
 

 
Part. Nr: Datum:   
1. voet voed foet 
2. haut hout houd 
3. swart zward zwart 
4. vruit fruit fruid 
5. schaads sgaats schaats 
6. schelp schelup sgelp 
7. zwaart zwaard swaard 
8. draai draaj draaij 
9. bloej bloeij bloei 
10. kwarek kewark kwark 
11. bochd bogt bocht 
12. nieuw neuw niew 
13. buleg beleg bleg 
14. verkeer vekeer verkir 
15. sneuw sneew sneeuw 
16. irste eerste eerstu 
17. vla fla vlaa 
18. gluk guluk geluk 
19. sieke zieku zieke 
20. zagte zachte sachte 
21. reusen ruezen reuzen 
22. dieven diefen dievun 
23. aardug aardig aardeg 
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A.4  Behavioural measurements of Dutch children participating in the ERP 
studies  
 
 
Table A.4.4: Behavioural measurements of Dutch children participating in ERP studies 
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B. Appendix to Chapter 2: 
Fast visual specialization or print and reading fluency 
 
 

      B.1  Dutch words used in the repetition detection task 
 
 
      Table B.1.1: Dutch words used in the repetition detection task 

Dutch 
word 

Translated 
word 

Dutch 
word 

Translated 
word 

Dutch 
word 

Translated 
word 

Dutch 
word 

Translated word 

bal ball kar cart boek book deur door 
pap dad koe cow doek picture glas glass 
oom uncle zon sun stok stick noot nut 
mus sparrow das tie poes cat vaas vase 
kam comb hok pen reep stripe dier animal 
kat kat mes knife kast cabinet neus nose 
jas coat tak branch huis home riem belt 
zak bag mat mat muis mouse zeep soap 
bos forest vin fin reus giant lepel spoon 
hek fence ruit window voet foot tafel table 
kop cup hond dog hout wood emmer bucket 
sok sock maan moon mond mouth paard horse 
ijs ice buik belly bijl axe krent currant  
tas bag bril glasses koek cake stuur steering wheel 
bel bell keel throat fles bottle vogel bird 
rem brake doos box raam window trein train 
zus sister geit goat haan rooster fiets bicycle 
pak package roos rose duif pigeon taart pie 
juf teacher tuin garden vuur fire stoel chair 
oog eye veer feather boer farmer broer brother 
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B.2  Dutch pseudowords used in the repetition detection task 
 
 
Table B.2.2: Dutch pseudowords used in the repetition detection task  
 

Dutch  
Pseudoword 

Dutch  
Pseudoword 

Dutch  
Pseudoword 

Dutch  
Pseudoword 

kal Zor loet noop 
tat Zok zeet glaf 
ool Fas poeg seun 
fum Mel reem rier 
kab Tar pask zeel 
sal Mef huik saaf 
jaf Vig suim kaaf 
zaf Mog seur emmel 
bog Voe voek lemel 
hep Joek dous kremp 
kog Don’t nomp stuul 
ijg kaam bijn govel 
taf Buim koef keber 
gol Brol tuip sieks 
mer keem slef kaark 
vog doon raal paark 
pab Feik haam stoek 
jub Soor duil kroer 
oof Nuit vuul lasel 
zar Veef doer deul 
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B.3  Symbol strings used in the repetition detection task 
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C. Appendix to Chapter 4  
The underlying mechanism of fast visual specialization for print:  
A cross-linguistic ERP study 
 
 

C.1  Chinese words used in the repetition detection task 
 
 
Table C.1.1: Chinese words used in the repetition detection task 
 
 

Chinese word Translated word Chinese word Translated word 
 car  identity card 
 magazine   ambulance  
 key  fire truck 
 fox  videotape 
 garden  wine 
 glass  engine 
 flour  coffer 
 apple  marble 
 basketball  firefly 
 branch  sewing machine 
 air conditioner  lighter  
 sleeve  carrot 
 grapefruit  fire extinguisher 
 stair  steering wheel  
 carpet  mineral water 
 map  bulb 
 ring  accordion 
 watch  badminton 
 peasant   suitcase 
 business card  tractor 
 photo  sewerage system 
 curtain  business license  
 table  aircraft carrier 
 lip  graduate diploma 
 honey  national flag 
 bee  folk art 
 hammer   whisker 
 butterfly  skyscraper  
 pearl   highway 
 mailbox  laptop 
 bathroom  hydraulic engineering  
 television  healthy facility 
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Chinese word Translated word Chinese word Translated word 
 computer   downpour 
 rose  automotive 
 pillow   smart phone 
 nail  carousel  
 sock  home electronics 
 bread  power line 
 aircraft  insurance company 
 bookmark  fruit platter  
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C.2  Pinyin4 strings used in the repetition detection task 
 
