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Abstract 
 

Expert written word recognition has long been associated with a region in the left 

ventral occipitotemporal cortex also called the Visual Word Form Area (VWFA), which is 

thought to be part of the extrastriate category-selective areas. However reading related 

activations are repeatedly reported in visual regions outside the occipitotemporal cortex, 

especially in tasks, where lexical processing is constricted. Notably, expertise effects in 

reading were observed in early cortical areas at the level of V1 to V4. The present thesis 

presents three studies, which aim is to characterize the functional and structural properties 

of brain regions activated in fast visual word recognition beyond the ventral visual stream. 

A series of neuroimaging experiments were used where the processing of letters and other 

symbols were compared in tasks that did not involve explicit reading or lexical processing.  

Study 1 aimed at identifying, with functional magnetic resonance imaging, the brain areas 

that participate in the correct recognition of written stimuli, which might form the basis of 

effortless, skilled reading. Its results demonstrate, that efficient recognition of letters in 

addition to the VWFA recruits early to intermediate retinotopic visual areas for fast and 

parallel recognition and inferior frontal areas for efficient mediation between written signs 

and their phonology. Study 2 investigated brain regions which might cause reading deficits 

in reading disabled children. In addition to the VWFA, the middle occipital gyrus (MOG) – 

an area responsible for visuospatial processing – was found to be underactivated in dyslexic 

children when compared to age matched controls. There have been conflicting accounts as 

to the role of the MOG in written word recognition, although it seems that it is implicated in 

orthographic processing by supporting either letter position encoding or letter identity 

processing. Therefore Study 3 was designed to test its role causally with the use of 

transcranial magnetic stimulation. Although the results of Study 3 are inconclusive due to 

insufficient power being a result of the difficult accessibility of the stimulation sites and 

unbalanced experimental conditions, it did point to an effect of letter identification in the 

parietal cortex. Taken together, the results of the three experiments described in the present 

doctoral thesis support the view that visual word recognition is mediated by a distributed and 

interactive network of brain areas that together form the basis of fast, effortless skilled 

reading.



4 

 

Streszczenie 
 

 

Umiejętność rozpoznawania słowa pisanego klasycznie przypisuje się rejonowi 

mózgowemu znajdującemu się w lewej brzusznej korze potyliczno-skroniowej, zwanemu 

również obszarem formy wzrokowej słowa (ang. Visual Word Form Area – VWFA). Obszar 

ten jest częścią kory pozaprążkowej, która specjalizuje się w rozpoznawaniu obiektów. 

Czytanie aktywuje jednak również wzrokowe obszary mózgowe znajdujące się poza korą 

potyliczno-skroniową, zwłaszcza w zadaniach, w których przetwarzanie językowe jest 

ograniczone. Efekty związane ze sprawnym czytaniem zaobserwowano we wczesnych 

obszarach kory wzrokowej na poziomie V1 do V4. W niniejszej pracy przedstawiono trzy 

badania eksperymentalne, których celem była funkcjonalna i strukturalna charakterystyka 

aktywowanych w trakcie czytania regionów mózgowych,  które znajdują się  poza 

brzusznym strumieniem wzrokowym. Przy użyciu metod neuroobrazowania mózgowego, 

przeprowadzono serię eksperymentów, w których porównano przetwarzanie liter i innych 

symboli w zadaniach, które nie wymagały czytania lub przetwarzania językowego. 

Eksperyment 1. miał na celu za pomocą funkcjonalnego rezonansu magnetycznego 

zidentyfikować obszary mózgowe niezbędne do wyksztalcenia się umiejętności sprawnego 

czytania, które uczestniczą w poprawnym rozpoznawaniu znaków pisanych. Uzyskane 

wyniki pokazują, że szybkie i równoległe rozpoznawanie liter poza VWFA rekrutuje 

również wczesne obszary retinotopowe oraz dolny zakręt czołowy (ang. inferior frontal 

gyrus – IFG) w celu skutecznego pośredniczenia między znakami pisanymi i ich fonologią. 

W Eksperymencie 2. badano obszary mózgu, które mogą odpowiadać za brak automatyzacji 

czytania u dzieci dyslektycznych. Wykazano, że u dzieci z dysleksją, w porównaniu do 

sprawnie czytających dzieci w tym samym wieku, aktywność mózgowa w VWFA jest 

mniejsza. Co ciekawe, deficyt stwierdzono również w środkowym zakręcie potylicznym 

(ang. middle occipital gyrus – MOG), obszarze odpowiedzialnym za przetwarzanie 

wzrokowo-przestrzenne. Chociaż istnieją sprzeczne relacje nt. roli MOG w czytaniu, wydaje 

się, że jest on zaangażowany w przetwarzanie ortograficzne – albo poprzez wspieranie 

kodowania pozycji litery w słowie, albo poprzez identyfikowanie liter. Celem Eksperymentu 

3. w związku z tym było zbadanie roli MOG metodą przyczynowo-skutkową za pomocą 

przezczaszkowej stymulacji magnetycznej. Wyniki Eksperymentu 3. są niejednoznaczne z 

powodu niewystarczającej mocy statystycznej, wynikającej z trudnej dostępności miejsc do 
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stymulacji i niezrównoważonych warunków eksperymentalnych. Niemniej jednak uzyskano 

efekt identyfikacji litery w korze ciemieniowej. Ogół wyników trzech eksperymentów 

opisanych w niniejszej rozprawie potwierdza pogląd, że we wzrokowym rozpoznawaniu 

słów pośredniczy rozproszona i interaktywna sieć obszarów mózgowych, które razem 

stanowią podstawę szybkiego i sprawnego czytania.
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Presentation of findings 
 

 

The data from this thesis have been presented in the following papers:  

 

Boros, M., Anton, J-L., Pech-Georgel, C., Grainger, J., Ziegler, J.C. & Szwed, M. 

Orthographic processing deficits in developmental dyslexia: Beyond the ventral visual 

stream. NeuroImage 128: 316-327 (2016) 

 

Boros, M., Eger, E., Chanceaux, M., Dufau, S., Bertrand, D., Cohen,L., Ziegler, J.C., 

Grainger, J. & Szwed, M. Expertise-dependent letter detection in intermediate visual 

areas. (Submitted) 

 

Boros, M. & Szwed, M. Letter identity processing in the dorsal visual stream as revealed 

by TMS (unpublished) 
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Summary 
 

1. Introduction 

It is rather impossible to get by in modern society without the ability to read: reading 

is the cornerstone of knowledge, and knowledge opens the doors to more educational and 

employment opportunities. In a fast changing society, reading is key to learning new skills in 

order to keep up with the new information brought to us day-by-day. Fortunately, the pressure 

to learn to read is met with a demographic trend: literacy rates have increased from 55.7 per 

cent in 1950 to 86.2 per cent in 2015 (UNESCO report, 2017). With the growing number of 

literates comes a growing number of reading-disabled people. It is estimated that 5-7% of 

school-aged children can be diagnosed with developmental dyslexia (Gori & Facoetti, 2014; 

J. Ziegler, 2009; J. C. Ziegler & Goswami, 2005). It is therefore hard to underestimate the 

importance of studying the neurocognitive processes underlying the unique human ability to 

read. Despite a research agenda spanning almost three decades since the rise of neuroimaging 

techniques (for reviews see: Cattinelli, Borghese, Gallucci, & Paulesu, 2013; Price, 2012), 

still there is much to learn about the neural correlates of reading. This is not surprising given 

the complexity of the subject – reading encompasses a network of areas involved in language, 

vision and attention. Additionally it can be described on several levels, from low level 

processing containing only visual codes, through more complex orthographic processing 

where visual and linguistic information intermingle to be finally translated into high level 

phonological and semantic representations (Coltheart, Rastle, Perry, Langdon, & Ziegler, 

2001; Fischer-Baum, Bruggemann, Gallego, Li, & Tamez, 2017).  

 

2. Trends in reading research 

Early reading research was concerned with localizing brain regions dedicated to these 

particular functions, focusing on the role of three main regions: the left occipitotemporal 

cortex (Brunswick, McCrory, Price, Frith, & Frith, 1999; Cohen, Dehaene, Naccache, & He, 

2000; Stanislas Dehaene, Le Clec’H, Poline, Le Bihan, & Cohen, 2002) and the middle 

temporal and angular gyri (Pugh et al., 1996; Vandenberghe, Price, Wise, Josephs, & 

Frackowiak, 1996), from which the latter was earlier suggested to host visual word images by 

XIX. century neurologist Joseph Jules Dejerine (1891). The result of these early efforts was, 

that due to its undisputed role in reading, the left ventral occipitotemporal cortex replaced the 
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angular gyrus as the putative visual word form area (Stanislas Dehaene, Cohen, Sigman, & 

Vinckier, 2005; McCandliss, Cohen, & Dehaene, 2003) and the debate shifted from questions 

concerning localization to issues related to selectivity and specificity (Binder, Medler, 

Westbury, Liebenthal, & Buchanan, 2006; Cohen & Dehaene, 2004; Stanislas Dehaene & 

Cohen, 2011a; Devlin, Jamison, Gonnerman, & Matthews, 2006; Kronbichler et al., 2004; 

Price & Devlin, 2003; Rauschecker et al., 2011; Szwed et al., 2011a; Vinckier et al., 2007), 

which fundamentally define the hierarchical properties of any neurobiologically plausible 

reading model (Carreiras, Armstrong, Perea, & Frost, 2014; Stanislas Dehaene & Cohen, 

2011a; Price & Devlin, 2011). This debate mainly focuses on the association between visual 

inputs and higher level linguistic representations, and, as Carreiras and colleagues (2014) have 

put it, is concerned with placing the “demarcation between bottom-up and top-down 

processing”. In this discussion expert written word recognition is either discretely localized 

in the ventral visual stream category-selective regions, more specifically the ventral 

occipitotemporal cortex (Stanislas Dehaene & Cohen, 2011a; Szwed et al., 2011b; Vinckier 

et al., 2007) or it is distributed and interactive, depending on language areas for accurate and 

rapid visual word recognition (Carreiras et al., 2014; Fischer-Baum et al., 2017; Price & 

Devlin, 2011). Much less is said about visual regions that are not confined to the classical 

category-selective areas in the ventral visual stream, despite that reading related activations 

are repeatedly reported outside the occipitotemporal cortex, especially in tasks, where lexical 

processing is constricted (L. Y. Chang, Plaut, & Perfetti, 2016; S. Dehaene et al., 2010; Szwed 

et al., 2011b; Szwed, Qiao, Jobert, Dehaene, & Cohen, 2014; Thesen et al., 2012).  