 
Table C.2.2: Pinyin strings used in the repetition detection task 
 

Pinyin string Translated word Pinyin string Translated word 
qì chē car shēn fèn zhèng identitidy card 
zá zhì magazine jiù hù chē ambulance 
yào shi key jiù huŏ chē fire truck 
hú li fox lù xiàng dài videotape 
huā yuán garden pú táo jiŭ wine 
yăn jìng class fā dòng jī engine 
miàn fěn  flour băo xiăn guì coffer 
píng guŏ apple dà lĭ shí marble 
lán qiú basketball yíng huŏ chóng firefly 
shù zhī branch féng rèn jī sewing machine 
kōng tiáo air conditioner dă huŏ jī lighter 
xiù zi sleeve hú luó bo carrot 
yòu zi grapefruit miè huŏ qì fire extinguisher 
lóu tī stair fāng xiàng pán steering wheel 
dì tăn carpet kuàng quán shuĭ mineral water 
di tú map diàn dēng pào bulb 
jiè zhĭ ring shŏu fēng qín accordion  
shŏu biăo watch yŭ máo qiú badminton 
nóng mín peasant lǚ xíng xiāng suitcase 
míng piàn business card tuō lā jī tractor 
xiàng piàn photo pái shuĭ xì tong sewerage system 
chuāng lián curtain yíng yè zhí zhào business license 
zhuō zi table háng kōng mŭ jiàn aircraft carrier 
zuĭ chún lip bì yè zhèng shū graduate diploma 
fēng mì honey wŭ xīng hóng qí national flag 
mì fēng bee mín jiān yì shù folk art 
fŭ tóu hammer luò sāi hú zi whisker 
hú dié butterfly mó tiān dà lóu skyscraper 
zhēn zhū pearl gāo sù gōng lù highway 
yóu xiāng mailbox shŏu tí diàn năo laptop 
cè suŏ bathroom shuĭ lì gōng chéng hydraulic engineering 
diàn shì television yī liáo shè shī health facility  
 

 

 
 
 
 

4 Pinyin is a phonetic system for transcribing Chinese logographic characters into 
Latin alphabet. The pinyin strings presented in Table C.2.2 are phonetic transcriptions 
of the logographic characters presented in Table C.1.1. 
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Pinyin string Translated word Pinyin string Translated word 
diàn năo computer piáo pō dà yŭ downpour 
méi guī rose jī dòng chē liàng automotive 
zhĕn tóu pillow  zhì néng shŏu jī smart phone 
zhĭ jiă nail xuán zhuàn mù mă carousel  
wà zi sock jiā yòng diàn qì home electronics 
miàn bāo bread gāo yā diàn xiàn  power line  
fēi jī aircraft băo xiăn gōng sī insurance company 
shū qiān bookmark shuĭ guŏ pīn pán fruit platter 
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C.3  Symbol strings used in the repetition detection task 

The symbol strings used in the repetition detection were the same as presented in 
Appendix B.
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Summary 
 