 

3. Outline of studies presented in this thesis 

This thesis seeks to extend the above narrative by characterizing the functional and 

structural properties of brain regions activated in fast visual word recognition beyond the 

ventral visual stream. In a series of experiments using letters and letter-like symbols in tasks 

that did not involve explicit lexical processing retinotopic and dorsal visual areas were first 

identified (Study 1 and 2), then functionally characterized (Study 3) as the neural substrates 

of visual processing in reading. Study 1 aimed at identifying which brain areas participate in 

the formation of the remarkable visual expertise of reading. Study 2 tackled the question from 

a different angle, by investigating brain regions which might cause reading deficits in reading 
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disabled children. Finally, building on the previous results in Study 3 we investigated the 

functional role of brain regions, that exhibited an underactivation in Study 2.  

 

4. Neuroanatomy of reading – two pathways in the brain 

Despite the controversial questions introduced in the previous sections, functional 

magnetic resonance imaging (fMRI) research has nonetheless unequivocally established the 

crucial role of the left hemisphere in written word recognition, where reading is primarily 

executed through two main brain circuits -  the dorsal and the ventral pathway (Carreiras et 

al., 2014; Cohen & Dehaene, 2009; Price, 2012; Pugh et al., 1996).  

The ventral system is taught to subserve the so called lexicosemantic route (Coltheart 

et al., 2001; Perry, Ziegler, Braun, & Zorzi, 2010; Perry, Ziegler, & Zorzi, 2010) of word 

processing which leads to fast visual decoding of words and includes mainly the activation of 

ventral occipitotemporal (vOT) areas including lateral extrastriate areas, left inferior 

occipitotemporal region, and posterior parts of the middle and inferior temporal gyri 

(Brunswick et al., 1999; Paulesu, 2001; Schurz et al., 2010). Dehaene and colleagues argue 

(Stanislas Dehaene & Cohen, 2007, 2011a), that within the vOT, in the course of learning to 

read, a group of left mid fusiform gyrus neurons originally responsible for object perception 

become specifically tuned for written word recognition. This putative Visual Word Form Area 

(VWFA) responds more strongly to written words than to visually matched line drawings of 

objects (Szwed et al., 2011b), checkerboards or consonants (Cohen et al., 2002) and nonword 

stimuli matched for visual complexity (Liu et al., 2008). Activation in the VWFA is invariant 

to the spatial location of the presented stimuli (Cohen et al., 2002), case and font of the letters 

(Stanislas Dehaene et al., 2002), as well as the presentation form of the stimuli (Kronbichler 

et al., 2009; Qiao et al., 2010). It is suggested, that the VWFA contains a posterior to anterior 

gradient representing increasingly complex orthographic units, from letters, to frequently 

occurring bigrams, followed by quadrigrams (Stanislas Dehaene et al., 2005; Vinckier et al., 

2007). 

The dorsal system is the so called temporoparietal reading system, which activates a 

parietal attentional network (Cohen, Dehaene, Vinckier, Jobert, & Montavont, 2008; 

Sliwinska, James, & Devlin, 2014) and comprises language related brain areas of the angular 

gyrus and supramarginal gyrus in the inferior parietal lobule and the posterior part of the 

superior temporal gyrus, i.e., Wernicke’s Area (Pugh et al., 2001; Sliwinska, Khadilkar, 



11 

 

Campbell-ratcliffe, Quevenco, & Devlin, 2012). Studies on acquired inability to read (alexia) 

has evidenced that lesions centred around the angular gyrus severely impaired cross-modal 

integration necessary for reading (Damasio & Damasio, 1984; Dejerine, 1891) suggesting, 

that this region might support a grapheme-phoneme conversion system (Pugh et al., 2001). 

According to Pugh and his colleagues (2001) this function is important in early phases of 

learning to read and findings indicating, that some parts of the temporoparietal reading system 

responds stronger to pseudowords or low frequency words than real words in skilled readers 

(Horowitz & Wolfe, 1998; Pugh et al., 2000; S E Shaywitz et al., 1998) suggest that it is 

involved in the processing of effortful decoding and rule-based phonological analysis of 

unfamiliar visual words.  

 

5. Reading and visual expertise 

The few thousand words read by an average person every day makes us humans 

exceptional experts in written word recognition. Expertise can be defined as a „consistently 

superior performance within a specific domain relative to novices and relative to other 

domains” (Harel, Kravitz, & Baker, 2013). Expertise is achieved by training, during which – 

according to the perceptual account of expert object recognition (Harel et al., 2013) – changes 

occur to the sensory or perceptual processing of visual objects (Fahle, 2004). It is viewed as 

a bottom-up, stimulus driven, process that is not affected by task demands or higher level 

cognitive functions (Harel et al., 2013). This definition is supported by numerous practice 

induced changes observable at the level of the early visual cortex (Baldassarre, Capotosto, 

Committeri, & Corbetta, 2016; Chen, Cai, Zhou, Thompson, & Fang, 2016; Fahle, 2004; 

Kourtzi & Welchman, 2015). Indeed in a shape discrimination study Op de Beeck and 

coleagues (2006) found training related effects in the extrastriate cortex hosting object 

selective areas, and it has been proposed, that the same mechanism of perceptual learning is 

responsible for the development of reading expertise (Cohen & Dehaene, 2004; Nazir, Ben-

Boutayab, Decoppet, Deutsch, & Frost, 2004). Perceptual learning is likely to enhance holistic 

processing (McGugin, Gatenby, Gore, & Gauthier, 2012), which in case of written word 

recognition is supposed to enable fast and effortless reading (Glezer, Jiang, & Riesenhuber, 

2009; Kronbichler et al., 2004). Whether changes induced by perceptual learning are confined 

to early visual processing, or higher level visual areas, are still the subject of debate, though. 

Although whole word level lexical processing has been proposed in the vOT (Glezer et al., 
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2009; Kronbichler et al., 2007; Schurz et al., 2010), reading acquisition related neuronal 

changes have been reported at a level as early as V1/V2 (S. Dehaene et al., 2010). In addition, 

expertise effects in reading were observable in early cortical areas when letter processing was 

compared to well matched low-level control stimuli (C. H. C. Chang et al., 2015; Szwed et 

al., 2011b, 2014; Thesen et al., 2012).  

However other views link reading expertise with linguistic processing (Price & 

Devlin, 2003, 2011) pointing out the effect of orthographic familiarity and lexical frequency 

on the processing of words in the ventral occipitotemporal cortex (Bruno, Zumberge, Manis, 

Lu, & Goldman, 2008; Kronbichler et al., 2007). Indeed it is more and more common in 

neuroscience to represent skill as a distributed circuit, whereby a single region alone cannot 

carry out the fast visual recognition, which instead recruits an extended, multi-regional neural 

network for accurate behaviour (Behrmann & Plaut, 2013; Harel et al., 2013). According to 

the Interactive Account of visual word recognition (Price & Devlin, 2011) the ventral 

occipitotemporal cortex is not selective to visual word forms, but integrates visuospatial 

features abstracted from sensory inputs with higher level linguistic representations such as 

speech sounds, actions and meanings. Thus specialization for orthography emerges from 

regional interactions between automatically activated prefrontal language areas (Pattamadilok 

et al., 2017; Perre, Pattamadilok, Montant, & Ziegler, 2009) and ventral occipitotemporal 

areas. Several studies using magnetoencephalography (MEG) – a neuroimaging method 

ensuring high spatial and temporal resolution – have demonstrated early inferior frontal gyrus 

activation in reading (Cornelissen et al., 2009; Wheat, Cornelissen, Frost, & Hansen, 2010; 

Woodhead et al., 2014). 

 

6. Study 1 

Study 1 (Boros et al., submitted) was designed to identify expertise-dependent brain 

regions in reading. We scanned adult readers, who, in a 4AFC task, were asked to identify 

letters or falsefonts – artificial characters matched in length, luminance, number of vertices 

(Szwed, Cohen, Qiao, & Dehaene, 2009) and visual complexity (Pelli, Burns, Farell, & 

Moore-Page, 2006) –, which have been previously briefly shown in a 5-element string. 

Expertise effect in this study was defined as the correct recognition of stimuli. The number of 

correct and incorrect responses was experimentally manipulated to be equal, thus brain 

regions generally activated by the presented stimuli and expert areas actually representing the 
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given stimuli could be disentangled. By comparing letter strings and falsefonts on the other 

hand, we aimed at identifying brain areas specifically involved in written word processing. 

Importantly, we used unpronounceable letter strings instead of words, to exclude lexical 

processing, and thus investigate, whether the recognition of letter strings is possible without 

the involvement of frontal or temporal language regions.  

  We found that the left vOT is implicated in the correct recognition of the presented 

stimuli (both letters and falsefonts). Interestingly this recognition effect appears already in the 

early retinotopic visual cortex for letters, while recognition related activation was present only 

in the anterior part of the vOT in case of falsefonts. Importantly, we also found that the correct 

recognition of letter strings elicited stronger activations in the inferior frontal gyrus (IFG) than 

wrong responses given for letters, an effect, that was missing in case of falsefonts.  

 Study 1 (Boros et al., submitted) thus yielded two important results for the discussion on 

expertise effects in written word recognition: 

  First, the results found in the early retinotopic cortex in Study 1 (Boros et al., 

submitted) might be interpreted in the context of perceptual learning theories described above. 

As argued earlier, adult readers encounter thousands of words every day, therefore their visual 

system might have been attuned to the statistics of letter features (Grainger, Dufau, & Ziegler, 

2016; Szwed et al., 2011b; Tydgat & Grainger, 2009). As training related perceptual learning 

often trigger changes at the level of early visual areas, from V1 to V4 (Sigman et al., 2005; 

Watanabe, Takeo; Sasaki, 2015), the retinotopic activation elicited by proficient recognition 

of letters might be attributed to this perceptual mechanism. 