  Developmental dyslexia is a neurobiologically based learning disorder that impairs a 
child’s ability to read and write. To minimize the detrimental effects of dyslexia, it is 
important to provide optimal intervention at the youngest possible age. Early 
diagnosis of dyslexia, which is a prerequisite for early intervention, is thus called for. 
In this light, event-related potential (ERPs), i.e., electrical brain responses registered 
at the scalp, are particularly useful in distinguishing poor from normal readers at the 
initial stage of reading acquisition. This is because ERPs can be elicited using non-
attentive paradigms and hence are less contaminated by confounding factors such as 
task demand, attention and motivation than behavioural measurements. In the current 
PhD project, we therefore used ERPs to investigate early neurophysiological markers 
of dyslexia in beginning readers of Dutch (second graders).  
  Chapter 1 provided theoretical backgrounds of the studies reported in this thesis. 
One of the most influential theoretical accounts of reading, the dual route cascaded 
(DRC) model (Coltheart, Rastle, Perry, & Langdon, 2001), proposes that skilled 
reading proceeds in two pathways, i.e., a lexical/orthographic route supporting whole 
word recognition and a sublexical/phonological route converting letter strings into 
phonological representations. While the former requires fast, automatic recognition of 
visual word forms, the latter necessitates mastery of grapheme-to-phoneme 
conversion rules, for which intact auditory discrimination is a pre-requisite (impaired 
auditory discrimination leads to underspecified phonological representations). In the 
following chapters, we thus investigated early markers of dyslexia in two domains, 
i.e., visual word recognition and auditory discrimination. A major methodological 
contribution of this dissertation is that we used generalized additive modelling (GAM; 
Wood, 2006) to analyse the ERP data. As a nonlinear regression approach, GAM can 
be used to model the complete, nonlinear shape of the ERP signal over time. 
Moreover, by accommodating nonlinear interactions, GAM allows us to use raw 
reading scores, rather than the categorical factor “control vs. dyslexic”, to index 
reading ability. In this way, we are able to characterize the relation between reading 
fluency and the ERP patterns of interest on a continuous, fine-grained scale.  
  Chapter 2 aimed to investigate the relation between fast visual specialization for 
print (words or word-like letter strings) and reading fluency. When presented with 
print, fluent adult readers activate fast, specialized visual brain processes, which 
underlie the basis for efficient recognition of print input. At the neurophysiological 
level, specialized visual processing of print is indexed by the N170 ERP component: 
in alphabetic languages, print consistently elicits larger N170 responses than visual 
baseline (e.g., symbols), especially in the left hemisphere. Such a tuning effect 
develops rapidly within the first two years of schooling in typically developing 
children, and is believed to reflect reading expertise associated with one’s own 
language. The finding of absent/attenuated tuning effect in children with dyslexia, on 
the other hand, has generated expectations that the print N170 may help distinguish 
poor from normal readers at an early age. In this study, we thus investigated whether 
the N170 print tuning effect has already merged in beginning readers of Dutch, and, if 
yes, whether the size and the lateralization pattern of this tuning effect are 
systematically related to reading fluency. To fulfil these objectives, we recorded the 
ERPs of a group of Dutch children with varying reading abilities while they were 
performing a repetition detection task with words, pseudowords and symbol strings. 
Offline analyses of the ERP data (using GAM) demonstrated a robust N170 print 
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tuning effect in the left hemisphere, as well as a positive, almost linear relation 
between reading fluency and the size of the tuning effect. Overall, our findings lend 
support to the validity of the N170 print tuning effect as a neurophysiological marker 
of emerging dyslexia.  
  Chapter 3 aimed to investigate the relation between auditory discrimination and 
reading fluency. Converging evidence from research on the aetiology of 
developmental dyslexia has pointed to deficient phonological processing, which itself 
may originate from a more fundamental deficit in auditory perception and 
discrimination. At the neurophysiological level, the ERP component indexing the 
accuracy of auditory discrimination is the mismatch negativity (MMN). So far, the 
literature on MMN studies with dyslexics has been highly inconsistent, with some 
studies finding reduced MMN in the dyslexic group and others finding normal MMN. 
This disparity is partly caused by methodological differences across studies regarding, 
for example, deviance size (the size of the difference between standard and deviant 
stimuli), temporal/spectral features of stimulus materials, and time window of 
analysis. In the current study, we aimed to test whether the presence/size of the 
mismatch negativity can reliably distinguish poor from normal readers. To fulfil this 
objective, we used a passive oddball paradigm to elicit mismatch responses. Both 
speech (syllable) and nonspeech (tone) stimuli were used, with the size of the deviant 
stimulus manipulated. Overall, the size of the mismatch response was not 
systematically related to reading score in either condition. For the tones, exploratory 
analyses revealed a positive, albeit moderate, correlation between reading score and 
the size of the MMN to small deviants in the left hemisphere. For the syllables, 
mismatch responses were found, also for small deviants, at midline electrodes in time 
windows corresponding to the classic MMN and a late discriminative negativity 
(LDN); the size of these mismatches, however, was not reliably related to reading 
performance. Taken together, these findings do not support the validity of the 
mismatch response as a neurophysiological marker of dyslexia: the relation between 
reading fluency and the presence/size of the mismatch response is not robust and is 
highly dependent on a wide range of methodological factors. 
  Chapter 4 aimed to investigate N170 tuning for print in Chinese. So far, print-tuning 
studies in non-alphabetic languages have been scarce and tended to yield inconsistent 
results, especially regarding the lateralization pattern of such a tuning effect. 
Moreover, it remains difficult to control for confounds of low-level stimulus features. 
Clearly, additional studies are needed to investigate N170 tuning for print in non-
alphabetic languages. The outcome of such research may also shed light on the 
underlying mechanism of neural specialization for print, i.e., whether the print N170 
is triggered by grapheme-to-phoneme conversion or by visual familiarity with a 
particular script. Motivated by such a scenario, in the current study we investigated 
N170 tuning for logographic Chinese and for pinyin, a phonetic system that 
transcribes Chinese characters into Latin alphabet. Different from previous print-
tuning studies in Chinese, we adopted a cross-linguistic design in which native 
Chinese adults and Dutch adults (who could not read Chinese) detected immediate 
repetitions with logographic characters, pinyin and symbol strings. Since the two 
groups viewed the same set of stimuli, any between-group difference in their patterns 
of tuning, as indexed by the contrast between print (character or pinyin) and control 
stimuli (symbol string), must be triggered by their differential experience with the 
Chinese script rather than by differences in low-level stimulus features between print 
and control stimuli. We found that both groups responded more strongly to characters 
than to symbols, but the character – symbol difference was significantly left 
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lateralized in the Chinese group only; the Dutch group demonstrated a bilateral 
topography instead. With respect to pinyin, both Chinese and Dutch participants 
showed larger N170 responses to pinyin than to symbol strings; the left-hemispheric 
modulation, however, was absent in both groups, presumably because it is uncommon 
to process pinyin in long strings. Taken together, our findings suggest that 
logographic characters evoke enhanced, left-lateralized N170 responses as do 
alphabetic words, and that such a tuning effect is clearly driven by script familiarity, 
rather than by differences in visual features between print and control stimuli. Since 
grapheme-to-phoneme conversion seldom exists in logographic Chinese, our results 
tend to support the visual familiarity account of the print N170. We acknowledge 
however, that phonological activation in general, if not grapheme-phoneme 
conversion in particular, may also contribute to the N170 print-tuning effect. 
  Chapter 5 concluded the dissertation with a general discussion of all findings 
collected. Along both lines of research, i.e. visual word recognition and auditory 
discrimination, we assessed very basic aspects of perceptual processing that constitute 
critical first steps in deciphering visual/oral language codes. The reason for this 
selection is twofold. First, given our dedication to early diagnosis of developmental 
dyslexia, it is important to focus on aspects of perceptual/language processing that can 
be easily tested with ERPs under non-attentive paradigms. Secondly, since several 
widely-implemented remediation programs are based on the assumption of basic 
visual or auditory perception deficits in dyslexia, it is crucial to examine the empirical 
basis of these intervention plans. Overall, our findings suggest that the N170 print 
tuning effect is a valid neurophysiological indicator of dyslexia, one that can be 
readily elicited by implicit reading tasks and robustly detected at the individual level. 
On the other hand, the relation between reading ability and the mismatch negativity is 
less systematic, and is highly dependent on a series of methodological factors. All in 
all, the outcome of this thesis contributes to the understanding of the neurobiology of 
normal and impaired reading acquisition. In particular, the application of GAM 
illustrates an innovative way of studying the nonlinear dynamics of brain activities on 
a fine-grained, continuous scale.  
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Samenvatting  