  Second, the selective effect found in the IFG for letter stimuli, in the absent of explicit 

lexical processing requirements in the task at hand, can be viewed as evidence in favor of the 

early activation of language areas postulated by interactive models of written word processing 

(Carreiras et al., 2014; Price & Devlin, 2003, 2011). It is important to note however, that the 

slow temporal resolution of the BOLD response does not allow for a firm conclusion on the 

temporal ordering of lexical and visual processes.  

 

7. Is there a link between visual expertise and developmental dyslexia? 

After establishing the importance of visual processing in the execution of efficient, 

automatic and fast written word recognition (Boros et al., submitted), we asked, whether this 

mechanism might be responsible for impaired reading performance in developmental 
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dyslexia. Developmental dyslexia (DD) can be described as severe and long-lasting problems 

in acquiring written language despite normal intelligence, adequate educational opportunities 

and in the absence of any obvious neurological or sensory deficiencies (Sally E. Shaywitz & 

Shaywitz, 2005; Snowling, 2001). There are numerous theories about the cognitive causes of 

DD and reaching consensus on the core deficit is hampered by an apparent heterogeneity of 

DD (Ramus, Altarelli, Jednoróg, Zhao, & Scotto di Covella, 2018).  

The most commonly accepted view is that DD is basically a phonological deficit (U. 

C. Goswami & Bryant, 1990; Ramus, 2014; Ramus et al., 2003; Ramus & Szenkovits, 2010). 

Because learning to read is fundamentally a task of mapping visual codes onto phonology (U. 

C. Goswami & Bryant, 1990; U. Goswami & Ziegler, 2006; Share, 1995; J. C. Ziegler, Pech-

Georgel, Dufau, & Grainger, 2010), a deficit in such a fundamental process will hinder 

orthographic development and fast, automatic visual word recognition. According to this 

view, visual and or orthographic impairments in dyslexia would be a consequence of 

underlying deficits in phonology and ⁄ or deficits in mapping visual onto phonological codes. 

This might be attributed to poor phonological processing (Ramus, 2014; Ramus & Szenkovits, 

2010; J. C. Ziegler, Pech-Georgel, George, & Lorenzi, 2009), poor letter-sound integration 

(Blau et al., 2010) and poor letter string processing (Collis, Kohnen, & Kinoshita, 2013; J. C. 

Ziegler et al., 2010; Zorzi et al., 2012).  

However, according to the magnocellular-dorsal (M-D) pathway deficit theory (Gori 

& Facoetti, 2015; Gori, Seitz, Ronconi, Franceschini, & Facoetti, 2015; Perrodin, Kayser, 

Logothetis, & Petkov, 2014; Trichur R. Vidyasagar & Pammer, 2010) children with DD have 

specific deficits in processing rapidly presented or brief sensory stimuli which can be either 

manifested in the visual or auditory modalities (U. Goswami, 2015). Thus a phonological 

impairment is a secondary consequence of deviant processing of temporally dynamic stimuli 

(Amitay, Ben-Yehudah, Banai, & Ahissar, 2002). At the same time it is postulated that the 

M-D pathway is the dominant visual stream for text reading (Olulade, Flowers, Napoliello, & 

Eden, 2013). Functionally, the M-D pathway is specialized in the processing of low spatial 

frequencies, high temporal frequencies and motion (Gori et al., 2015; Livingstone, Rosen, 

Drislane, & Galaburda, 1991), thus dyslexics typically underperform in tasks requiring 

processing of luminance patterns and motion displays with high temporal and low spatial 

frequencies, i.e. studies of coherent dot motion perception (Goodbourn et al., 2012; Levy, 

Walsh, & Lavidor, 2010; Pammer & Wheatley, 2001; Slaghuis & Ryan, 2000). It has been 
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argued, that these visual processing abilities might be improved by means of perceptual 

learning, and the fact, that remediation therapies based on PL seem to be more effective, than 

those aimed at improving phonological skills, are taken as a proof of M-D deficit being the 

primary cause of DD (Franceschini, Bertoni, Gianesini, Gori, & Facoetti, 2017; González & 

Žari, 2014; Gori & Facoetti, 2014). 

Finally, it has been argued, that not all dyslexics exhibit poor phoneme awareness, and 

at least a subset of dyslexic readers suffer from purely visual deficits (Dubois et al., 2010; 

Valdois et al., 2003). A number of studies suggest, that problems with string processing 

originate from a visual attentional (VA) span deficit – a limitation of distinct visual attentional 

resources which can be processed in a multi-element array (Bosse, Tainturier, & Valdois, 

2007) –, which can be present without any apparent troubles with phonological tasks (Bosse 

et al., 2007; Lallier & Valdois, 2012; Lobier, Zoubrinetzky, & Valdois, 2012; Valdois et al., 

2011). In several studies participants with VA span disorder obtained lower scores when they 

had to report either whole letter strings or single cued letters from a previously briefly 

presented multi-element string (Bosse et al., 2007; Lassus-Sangosse, N’guyen-Morel, & 

Valdois, 2008; Valdois, Bosse, & Tainturier, 2004). These results are in line with a general 

string processing deficit demonstrated in DD for other than linguistic stimuli (Collis et al., 

2013; Hawelka, Huber, & Wimmer, 2006; Lobier, Peyrin, Pichat, Le Bas, & Valdois, 2014; 

J. C. Ziegler et al., 2010), which would also imply a visual search impairment (Stein, 2014; T 

R Vidyasagar & Pammer, 1999; Trichur R. Vidyasagar & Pammer, 2010). Importantly, each 

of these theories of dyslexia will give different predictions about the underlying neural 

substrates.  

First, several neuroimaging studies with adults (Brunswick et al., 1999; Horowitz & 

Wolfe, 1998; Paulesu, 2001; S E Shaywitz et al., 1998),  adolescents (Kronbichler et al. 2006) 

or with children (Blau et al., 2010; Schulz et al., 2009; B. a. Shaywitz et al., 2002; van der 

Mark et al., 2009) found an underactivation of the vOT in dyslexics. This dysfunctional 

activation in the vOT is often interpreted as an impairment with fast effortless visual word 

recognition and is regarded as secondary to the primary dysfunction of the dorsal system 

involved in controlled grapho-phonological word processing (McCandliss & Noble, 2003; 

Pugh et al., 2000). However other authors, reflecting on findings that activation in this region 

increases with reading skill (B. a. Shaywitz et al., 2002), refer to the left occipitotemporal 
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cortex generally as a reading skill zone which is dysfunctional in dyslexia (Sandak, Mencl, 

Frost, & Pugh, 2004; Sally E. Shaywitz & Shaywitz, 2005).  

Second, underactivation in the dorsal system in dyslexic readers is interpreted as 

reflecting a phonological decoding deficit, specifically an impairment to access phonological 

segments associated with graphemes (Blomert, 2011; Pugh et al., 2001; Richlan, Kronbichler, 

& Wimmer, 2009; Sandak et al., 2004). Several neuroimaging studies demonstrated 

underactivation of left temporoparietal regions, including posterior superior temporal, 

supramarginal and angular gyrus areas during reading related phonological tasks (Backes et 

al., 2002; Blau et al., 2010; Blau, van Atteveldt, Ekkebus, Goebel, & Blomert, 2009; Hoeft et 

al., 2006; B. a. Shaywitz et al., 2002; Temple et al., 2003). 

Third, there is a convergence that visual / sensory theories of dyslexia expect 

dysfunctional processing of the dorsal visual stream in DD (Stein, 2014). In support for the 

M-D deficit an  implication of motion selective brain areas have been evidenced (Ben-

Shachar, Dougherty, Deutsch, & Wandell, 2007; Eden et al., 1996; Laycock, Crewther, 

Fitzgerald, & Crewther, 2009; Liederman et al., 2003). At the same time visual search deficits 

and  the VA disorder has been associated with posterior parietal dysfunction (Lobier et al., 

2014; Lobier, Zoubrinetzky, et al., 2012; Perrodin et al., 2014; Peyrin et al., 2012), which is 

where the M-D pathway terminates (Gori et al., 2015). 

 

8. The impact of task specificity 

It is worth noting, that in research on dyslexia, the outcomes of the studies are heavily 

influenced by the task and examined population at hand. Most of the studies, that found a 

general underactivation of the vOT in dyslexic readers used tasks, which to some extend 

implicated reading. Subjects either were asked to read out loud (Brunwick et al. 1999, 

Horowitz et al. 1998, Kronbichler et al., 2006, Schultz et al., 2009, Paulesu et al., 2011) 

performed a rhyming task (Shaywitz et al., 1998, 2002, Backes et al. 2002, Hoeft et al., 2006) 

or a lexical or semantic category decision task (van der Mark et al., 2009, 2011, Shaywitz et 

al., 1998, 2002) in the scanner on words, pseudowords, irregular words or even sentences. A 

few exceptions from the above found vOT underactivation in picture naming (McCrory et al., 

2005) or single letter processing tasks (Temple et al., 2001, Blau et al., 2009, 2010). Given 

that fluent reading is severely impaired in the dyslexic population, the underactivation in vOT 

could be the consequence rather than the cause of dyslexia.  A few studies have used 
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phonological processing tasks, such as rhyme judgments or phonological awareness, but it is 

known that participants rely on orthographic processes to perform these tasks. 

Similarly scanning adult dyslexics leaves open the possibility that the underactivation 

found either in the ventral stream (eg. Shaywitz et al., 1998, Brusnwick et al., 1999, Paulesu 

et al., 2001) or the parietal lobe (Lobier et al., 2014) are a consequence of a long lasting deficit 

in reading fluency that occurs earlier in development. In support of this interpretation, Richlan 

et al.’s meta-analysis (Martin, Schurz, Kronbichler, & Richlan, 2015; Richlan et al., 2009) 

showed that the underactivation in vOT was mainly found in studies using adult dyslexics.  