Neurofysiologische Studies van Leesvaardigheid.  Naar Visuele en Auditieve 
Indicatoren van Ontwikkelingsdyslexie. 
  Ontwikkelingsdyslexie is een leerstoornis met een neurobiologische oorzaak die de 
lees- en schrijfvaardigheid van een kind aantast. Om de verstorende effecten van 
dyslexie te beperken, is het belangrijk om in een zo vroeg mogelijk stadium te 
beginnen met het bieden van optimale interventie. Vroege diagnose van dyslexie, een 
vereiste voor vroege behandeling, is daarom belangrijk. Hiervoor zijn event-related 
potentials (ERP's), oftewel elektrische reacties van de hersenen die op de hoofdhuid 
geregistreerd worden, potentieel bijzonder bruikbaar om kinderen met een 
leesachterstand van normale lezers te onderscheiden in de eerste fase van het leren 
lezen. Dit komt omdat ERP's uitgelokt kunnen worden door taken die weinig 
aandacht eisen, waardoor de resultaten minder vertekend worden door verstorende 
factoren zoals aandacht en motivatie dan bij gedragsmetingen. In dit promotieproject 
hebben wij daarom ERP's gebruikt om vroege neurofysiologische aanwijzingen voor 
dyslexie bij beginnende lezers (in groep 4 van het basisonderwijs) in het Nederlands 
te onderzoeken. 
  Hoofdstuk 1 biedt theoretische achtergronden van de onderzoeken die in dit 
proefschrift beschreven worden. Een van de meest invloedrijke theoretische 
verklaringen van het lezen, het 'dual route cascaded' (DRC) model (Coltheart, Rastle, 
Perry, & Langdon, 2001), stelt dat een vlot leesproces via twee paden verloopt, 
namelijk via een lexicale/orthografische route die het herkennen van het hele woord 
ondersteunt en een sublexicale/fonologische route die letterreeksen in fonologische 
representaties omzet. Terwijl voor het eerste pad snelle automatische herkenning van 
visuele woordvormen nodig is, vereist het tweede pad de vaardigheid om grafeem-
naar-foneem conversie regels te beheersen. Voor de ontwikkeling van deze 
vaardigheid zijn intacte auditieve identificatie- en discriminatie-processen 
noodzakelijk; eerder onderzoek heeft aangetoond dat tekorten in de auditieve 
ontwikkeling kunnen leiden tot ondergespecificeerde fonologische representaties. In 
de volgende hoofdstukken hebben wij daarom vroege aanwijzingen voor dyslexie in 
twee domeinen onderzocht, te weten visuele woordherkenning en auditieve 
discriminatie. Een belangrijke methodologische bijdrage van dit proefschrift is dat wij 
'generalized additive modelling' (GAM; Wood, 2006) gebruikt hebben om de ERP 
data te analyseren. Omdat GAM een niet-lineaire regressie methode is, kan deze 
gebruikt worden om een model te maken van de gehele niet-lineaire vorm van het 
ERP signaal in het verloop van de tijd. Doordat ook niet-lineaire interacties 
gemodelleerd kunnen worden, biedt GAM bovendien de mogelijkheid om ruwe, 
continue leesscores als maat voor leesvaardigheid te analyseren in plaats van een 
categorische factor 'controle versus dyslexie'. Op deze manier hebben wij de relatie 
tussen leesvaardigheid en de ERP patronen waarin wij geïnteresseerd zijn op een 
continue gedetailleerde schaal in kaart kunnen brengen. 
  Het doel van hoofdstuk 2 was om de relatie tussen snelle visuele specialisatie voor 
gedrukte tekst (woorden of woordachtige letterreeksen) en leesvaardigheid te 
onderzoeken. Als vaardige volwassen lezers gedrukte tekst aangeboden krijgen, dan 
activeren zij snelle gespecialiseerde visuele hersenprocessen, die de onderliggende 
basis voor efficiënte herkenning van gedrukte tekst vormen. Op het 
neurofysiologische niveau wordt de gespecialiseerde visuele verwerking van gedrukte 
tekst met de N170 ERP component aangeduid: in alfabetische talen lokt gedrukte 
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tekst vooral in de linker hemisfeer een grotere N170 reactie uit dan wanneer een 
visuele baseline (zoals symbolen) wordt aangeboden. Een dergelijk ‘tuning effect’ 
ontwikkelt snel in de eerste twee schooljaren in zich normaal ontwikkelende kinderen 
en men gaat ervan uit dat dit de leesvaardigheid weergeeft die geassocieerd wordt met 
iemands eigen taal. Dat het tuning effect bij kinderen met dyslexie daarentegen 
afwezig of kleiner is, suggereert dat het N170 effect, zou kunnen helpen om lezers 