 

9. Study 2 

To circumvent the shortcomings of the studies described above, in Study 2 (Boros et 

al., 2016) we report results from a study, in which we used a task, that did not rely of reading 

per se but on the processing of consonant, digit, and symbol strings. The advantage is that 

dyslexics “can do” the task, and henceforth, we are not just measuring the consequences of 

their well-established reading deficit. At the same time, processing letter strings in parallel is 

a highly relevant process for fluent reading, which allows us to look at a the proximal rather 

than distal causes of reading failure. Moreover Study 2 (Boros et al., 2016) compared the 

neural processing of letter strings with that of digit strings because both are alphanumeric 

stimuli that map onto the spoken language system (i.e., letters and digits have “names”). 

However, while dyslexics had probably less exposure to letters than their age-matched peers 

(due to their lack of reading), we can be fairly confident that they had the same level of 

exposure to digits. Thus, the comparison between digits and letters allows us to investigate to 

what extent neural impairments are not simply the consequence but the cause of the reading 

deficits. Furthermore the comparison of the neural processing of letter strings with that of 

symbol strings ($}#%\) tells us if the reading deficit is visual-attentional in nature, because 

then we could expect similar deficits whether the stimuli are symbols or letters. 

Children aged 8-12 years with established DD and age matched controls were tested 

in a visual search task similar to the task in Study 1 (Boros et al., submitted). The task was 

modified only in a way to maintain children’s interest throughout the whole experiment, i.e. 

children were collecting points for their performance, hence the task was organized in 

miniblocks to allow frequent feedback on performance. In order to make the task easier and 

thus maintain a stable performance of the children, instead of a 4AFC task, children had to 



18 

 

search for one single character presented at the beginning of each miniblock. Such a 

modification of the task allowed us to tap more directly visual search demands, while still 

maintaining fast, prelexcial processing of stimuli (in case of the letter strings).  

The main result of Study 2 (Boros et al., 2016) demonstrates a general underactivation 

in dyslexia for all types of stimuli in the middle occipital gyrus (MOG), a brain region that is 

located in the midsection of the ventral and dorsal visual streams, and possibly being part of 

the magnocellular pathway.  Considering, that this underactivation in dyslexic participants 

was apparent for all types of stimuli, this result is a strong indication of a general string 

processing impairment in DD as a result of a M-D pathway deficit (Gori & Facoetti, 2015; 

Gori et al., 2015; Stein, 2014). 

 

10. The role of the middle occipital gyrus 

Although the result of Study 2 (Boros et al., 2016) points to a generally deficient 

mechanism in string processing in dyslexics, in the literature, there are conflicting reports 

regarding the role of the MOG in reading. A role in letter in string processing might be 

indicated considering, that dyslexics who have weaker performance in letter-in-string 

perception benefit more from increased letter spacing, which has the effect of reducing the 

lateral masking of letters called crowding (Zorzi et al., 2012). However other researchers 

attribute poor letter-in-string perception in dyslexics to deficient letter position coding. 

Indeed, Collis et al. (2013) used a partial report task with letter, digit, and symbol strings. The 

response alternatives included other characters in the string, which made it possible to 

investigate position as well as intrusion errors. As in Ziegler et al. (2010), dyslexics performed 

significantly worse than age-matched controls with letter and digit strings but not with symbol 

strings. However, the dyslexics' deficits with letter string stimuli were limited to position 

errors, specifically at the string-interior positions 2 and 4. These results indicate a role for the 

MOG in letter position encoding. In fact, the proximity/overlap of space and shape sensitive 

areas might enable the MOG to integrate spatial processing with object recognition necessary 

for ordering symbols in a string. This fusion of information is particularly important in the 

case of stimuli which due to lack of automatization do not go exclusively through the ventral, 

but engage also the dorsal stream. However, a role for in-string position encoding is also 

attributed to the SPL. In a perceptual matching task Carreiras and colleagues (2015) 

manipulated different trials either by transposing two characters or substituting two 
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characters, and they have identified the left inferior and superior parietal gyri as being more 

activated in transposition trials than in substitution trials. Additionally, this transposition 

effect was not present for symbols and digits indicating, that position encoding is letter-

specific in the left parietal cortex. Consistent with these results, using support vector machines 

Ossmy and colleagues (2014) demonstrated that the activation pattern in the left intraparietal 

sulcus is the best predictor of correct classification of letter position.  

  When it comes to the MOG, research conducted with proficient adult readers indicate 

another role. Activation in MOG has usually been considered as relatively early and relatively 

retinotopic activation associated with letter shape and form encoding (Cornelissen et al., 2009; 

Flowers, Jones, Noble, Vanmeter, & Zeffiro, 2004). Magnetoencephalography (MEG) studies 

demonstrated that activation in the MOG is present at early time windows (0-300 ms after 

stimulus onset), which precedes responses visible in the left vOT or lexical effects evidenced 

by left inferior frontal gyrus (IFG) activation (Cornelissen et al., 2009; Dhond, Buckner, Dale, 

Marinkovic, & Halgren, 2001; Pammer et al., 2004). Cornelissen and colleagues (2009) have 

suggested, that the function of the MOG might be to prime the reading system whenever word-

like stimuli are encountered by the visual system. The above results do not allow for a clear 

conclusion on whether the MOG is also involved in letter position encoding or if its role is 

limited to letter shape identification. 

 

11. Study 3 

  In order to answer the above question and identify brain areas involved in the 

orthographic processes of letter position encoding and letter shape identification we employed 

a perceptual matching task where two subsequently presented letter strings had to be 

compared. The second letter string could contain two types of changes: transposition (witch 

probed the processing of letter position encoding) and substitution (probing letter shape 

identification) of two letters. During the completion of the task, subjects underwent 

transcranial magnetic stimulation (TMS). TMS provides a means to investigate the causal 

relations between activation and function by temporarily locally perturbing neural functioning 

in the region applied. By applying non-invasively brief magnetic pulses to a specified location, 

information processing can be disrupted and hence the functional involvement of the targeted 

brain region can be implied in the given task (Rossi et al., 2009). We chose to investigate three 

brain areas to demonstrate functional selectivity: the MOG, the parietal cortex and the VWFA. 
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Our reasoning was the following: if the processing of the two aforementioned orthographic 

processes (i.e. letter position encoding and letter identification) is performed by distinct brain 

regions, TMS stimulation should selectively disrupt task performance in the relevant sites. 

Such a dissociation was expected for the SPL and the MOG, because they are suggested to be 

implied in letter position encoding and letter identity processing, respectively. If this is the 

case, and orthographic processing is carried out before information about print reaches the 

VWFA, TMS applied to the VWFA should equally affect string processing, regardless of 

string manipulation. 

  Our results point to an effect of substitution in the superior parietal lobule, which 

stimulation with TMS resulted in longer reaction times when subjects had to compare two 

strings with replaced letters. The role of the SPL specifically in letter identification has been 

recently demonstrated with the use of a similar task in two fMRI experiments (Carreiras et al., 

2015; Reilhac, Peyrin, Démonet, & Valdois, 2013), supporting earlier claims about the role of 

the parietal cortex in letter string processing (Lobier, Peyrin, Le Bas, & Valdois, 2012; 

Rosazza, Cai, Minati, Paulignan, & Nazir, 2009; Schurz et al., 2010; Sliwinska et al., 2012; 

Sliwinska, Vitello, & Devlin, 2014). An important implication of this result is that letter 

identity processing is not confined to the VWFA, as previously suggested (Stein, 2014), but 

might be performed outside the ventral visual pathway.  

 

12. General conclusions 

This thesis aimed at investigating the functional and structural properties of brain 

regions activated in fast visual word recognition, that lie beyond the ventral visual stream 

classically believed to host category selective areas (Kanwisher et al., 1997; Epstein and 

Kanwisher, 1998; Dehaene et al., 2002; Dehaene and Cohen, 2011). In a series of experiments 

using letters and letter-like symbols, in tasks that did not involve explicit lexical processing, 

retinotopic and dorsal visual areas were first identified (Study 1 and 2), than functionally 

characterized (Study 3) as the neural substrates of visual processing in reading.  

Our results demonstrate, that efficient recognition of letters in addition to the VWFA 

recruits early to intermediate retinotopic areas for fast and parallel recognition and inferior 

frontal areas for efficient mediation between written signs and their phonology. This is in line 

with both theories postulating the importance of perceptual or sensory processes in reading 

acquisition (Nazir et al., 2004; Szwed et al., 2011b) and the early involvement of language 
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specific processes in written word recognition (Carreiras et al., 2014; Pattamadilok et al., 

2017; Price & Devlin, 2011).  

Additionally, the results of Study 3 demonstrate, that contrary to previous believes,  

letter identification might actually be supported by areas outside of the ventral visual stream, 

and Study 2 evidenced that the disruption of this mechanism might lead to difficulties in 

reading acquisition.  

Altogether all three studies add to the growing evidence, that the representation of 

object information might actually be distributed along both visual pathways (Konen & 

Kastner, 2008; Sereno & Maunsell, 1998), which gains further support in the view that visual 

recognition is mediated not by dedicated modules but a distributed and interactive cognitive 

network (Behrmann & Plaut, 2013), where processes attributed classically to either the dorsal 

or the ventral pathway should be regarded as complementary functions (Boros et al., 2016; 

Xu & Chun, 2007, 2009). 
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ABSTRACT 

 

 

Fluent reading is a prime example of remarkable perceptual expertise that perceptual 

systems can achieve. Different approaches yield conflicting evidence on whether reading 

expertise requires specialized neural mechanisms. We contrasted recognition of over-trained 

letters with recognition of novel falsefonts in an fMRI experiment where subjects either 

succeeded or failed to recognize them. Activations for letter strings and falsefonts had a similar 

profile in the left-hemisphere ventral occipito-temporal region (Visual Word Form Area), where 

both stimuli types elicited stronger activations for correct vs. incorrect trials. However, 

differences emerged in intermediate retinotopic visual areas and the left inferior frontal gyrus, 

where an increase in activation was observed for correct trials for letters, but not falsefonts. Thus, 

efficient recognition of letters – a key component of skilled reading – specifically recruits 

intermediate retinotopic visual areas for fast, parallel recognition and the left inferior frontal 

gyrus for efficient mediation between written symbols and their phonological representation. 

  

 

KEYWORDS 

1. reading, perceptual learning, perceptual expertise, retinotopic visual areas, intermediate 

visual areas, inferior frontal gyrus, Visual Word Form Area
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1. INTRODUCTION  

Perceptual systems can achieve remarkable expertise (Manfred. Fahle & Poggio, 2002). 

In the visual modality, it is often reported, that the development of this expertise is accompanied 

by changes in retinotopic visual areas (Fahle, 2004; Furmanski, Schluppeck, & Engel, 2004; 

Gilbert & Li, 2012; Gilbert, Ito, Kapadia, & Westheimer, 2000; Karmarkar & Dan, 2006; 

McManus, Li, & Gilbert, 2011; Sigman et al., 2005; Yan et al., 2014) and beyond (Kahnt, 

Grueschow, Speck, & Haynes, 2011; Li, 2016; Watanabe & Sasaki, 2015). In this article, we 

focus on a particular case of visual expertise - reading. The acquisition of reading is a classic case 

of an ability that gradually improves through training. First grade children begin to read at around 

20 words per minute, and, thorough several years of intensive practice, reach extremely fast 

reading speeds up to 200 words per minute (Carver, 2003). Along with the parallel processing of 

several letters, this includes also such highly demanding visual tasks, as e.g. learning to 

discriminate between mirror images of letters (e.g. ‘b’, ‘d’, ‘p’ or ‘q’).  

A variety of views exists on the role of visual expertise in fluent reading and on where to 

place its origin. First, a vast amount of neuroimaging experiments show that the processing of 

written words involves a high level of visual expertise (reviewed in Dehaene and Cohen, 2011). 

Learning to read leads to the emergence of the Visual Word Form Area, a ventral stream visual 

area activated across writing systems and scripts (Dehaene, Cohen, Sigman, & Vinckier, 2005; 

Rueckl et al., 2015), that is similar to other category selective areas in the ventral visual pathway 

(e.g. face: Kanwisher et al., 1997; places: Epstein and Kanwisher, 1998; inanimate objects: 

Malach et al., 1995).  

Second, there is increasing evidence suggesting that reading might rely on specialized 

processing that starts already at the level of the low-level visual cortex (Chang et al., 2015; Nazir, 

Ben-Boutayab, Decoppet, Deutsch, & Frost, 2004; Szwed et al., 2011; Szwed, Qiao, Jobert, 
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Dehaene, & Cohen, 2014). It could be that these low-level visual processing mechanisms are 

what makes reading so fast and efficient, by preferential tuning for letters or words compared to 

less familiar stimuli within early retinotopic areas (see Grainger et al., 2016, for a review).  

Third however, it has been suggested that the key to fluent reading might lie not in visual 

expertise, but in the efficient recruitment of language areas for meaning and phonology 

(Goswami & Ziegler, 2006; Price & Devlin, 2011). The role of phonology is particularly apparent 

in reading disorders, such as developmental dyslexia (Hulme, Nash, Gooch, Lervåg, & Snowling, 

2015). Indeed reduced activity in left temporal-parietal language areas in dyslexic subjects 

compared to normal-reading subjects was found in a variety of phonological decoding tasks (e.g. 

Blau et al., 2010, 2009; Paulesu, 2001; Richlan et al., 2009). These findings clearly indicate that 

phonological decoding and the left temporal-parietal cortex are involved in the development of 

reading skill (Burgund, Schlaggar, & Petersen, 2006). Thus, the role and the importance of 

dedicated reading mechanisms in early and intermediate visual regions remains debatable. 

Functional magnetic resonance (fMRI) paradigms where the subject sometimes succeeds 

and sometimes fails to recognize a target are useful tools to study the mechanisms of perception 

(e.g. Sigman et al., 2006; Summerfield et al., 2006; Summerfield and Koechlin, 2008). In such 

paradigms, stronger activations for recognized trials than for non-recognized trials in a given 

brain region are taken as evidence that this region is involved in the perception of a particular 

target. Here we applied this method by contrasting the detection of letters – which may have been 

encountered by our subjects billions of times of times, with the detection of novel falsefonts, i.e. 

unfamiliar visual forms that are similar to letters (Burgund et al., 2006). Such comparison allows 

to test for expertise dependent processing by comparing stimuli with different degree of exposure 

while controlling for perceptual complexity. Indeed it has been demonstrated, that adult readers 

exhibit improved performance on letter tasks compared to non-letter tasks (Duñabeitia, 
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Dimitropoulou, Grainger, Hernández, & Carreiras, 2012; Tydgat & Grainger, 2009; van Leeuwen 

& Lachmann, 2004) , although not all cognitive processes show a difference (see Castet et al., 

2017 for the specific case of attentional mechanisms in a visual crowding cued experiment). Our 

prediction was that if early and intermediate visual areas were to implement dedicated processing 

mechanisms for letters, then these areas should show stronger activations for recognized 

(successful) trials than for non-recognized (unsuccessful) trials for letters, but not for falsefonts, 

which are visually similar to letters, but otherwise novel.  

 

2. METHODS 

2.1. Subjects 

The subjects were 19 right-handed, native French speakers, 21 to 29 year-old (12 females, 

7 males). All subjects were college students or graduates and all gave written informed consent 

to participate in the present fMRI study. They had no history of neurological or psychiatric 

disease. Their vision was normal or corrected to normal. The project was approved by the 

regional ethical committee. 

 

2.2. Stimuli and Experimental Design 

Stimuli used (Figure 1A) were  uppercase, 5-character strings of unpronounceable Latin 

consonants (WRNHM, QCDBG, JTFLP and ZKSVX) and 5-character strings of falsefonts 

matched in length, luminance, number of vertices (Szwed, Cohen, Qiao, & Dehaene, 2009) and 

visual complexity (Pelli, Burns, Farell, & Moore-Page, 2006). Stimuli were black on a light-grey 

background. They were presented in the centre of the visual field using E-prime software (PST, 

Pittsburgh, PA). 
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Each trial began with a fixation cross, followed by the 5-character string (Figure 1A). The 

duration of the character string presentation was adjusted by an online procedure to be between 

17-200 ms. The subjects’ task was to recognize the character in the middle of the string. The 

string was then followed by a mask of 5 hash marks (#####) which lasted 50-233 ms. In each 

trial, the total duration of the mask and the stimulus was 250 ms. Then, following a 3000 to 5000 

ms interval, a response screen appeared with four characters indicating possible responses (1500 

ms duration). The subjects responded by pressing the appropriate button on a response pad 

(Cambridge Instruments Ltd.). Each trial ended with a 5000-7000 ms blank period.  

Our aim was to have an equal number of correct and incorrect trials for each subject. 

Therefore, we applied an adaptive staircase procedure, which controlled for the difficulty of the 

task by adjusting the stimulus duration online. The following algorithm was used: if the number 

of correct trials exceeded the number of incorrect ones by more than 1, the stimulus duration was 

shortened by 16 ms. If the number of correct trials exceeded the number of incorrect ones by 

more than 3, the stimulus duration was shortened by 33 ms. Conversely, if the number of incorrect 

trials exceeded the number of correct ones by more than 1, the stimulus duration was increased 

by 16 ms, and if the number of incorrect trials exceeded the number of correct ones by more than 

3, the stimulus duration was lengthened by 33 ms. To start the experiment as close as possible to 

the 50% correct threshold as possible, the subjects ran a short staircase procedure (48 trials) 

before entering the scanner. The outcome of that procedure was used as the starting stimulus 

duration in the fMRI experiment.  

The experiment included thus performance-matched letter and falsefont trials with 50% 

correct performance in both cases. We expected the subjects to be better at letter detection than 

at falsefont detection. Consequently, we expected the average durations of letter stimuli to be 

shorter than the average durations of falsefont stimuli. Thus, we also added a third experimental 
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condition: duration-matched letter trials (letter yoked). The stimuli in this condition were the 

same as in the letter condition, but their duration was yoked to the duration of the last falsefont 

trial.  

The fMRI experiment had 4 runs. Each run included 24 letter trials, 24 falsefont trials, and 

12 letter yoked trials. The order of trials and break duration was pseudorandomized, and was 

arranged for optimal trial separation using the Optseq2 software (Dale, 1999; 

http://surfer.nmr.mgh.harvard.edu/optseq/). Each run began and ended with a 10 s blank period. 

In addition, at the end of the experiment, the subjects performed a short functional localizer scan 

that lasted 7 minutes. The localizer task had a miniblock design (see also Szwed et. al., 2014), 

and included 12 blocks of frequent 5-letter French words (>1 per million, New et al., 2004), 12 

blocks of 6 blocks of horizontal checkerboards and 6 blocks of vertical checkerboards. Each 

block contained 23 stimuli and lasted 200 ms.  

 

2.3. fMRI acquisition and analysis 

We used a 3-Tesla MRI (Siemens Trio TIM) with a 32-channel head coil, and a gradient-

echo planar imaging sequence sensitive to brain oxygen-level dependent (BOLD) contrast. 35 

axial slices  were acquired using ascending interleaved sequence with the following parameters: 

20% distance factor, TR = 2190 ms, flip angle = 84°, TE = 27 ms, matrix = 104 × 104, 2.0 × 2.0 

× 2.5 mm voxel size. While the acquisition volume did not include the uppermost parts of the 

brain, it did cover all regions important for this experiment, notably the inferior frontal gyrus 

(IFG), superior temporal sulcus (STS) and the intra-parietal sulci (IPS). For each data acquisition, 

the first 4 volumes were discarded to reach equilibrium. T1-weighted images were also acquired 

for anatomical localization. 
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Individual imaging data processing was performed with SPM12 software and included 

corrections for EPI distortion, slice acquisition time, and motion; normalization to the MNI 

anatomical template; and fitting with a linear combination of functions derived by convolving a 

standard hemodynamic response function with the time series of the stimulus categories (defined 

by stimulus onsets and durations). For each trial, stimulus and response were modeled as separate 

events. 