met een leesachterstand en normale lezers al op jonge leeftijd van elkaar te 
onderscheiden. In dit onderzoek hebben wij daarom onderzocht of het N170 effect al 
te vinden is bij beginnende lezers van het Nederlands, en als dit het geval is, of de 
grootte en het lateralisatiepatroon van dit tuning effect systematisch gerelateerd zijn 
aan leesvaardigheid. Om deze doelen te bereiken, hebben wij ERP's gemeten bij een 
groep Nederlandse kinderen die in leesvaardigheid verschilden, terwijl zij een 
herhalingsdetectietaak uitvoerden met woorden, pseudowoorden en symboolreeksen. 
Offline analyse van de ERP data (met gebruik van GAM) liet een robuust N170 effect 
zien dat gerelateerd bleek aan gedrukte tekst tuning in de linker hemisfeer en een 
positieve, bijna lineaire relatie tussen leesvaardigheid en de grootte van het tuning 
effect. Concluderend ondersteunen onze bevindingen de validiteit van het N170 effect 
als een neurofysiologische aanwijzing voor ontwikkelingsdyslexie. 
  Het doel van hoofdstuk 3 was om de relatie tussen auditieve discriminatie en 
leesvaardigheid te onderzoeken. Uiteenlopende aanwijzingen afkomstig uit onderzoek 
naar de etiologie van ontwikkelingsdyslexie wijzen op een probleem in fonologische 
verwerking, dat door een meer fundamenteel probleem in auditieve waarneming en 
discriminatie veroorzaakt wordt. Op neurofysiologisch gebied is de ERP component 
die aangeeft hoe nauwkeurig de auditieve discriminatie is, de mismatch negativity 
(MMN). Tot nu toe waren resultaten van MMN onderzoek bij proefpersonen met 
dyslexie altijd zeer inconsistent: in sommige onderzoeken werd een kleinere MMN 
gevonden bij personen met dyslexie terwijl in andere onderzoeken een normale MMN 
gevonden werd. Dit onderscheid wordt gedeeltelijk veroorzaakt door 
methodologische verschillen tussen de onderzoeken, zoals bijvoorbeeld in de grootte 
van het verschil tussen standaard en afwijkende stimuli, in temporele/spectrale 
kenmerken van de stimuli, en het tijdvenster waarover de analyse wordt uitgevoerd. 
In het hier beschreven onderzoek wilden we testen of de aanwezigheid/grootte van de 
mismatch negativity lezers met een leesachterstand van normale lezers kan 
onderscheiden. Om dit te onderzoeken hebben wij een passief oddball paradigma 
gebruikt om mismatch reacties uit te lokken. Zowel spraakstimuli (lettergrepen) als 
niet-spraakstimuli (tonen) werden gebruikt, waarbij de grootte van het verschil tussen 
de stimuli gemanipuleerd kon worden. Concluderend was de grootte van de MMN in 
geen enkele conditie systematisch gerelateerd aan de leesscore. Voor de tonen toonde 
een exploratieve analyse aan dat er een zwakke correlatie was tussen de leesscore en 
de grootte van de MMN met kleine afwijkingen in de linker hemisfeer. Voor de 
syllabes werden ook voor kleine afwijkingen mismatch reacties gevonden op de 
midline elektrodes in tijdvensters die overeenkomen met de klassieke MMN en een 
late discriminatieve negativiteit (LDN); de grootte van deze mismatches was niet 
betrouwbaar gerelateerd aan leesvaardigheid. Onze bevindingen ondersteunen dus 
niet de validiteit van de mismatch reactie als een neurofysiologische indicator van 
dyslexie: de relatie tussen leesvaardigheid en de aanwezigheid/grootte van de 
mismatch reactie was niet robuust en erg afhankelijk van een breed scala aan 
methodologische factoren. 
  Het doel van hoofdstuk 4 was om de N170 te onderzoeken voor gedrukte tekst in het 
Chinees. Tot nu toe zijn er maar weinig gedrukte tekst-tuning onderzoeken in niet-
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alfabetische talen uitgevoerd en hebben deze onderzoeken inconsistente resultaten 
opgeleverd, vooral wat betreft het lateralisatiepatroon van het tuning effect. 
Bovendien blijft het moeilijk om te controleren voor verstorende factoren van de 
stimuluskenmerken op een laag niveau. Er zijn dus meer onderzoeken nodig om de 
N170 tuning voor gedrukte tekst in niet-alfabetische talen te onderzoeken. De 
uitkomst van dit onderzoek kan ook inzicht geven in het onderliggende mechanisme 
van de neurale specialisatie voor gedrukte tekst, namelijk of de N170 die geassocieerd 
wordt met gedrukte tekst wordt aangestuurd door grafeem-naar-foneem conversie of 