In the localizer experiment each block was treated as a single event, and fixation baseline 

was modeled implicitly. For second-level analysis individual contrast images were computed for 

each stimulus type minus baseline, then smoothed (3 mm FWHM), and eventually entered in an 

ANOVA for random effect group analysis.  

Functional maps were created using the xjview toolbox 

(http://www.alivelearn.net/xjview8/). Further analysis was done using Matlab (Matlab Inc.), 

Minitab (Minitab Inc.) and R (www.r-project.org).  

We complemented our analysis by a region of interest (ROI) analysis in which activations 

were computed relative to the fixation baseline. To exclude circular analysis (Kriegeskorte, 

Lindquist, Nichols, Poldrack, & Vul, 2010; Kriegeskorte, Simmons, Bellgowan, & Baker, 2009) 

ROIs were defined based on activations obtained in the localizer task.  

For all whole-brain analyses, we used a threshold of p<0.01 voxel-wise, and p<0.05 

cluster-wise false discovery rate (FDR) corrected for multiple comparisons across the whole 

brain. (The low voxel threshold of p<0.01 was used to facilitate the detection of relatively weak 

but extended areas of activation, while the cluster-level threshold still ensured correction for the 

http://www.r-project.org/


46 

 

wole brain search. Similar results were observed at voxel p<0.001, though not necessarily at 

corrected levels of significance).  

 

 

 
Figure 1. Design and behavioural results. (A) Experimental procedure. Each trial began with a fixation cross, followed by the 5-character string. 

The duration of the character string  was adjusted by an online procedure to be between 17-200 ms. The subjects’ task was to recognize the 

character in the middle of the string. The string was then followed by a mask of 5 hash marks (#####) which lasted 50-233 ms. In each trial, the 
total duration the mask and the stimulus was 250 ms. Then, following a 3000 to 5000 ms interval, a response screen appeared with four characters 

indicating possible responses (1500 ms duration). The subjects  responded by pressing the appropriate button on a response pad. The trial ended 

with a 5000-7000 ms blank period. (B) Example of stimuli: target (first column), stimuli consisting of 5 character string (second column) and an 
example of a correct and incorrect response, for letters (upper row) and falsefonts (bottom row). (C-D) Participants’ performance in the fMRI 

experiment. The performance for falsefont and letter trials was 49%±1.3% and 49%±1.4%, respectively (mean+S.E.M.). The performance for 

the letter yoked trials  was 57%±3.0% (mean+S.E.M.) and was significantly higher (p<.01) than for letter and falsefont trials. Stimulus duration 
was adjusted independently for each condition. Stimulus duration in letter trials was 106±8.4 ms. Stimulus duration in falsefont trials was 119±8.2 

ms. An ANOVA with trial outcome (correct/incorrect) and experimental condition as factors revealed that stimulus duration was significantly 

shorter in letter trials (106±8.4 ms) than in falsefont trials (119±8.2 ms) (p<.001). Durations were also shorter for correct trials (94±4.7 ms) than 
for incorrect trials (133±4.7 ms, significant difference, p<.001), with no interaction between experimental condition and trial outcome.  

 

3. RESULTS 

The critical contrast was between the detection of highly familiar (over-learned) letters 

and novel false fonts that visually resembled letters. Our aim was to determine whether 

recognition of these two classes of stimuli was achieved by a single brain region, or alternatively, 

by two different brain regions. 

 

3.1. Behavioral results  

The subjects performed a 4-alternative forced-choice task on the central character (Fig. 

1A). Unless noted otherwise, stimulus duration, percentage of correct trials and reaction times 

are provided as meanS.E.M. We used an adaptive staircase procedure that adjusted the duration 

of the trials online to yield 50% correct and 50% incorrect responses. The procedure successfully 



47 

 

kept each subject’s performance within the desired range: the actual performance for falsefont 

and letter trials was 49%1.3% and 49%1.4%, respectively (meanS.E.M.; Fig. 1C).   

We expected the subjects to be better at letter detection than at falsefont detection. Thus, 

we also added a third experimental condition: duration-matched letter trials (letter yoked). The 

stimuli in this condition were the same as in the letter condition, but their duration was yoked to 

the duration of the last falsefont trial. The performance for these trials was 57%3.0% and was 

significantly higher (p=0.01) than for letter and falsefont trials (Fig. 1C). 

 

Stimulus duration was adjusted independently for each condition. Stimulus duration in 

letter trials was 1068.4 ms. Stimulus duration in falsefont trials was 1198.2 ms  (Fig. 1D). An 

ANOVA with trial outcome (correct/incorrect) and experimental condition as factors revealed 

that stimulus duration was significantly shorter in letter trials (1068.4 ms) than in falsefont trials 

(1198.2 ms, p<.001).  Durations were also significantly shorter for correct trials (944.7 ms) 

than for incorrect trials (1334.7 ms, p<.001), with no interaction between experimental 

condition and trial outcome (p=0.48). 

Mean reaction times were comparable for letter and letter yoked trials (83114 ms and 

82516 ms respectively, no significant difference, p=0.36) and longer for falsefont trials (95316 

ms; significantly different from all letter trials,  p < .001). An ANOVA with trial outcome 

(correct/incorrect) and experimental condition as factors revealed that reaction times were on 

average shorter by 43 ms for correct trials (p < .001) with no interaction between experimental 

condition and trial outcome (p=0.84).   

 

3.2. Whole-brain analysis 
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3.3. We first describe regions significantly activated during the letters and falsefonts 

conditions. Compared to fixation, letters and falsefonts activated bilaterally a similar network of 

extended activations in the ventral occipitotemporal (vOT) cortices, visual cortices, attentional 

and language areas, including the superior temporal sulci and the inferior frontal gyri (Table 1). 

Contrast Region 

Hemi- 

sphere  Z Score 

cluster 

size MNI Coordinates 

         
Falsefonts > Fixation Inferior Occipital Gyrus L 

 
Inf 334780 -40 -72 -6 

          
Inferior Temporal Gyrus L 

 
Inf 334780 -44 -52 -12 

          
Middle Occipital Gyrus R 

 
Inf 334780 -34 -85 -3 

          
Anterior Cingulate Gyrus L 

 
Inf 117 -8 30 18 

  
R 

 
Inf 117 5 34 15 

         

Letters > Fixation Inferior Occipital Gyrus L 
 

Inf 42567 -40 -72 -6 
          

Fusiforrm Gyrus L 
 

Inf 42567 -34 -45 -21 
          

Inferior Temporal Gyrus L 
 

Inf 42567 -42 -50 -12 

 

Table 1. Summary of main activations for the falsefonts and letters conditions relative to baseline fixation. 

 

A direct comparison between the letters and falsefonts condition (Fig. 2) showed that the 

left superior temporal sulcus and gyrus were more active for letters than for falsefonts. 

Conversely, the vOT cortices, the parietal attentional network and the right inferior frontal gyrus 

(IFG) were more active for falsefonts than for letters.  

 

Figure 2. Whole brain analysis. Falsefonts (blue) gave stronger activations 

than letters in the lateral occipital areas (object recognition) and Inferior 
Parietal Sulcus (attention). Letters (red) gave stronger activations than 

falsefonts in the Superior Temporal Sulcus (semantic & phonological 

processing). BOLD activations are overlaid on an averaged subject brain 
normalized to MNI template. Thresholds: all images p<0.001 voxel-wise, 

p<0.05 FDR cluster-wise. 
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The main objective of this study was to identify regions that are associated with the 

recognition of letter or falsefont strings by comparing the activations for trials with correct 

responses with those that resulted in an incorrect response. Letter recognition (letter 

correct>letter incorrect) elicited strong left hemispheric activations extending from the posterior 

part of the fusiform gyrus to the posterior parts of the vOT cortex, i.e. to intermediate retinotopic 

areas (y=-94). This posterior activation can be described as situated between V2/V3 and posterior 

to lateral occipital (LO) cortex. This pattern was complemented with right hemispheric 

activations in the inferior parietal lobule (IPL) (Fig. 3A) and the IFG (MNI x =30, y=26, z=-6, 

cluster size: 70). The same contrast resulted in a single active cluster in the posterior part of the 

vOT cortex (Fig. 3B) in case of falsefonts.  

The number of repetitions in the letter yoked condition was twice smaller than the number 

of repetitions in the letters and falsefonts conditions. Therefore, we report the results of this 

condition only in the ROI analysis (below). 

 

3.4. Region of interest analysis 

Four regions were selected for an additional region of interest analysis: the intermediate 

visual cortex, the mid fusiform and posterior fusiform gyrus in the left vOT and the left IFG in 

the language network. Two separate two-way ANOVAs were created with trial outcome (correct 
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vs. incorrect) as one factor and stimulus type (letters vs. falsefonts or letter yoked vs. falsefonts) 

as the other factor (Fig. 4). The rationale behind analysing the two letter types separately was to 

 

 

Figure 4. Region of interest analysis in the visual and language areas. More activation for correct vs. incorrect detection in high-level visual 

areas, irrespective of stimulus type (A-D). Significant recognition x stimulus type interaction for retinotopic visual areas (A), but not for the mid 

and posterior fusiform gyrus (B and C). In the prefrontal language areas (D) we observe stronger activation for correct vs. incorrect letter 
recognition, but not for correct vs. incorrect falsefont detection. Results confirm whole brain analysis. ROI analysis is based on independent 

ROI’s from an external functional localizer. BOLD activations are overlaid on an averaged subject brain normalized to MNI template. Thresholds: 

all images p<0.001 voxel-wise, p<0.05 FDR cluster-wise. 
 

 

account for the presentation time of letters which were different in the letters and the letter yoked 

condition. The regions of interest were defined on the basis of an independent external functional 

localizer (see Methods). 

In the falsefonts and letter conditions the correct responses evoked significantly stronger 

activations than incorrect responses in the vOT, indicating the recognition of the presented 

stimuli (F(1,17) = 5.443, p<.05; F(1,17) = 10.867, p<.001; F(1,17) = 11.252, p<.001; for the 

intermediate visual cortex, the mid fusiform and posterior fusiform gyrus respectively). 

Moreover in two ROIs, namely in a cluster activated in the left intermediate visual cortex and the 

left IFG there was a significant stimulus type x trial outcome interaction (Fig. 4A and D, F(1,17) 
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= 4.849, p<.05 and F(1,17) = 7.468, p<.01, respectively), indicating that these areas were 

necessary for the correct recognition of letter strings, but not falsefonts.  

In case of the two conditions with similar stimulus presentation time (i.e. the comparison 

between the falsefonts and the letter yoked condition), two ROIs presented a response outcome 

effect (i.e., correct versus incorrect recognition), namely the one in intermediate visual cortex 

and the mid fusiform gyrus (F(1,17) = 5.597, p<.05 and  F(1,17) = 7.362, p<.01, respectively). 

However, in the posterior fusiform gyrus only falsefonts produced a significant difference 

between the correct and incorrect activations (t(17) = -3.056, p<.001). A significant stimulus type 

x response outcome interaction was again present in the intermediate visual cortex ROI (Fig. 4A, 

F(1,17) = 6.302, p<.05).  

The above ROI analysis confirmed thus the whole-brain results, and points to an 

additional effect in the IFG.  

4. DISCUSSION 

The present study was designed to identify regions involved in the emergence of reading 

expertise, by contrasting the successful versus unsuccessful recognition of highly familiar and 

“over-learned” stimuli (i.e., letters) with visually similar but perceptually novel stimuli (i.e., 

falsefonts). 

We found that activations for correct letter versus incorrect letter trials overlapped with 

activations for correct falsefont vs. incorrect falsefont trials in the left-hemisphere vOT region 

(including the Visual Word Form Area), but diverged in other parts of the visual system. Thus, 

letter detection activations (correct vs. incorrect) extended from the vOT region to intermediate 

retinotopic visual areas (MNI: y = -96). In contrast, the network activated preferentially by 

falsefont detection was symmetrically bilateral, and included only high-level vOT regions (no 



52 

 

significant voxels posterior to y = -75). Also, correct letter detection, but not correct falsefont 

detection activated the left-hemisphere inferior frontal gyrus (IFG). 

 

4.1. Visual expertise in reading 

Our results are in line with the growing evidence suggesting a significant role in reading 

for regions traditionally associated with low level visual processing (Chang et al., 2015; Dehaene 

et al., 2010; Szwed et al., 2011, 2014; Thesen et al., 2012), which lie beyond the classic category-

selective areas in the ventral visual pathway. Indeed, the acquisition of literacy might evoke 

changes in brain activity as early as V1/V2. When comparing ex-illiterates and literates with 

illiterates, Dehaene and colleagues (2010) observed an increased responsivity in the early visual 

cortex to various visual stimuli, such as letters, faces and checkerboards (Dehaene et al., 2010). 

Furthermore, early cortical areas have been identified as reading-specific when comparing 

activations for letters to well matched scrambled stimuli (Szwed et al., 2011, 2014), their rotated 

versions (Chang et al., 2015) or falsefonts (Thesen et al., 2012).  

The present results point to the conclusion that, following reading acquisition, a 

significant visual expertise for letters is developed in early visual areas, which might reflect 

massive low-level processing that allows fast and parallel integration of letter features (Szwed et 

al., 2014; Tydgat & Grainger, 2009). Interestingly, this specialization is lacking in children, as 

evidenced by a recent meta-analysis by Martin and colleagues ( 2015), who found similar 

activation both for relevant and irrelevant stimuli in the posterior cortical regions of children, but 

not adults. Visual expertise may develop through perceptual learning (Fahle, 2004), during which 

preferential tuning occurs for letters as a consequence of the repeated exposure to written stimuli. 

Indeed extensive perceptual training in shape identification, i.e. to detect an upright T shape 

among rotated distractors, leads to behavioral improvement and to an increased response in 
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human V1 (Sigman et al., 2005). Additionally, when training macaques to discriminate complex 

shapes, a selective enhancement of V1 neuron responses can be observed upon the identification 

of the stimuli (McManus et al., 2011). A similar experience dependent orientation- and location-

specific adaptation in the early retinotopic areas might enable fast and parallel processing of 

written word recognition, a hallmark of skilled reading (Tydgat & Grainger, 2009).  

There is ample evidence that visual perceptual learning occurs also in higher visual areas 

including V3, V3A, V4 and LO (for a review see Bi and Fang, 2013; Watanabe and Sasaki, 

2015). Adab and colleagues (2014), for example, found evidence for perceptual learning in 

monkey posterior inferior temporal cortex. The authors conclude that training to discriminate 

simple visual stimuli modifies the responses of neurons in multiple visual areas at different levels 

of processing, and these changes might happen in a complex cascade. This is consistent with our 

findings of letter specific effects at the level between V2/V3 and posterior LO. This effect is 

more posterior than those located in the ‘letter form area’ described by Thesen et al. (2012) and 

other neuroimaging studies of reading. We speculate that this discrepancy is due to a critical 

feature of our experimental design which forced our subjects to perform fast letter recognition at 

a speed typical for everyday reading and higher than most paradigms.  

 

4.2. Early language activation in reading 

It remains debatable whether written word recognition is essentially a feedforward 

process, in which the information is hierarchically passed from visual to language areas (Dehaene 

et al., 2005; Pegado et al., 2014; Vinckier et al., 2007) or a multiple feedback loop process 

supported by a sustained and interactive co-activation of visual and linguistic components 

(Carreiras, Armstrong, Perea, & Frost, 2014; Pattamadilok et al., 2017; Price & Devlin, 2011).  
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The proponents of the latter model cite in their support the substantial evidence from 

MEG and ERP studies that the IFG provides feedback control to regions involved in lower-level 

analysis of written words (Cornelissen et al., 2009; Wheat, Cornelissen, Frost, & Hansen, 2010; 

Woodhead et al., 2014). Left IFG response to words starts at around 100 ms (Wheat et al., 2010), 

and peaks around 130 ms (Cornelissen et al., 2009) after stimulus onset, which is not significantly 

different from the left mid fusiform gyrus peaks observed at 140 ms (Cornelissen et al., 2009). 

Woodhead et al. (2014) using dynamic causal modelling of MEG data demonstrated, that 

similarly to our data, words as compared to falsefonts activated the left IFG, and its feedback 

connections to the left ventral occipitotemporal cortex within the first 200 ms provided the best 

fit for the data relative to a model with only feedforward connectivity between these regions. 

Thesen and colleagues (2012) found strong phase-locking from 170 to 400 ms between the left 

fusiform and more anterior language areas when comparing words versus falsefonts using MEG 

and intracranial recording.  

Although the slow temporal resolution of the BOLD response does not allow for an 

unequivocal distinction between feedforward or feedback activations, our result of a left-

hemisphere IFG activation for correct letter detection, but not correct false-font detection could 

be taken as evidence in favor of the second model, indicating that lexical information might play 

an important role for correct letter recognition and exerts its influence even before the 

information reaches the VWFA. However, we cannot exclude that the observed IFG activation 

happened at a later, reporting stage, which would be consistent with the first, feedforward model.  

 

4.3. Why are activations for falsefonts observed in the VWFA? 

At face value, the finding that the VWFA, the reading area of the brain responds to novel 

falsefonts at least as strongly as to familiar letters might seem curious. Yet, other studies as well 
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show that the VWFA responds to falsefonts, sometimes with activations that are as strong as 

those to consonant strings (e.g. Boros et al., 2016; Figure 4 in Vinckier et al., 2007). Several 

studies have also shown that the VWFA responds strongly to unfamiliar written scripts unknown 

to the subject that in several respects are perceived by the visual system as a kind of falsefonts. 

For example, the VWFA of English speakers has been shown to respond to Hebrew letters (Baker 

et al., 2007) and that of French speakers responds to Chinese characters (Szwed et al., 2014). 

Indeed, intracranial recordings in the VWFA, with their superior spatial resolution, have shown 

that while the VWFA does not respond to objects (Hamamé et al., 2013) it responds to unfamiliar 

written characters (Japanese katakana in that particular case) (Perrone-Bertolotti et al., 2014). In 

our experiment, the responses in the VWFA itself were comparable for letters and falsefonts (Fig 

4); and the responses to falsefonts were stronger in the bilateral Lateral Occipital Cortex (Fig 2). 

The latter finding, again, is consistent with the notion that novel scripts as opposed to well-

practiced scripts, engage general form-recognition mechanisms in the ventral visual stream (see 

Szwed et al., 2014, see also discussion in Cai et al., 2010). Such a “disengagement” of general 

form-recognition mechanisms is also observed in cross-sectional studies of language acquisition 

(Turkeltaub, Gareau, Flowers, Zeffiro, & Eden, 2003) and studies of visual expertise in 

radiologists (Harley et al., 2009). 

 

4.4 Conclusions 

Our results provide evidence that efficient recognition of letters (i.e., highly familiar 

“over-learned” stimuli) recruits 1) early to intermediate retinotopic areas for fast and parallel 

recognition and 2) inferior frontal areas for efficient mediation between written signs and their 

phonology. Results thus suggest that perceptual expertise in reading involves both specialization 
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of the visual system and increased long-distance connectivity between visual areas and the 

general language network. 
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A B S T R A C T  
 
Fast effortless reading has been associated with the Visual Word Form Area (VWFA), a region in the ventral visual stream that 

specializes in the recognition of letter strings. Several neuroimaging studies of dyslexia revealed an underactivation of this 

region. However, most of these studies used reading tasks and/or were carried out on adults. Given that fluent reading is severely 

impaired in dyslexics, any underactivation might simply reflect a well-established reading deficit in impaired readers and could 

be the consequence rather than the cause of dys-lexia. Here, we designed a task that does not rely on reading per se but that 

tapped early visual orthographic pro-cessing that forms the basis of reading. Dyslexic children aged 8–12 years and age-matched 

controls were asked to search for letters, digits, and symbols in 5-element strings (Experiment 1). This novel task was 

complemented by a classic task known to activate the VWFA, namely the passive viewing of pseudowords and falsefonts 

(Exper-iment 2). We found that in addition to significant group differences in the VWFA, dyslexic children showed a sig-nificant 

underactivation of the middle occipital gyrus (MOG) relative to the control group. Several areas in the MOG are known for 

their engagement in visuospatial processing, and it has been proposed that the MOG is nec-essary for ordering the symbols in 

unfamiliar strings. Our results suggest that the VWFA deficit might be second-ary to an impairment of visuospatial processing 

in the MOG. We argue that efficient processing in MOG in the course of reading acquisition is critical for the development of 

effortless fast visual word recognition in the VWFA. © 2016 Elsevier Inc. All rights reserved.  
 