door visuele bekendheid met een bepaald schrift. Daarom onderzochten wij in dit 
onderzoek of er N170 tuning plaatsvindt voor logografisch Chinees en voor pinyin, 
een fonetisch systeem dat Chinese karakters in het Latijnse alfabet weergeeft. Anders 
dan in vorige gedrukte tekst-tuning onderzoeken in het Chinees, hebben wij een cross-
linguïstisch design gebruikt waarin volwassen moedertaalsprekers van het Chinees en 
Nederlandstalige volwassenen (die geen Chinees konden lezen) gevraagd werden om 
directe herhalingen van logografische karakters, van pinyin of van symbolenreeksen 
te detecteren. Aangezien beide groepen dezelfde set stimuli te zien kregen, zal elk 
verschil tussen de groepen in hun tuning patronen, zoals gerepresenteerd door het 
contrast tussen gedrukte tekst (karakter of pinyin) en controle stimuli 
(symbolenreeks), veroorzaakt worden door hun verschillende ervaring met het 
Chinese schrift in plaats van door verschillen tussen gedrukte tekst en controle 
stimuli. Wij vonden dat beide groepen sterker reageerden op karakters dan op 
symbolen, maar het verschil tussen karakters en symbolen was alleen in de Chinese 
groep significant gelateraliseerd in de linker hemisfeer; de Nederlandstalige groep liet 
een bilaterale topografie zien. Wat betreft pinyin, lieten zowel Chineestalige als 
Nederlandstalige deelnemers een grotere N170 reactie zien bij het beoordelen van 
pinyin vergeleken met symbolenreeksen. De linker-hemisferische modulatie, 
daarentegen, was afwezig in beide groepen, waarschijnlijk omdat het niet gebruikelijk 
is om lange pinyin reeksen te verwerken. Concluderend suggereren onze bevindingen 
dat logografische karakters grotere links-gelateraliseerde N170 effecten uitlokken net 
als alfabetische woorden en dat een dergelijk tuning effect uitgelokt wordt door 
bekendheid met het schrift, in plaats van door verschillen in visuele kenmerken van 
de karakters in vergelijking met de controle stimuli. Aangezien het grafeem-naar-
foneem conversie-proces nauwelijks een rol speelt tijdens het lezen van logografisch 
Chinees, ondersteunen onze resultaten de verklaring op basis van visuele familiariteit 
met de gedrukte tekst. Daarnaast erkennen we dat fonologische activatie in het 
algemeen, of zelfs specifieke grafeem-naar-foneem conversie, een rol zou kunnen 
spelen in de generatie van het N170 effect dat geassocieerd wordt met gedrukte tekst-
tuning. 
  Hoofdstuk 5 is een algemene discussie van alle bevindingen die in dit proefschrift 
verzameld zijn. In beide onderzoekslijnen, namelijk visuele woordherkenning en 
auditieve discriminatie, hebben wij basisaspecten van perceptuele verwerking 
onderzocht die kritische stappen bevatten voor het ontcijferen van visuele/orale 
taalcodes. De reden voor deze selectie is tweeledig. Allereerst, omdat we 
geïnteresseerd zijn in vroege diagnose van ontwikkelingsdyslexie, is het belangrijk 
om die aspecten van perceptuele/talige verwerking te onderzoeken die makkelijk 
getest kunnen worden met ERP’s tijdens taken die geen aandacht vereisen. Ten 
tweede, omdat verschillende breed geïmplementeerde remediërende programma's 
gebaseerd zijn op de aanname dat er een basis van visuele of auditieve 
perceptieproblemen is bij dyslexie, is het cruciaal om de empirische basis van deze 
interventieplannen te onderzoeken. Concluderend suggereren onze bevindingen dat 
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het N170 effect dat geassocieerd wordt met gedrukte tekst tuning een valide 
neurofysiologische indicator van leesontwikkeling en mogelijk dyslexie is, die 
uitgelokt kan worden door impliciete leestaken en robuust gedetecteerd kan worden 
op individueel niveau. Daarentegen is de relatie tussen leesvaardigheid en de MMN 
minder systematisch en erg afhankelijk van verschillende methodologische factoren. 
Concluderend draagt de uitkomst van dit proefschrift bij aan het begrijpen van de 
neurofysiologie van normale en verstoorde leesontwikkeling. Bovendien heeft de 
toepassing van GAM tot een innovatieve methode geleid om niet-lineaire dynamische 
processen van hersenactiviteit op een gedetailleerde continue schaal te onderzoeken. 
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