 
 
 
 
1. Introduction 

 
Learning to read is one of the most important educational milestones in a 

child's development. Normally developing children typically achieve fluent 

reading between 2nd and 4th grades depending on the orthogra-phy of the 

language (Vaessen et al., 2010; Ziegler and Goswami, 2005). During this 

important period, children's reading ability undergoes a tran-sition from rather 

serial letter-by-letter decoding to parallel processing of words as a whole. 

Critically, children with developmental dyslexia (~5–15% of children in 

primary school) fail to make this transition. As a  

 
Abbreviations: PPC, posterior parietal cortex; vOT, ventral occipitotemporal; VWFA, 

Visual Word Form Area; fMRI, functional magnetic resonance imaging; SPL, superior parietal 

lobule; RAN, rapid automatic naming; EPI, echo-planar imaging; MNI, Montreal Neurological 

Institute; DARTEL, Diffeomorphic Anatomical Registration Through Exponentiated Lie 

Algebra; FWE, familywise error; ROI, region of interest; BOLD, blood ox-ygenation level 

dependent; MOG, middle occipital gyrus; SVM, support vector machine; IPS, intraparietal 

sulcus; IPL, inferior parietal lobule; DMN, default mode network.  
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consequence, many of them will never develop fast automatic word rec-

ognition and fluent reading despite normal intelligence, adequate educa-tional 

opportunities and in the absence of any obvious neurological or sensory 

deficiencies (Shaywitz and Shaywitz, 2005; Snowling, 2001). 

 
1.1. Orthographic processing deficits in dyslexia 
 

There is a tremendous amount of research on the neural basis of 

phonological processing deficits and how such deficits affect phonolog-ical 

decoding and therefore reading development (for review, see Paulesu et al., 

2014). However, much less is known about basic ortho-graphic processing 

deficits in dyslexia. Yet, children with dyslexia exhibit deficits in processing 

letter strings in tasks with minimal phono-logical or lexical involvement, such 

as when being asked to search for a target letter in an unpronounceable string 

of consonants (Bosse et al., 2007; Collis et al., 2013; Hawelka et al., 2006; 

Ziegler et al., 2010). The first explanation that comes to mind is that these 

deficits are simply the consequences of the weaker reading experience of 

children with dyslexia. However, the same deficits can be found with digit 

strings (Collis et al., 2013; Hawelka et al., 2006; Ziegler et al., 2010), which 
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undermines this explanation. Some authors have explained these defi-cits in 

terms of poor visual attentional processing (Dubois et al., 2010; Valdois et al., 

2003; Vidyasagar and Pammer, 2010). Indeed, it has been shown that dyslexics 

who had the weakest performance in letter-in-string perception benefited the 

most from increased letter spacing, which has the effect of reducing the lateral 

masking of letters called crowding (Gori and Facoetti, 2015; Zorzi et al., 2012). 

Others have attributed poor letter-in-string perception to deficient letter posi-

tion coding. Indeed, Collis et al. (2013) used a partial report task with letter, 

digit, and symbol strings. The response alternatives included other characters 

in the string, which made it possible to investigate po-sition as well as intrusion 

errors. As in Ziegler et al. (2010), dyslexics performed significantly worse than 

age-matched controls with letter and digit strings but not with symbol strings. 

However, the dyslexics' deficits with letter string stimuli were limited to 

position errors, specif-ically at the string-interior positions 2 and 4. These 

results were taken to suggest that dyslexics have a deficit in processing a string 

of letters in parallel, probably due to difficulty in the coding of letter position. 

 
The literature on letter-in-string processing can be placed in the more 

general context of deficits in visual search in dyslexia. Indeed, in classic visual 

search tasks using symbols, it has been shown that dyslex-ic children exhibited 

longer search times with an increasing number of distractors than age-matched 

controls (Casco et al., 1998; Vidyasagar and Pammer, 1999). Similarly, 

dyslexic children performed below their control peers in tasks where they had 

to report the number of el-ements belonging to a certain category in a string of 

symbols (Lobier et al., 2012b; Valdois et al., 2012). Moreover, serial visual 

search abilities in kindergarten were found to be predictive of future reading 

skills at first and second grades of primary school (Franceschini et al., 2012; 

Gori et al., 2015). 

 

 

1.2. The link between focused attention and reading 
 

What is the link between visual search and reading? Clearly, during 

beginning reading, letters are recognized sequentially, with only a few letters 

being processed at a time. In current computational models of reading aloud 

(Perry et al., 2013, 2010, 2007, ), this process has been im-plemented as an 

attentional window that moves across a letter string and provides the input to 

the phonological decoding network, which is necessary for orthographic 

learning (Ziegler et al., 2014). Focused spatial attention is needed for this 

operation. The visual guidance of attention is achieved through the dorsal 

stream, which receives its major input from the magnocellular system (see 

Vidyasagar and Pammer, 2010). The magnocellular dorsal pathway consists of 

large heavily myelinated neu-rons with fast conduction velocity, it passes 

dorsally to the visual motion-sensitive areas (MT/V5) situated at the 

occipitotemporal junc-tion and from there onto the posterior parietal cortical 

(PPC) angular and supramarginal gyrus. Although it has been known for a long 

time that these areas are important for reading, it has recently been suggested 

that the angular and supramarginal gyri are involved in focusing visual 

attention very rapidly on the letters and their order in words rather than 

associating the visual form of a word with its sound and meaning (Stein, 2014). 

The visual part of this association is achieved by the ventral occipitotemporal 

cortex (vOT), which hosts the Visual Word Form Area (VWFA). 

 

The VWFA is located in the fusiform gyrus. It receives its main input from 

the parvocellular system, and its main function is to detect the tex-ture, form 

and colour of objects. The ventral route, which hosts the VWFA, can recognize 

letter strings but it cannot code their precise loca-tion, which of course is vital 

for reading development. Hypothetically, the rapid dorsal route provides 

feedback to V1 and the VWFA about where to attend in order to identify letters 

and specify their order in a word (Vidyasagar and Pammer, 2010). Thus, during 

reading develop-ment, the dorsal stream might allocate attention to appropriate 

areas of text, thus providing feedback to the ventral stream to allow fined-

grained analyses of letters (Jones et al., 2008). 

  
1.3. fMRI studies on dyslexia 
 

There are an increasing number of neuroimaging studies on dyslexia (for 

reviews and meta-analyses, see Martin et al., 2015; Norton et al., 2015; Paulesu 

et al., 2014; Richlan et al., 2011, 2009). Almost all of them showed an 

underactivation of the vOT area in dyslexics (Blau et al., 2010; Brunswick et 

al., 1999; Horwitz et al., 1998; Kronbichler et al., 2004; Paulesu et al., 2001; 

Shaywitz et al., 2002, 1998; van der Mark et al., 2009). This is not really 

surprising because the vOT contains the Visual Word Form Area (VWFA), a 

region specifically tuned to pro-cess letter strings (Cohen et al., 2002; Dehaene 

and Cohen, 2011; Dehaene et al., 2002). Because activation in this region 

increases with reading skill, Shaywitz et al. (2002) referred to the left vOT as a 

“reading skill zone”. Because reading skills are impaired in dyslexia, it seems 

ob-vious to find an underactivation of the vOT in dyslexia (Sandak et al., 2004; 

Shaywitz and Shaywitz, 2005). 

 

Some authors have suggested that the dysfunctional activation of the 

VWFA is secondary to a primary dysfunction of the temporoparietal reading 

system involved in controlled attention-demanding grapheme– phoneme 

processing and phonological decoding (McCandliss and Noble, 2003; Pugh et 

al., 2000). Several neuroimaging studies demon-strated underactivation of this 

left temporoparietal reading system, which includes the posterior superior 

temporal, supramarginal and an-gular gyri (Backes et al., 2002; Hoeft et al., 

2006; Shaywitz et al., 2002; Temple et al., 2001). As suggested above, these 

regions might be in-volved in phonological decoding precisely because they 

make it possible to select graphemes, which are the input to the phonological 

decoding network. 

 

In a recent meta-analysis of all neuroimaging studies on dyslexia published 

until September 2013, only three studies investigated letter-string processing 

with minimal lexical or phonological involve-ment (Peyrin et al., 2012; Reilhac 

et al., 2013; Temple et al., 2001). Stud-ies from the Valdois group, including a 

recent fMRI study using adult dyslexics (Lobier et al., 2014), showed an 

underactivation of the bilater-al superior parietal lobule (SPL) in processing 

letter or symbol strings. The activation of the posterior parietal cortex was 

found to be stronger for multiple-element than for single-element processing in 

skilled adult readers (Lobier et al., 2012a), which is supportive of its role in 

focusing attention. The study by Temple et al. (2001) showed reduced 

activation in extrastriate regions in letter matching, which included bilateral 

(left greater than right) middle/superior occipital gyrus and superior parietal 

lobe. 

 

 

 

1.4. The present study 
 

The goal of the present study was to investigate the interplay be-tween the 

dorsal and ventral streams in basic orthographic processing, which involves 

processing of letter identities and letter position. Previ-ous studies found a 

general underactivation of the VWFA in dyslexic readers. However, these 

studies are not very informative with respect to a causal deficit in orthographic 

processing because subjects were ei-ther asked to read out loud (Brunswick et 

al., 1999; Kronbichler et al., 2004; Paulesu et al., 2001), perform a rhyming 

task (Backes et al., 2002; Hoeft et al., 2006; Shaywitz et al., 1998) or make 

lexical or seman-tic decisions (Shaywitz et al., 2002, 1998; van der Mark et al., 

2011, 2009) on words, pseudowords, irregular words or even sentences. Thus, 

underactivation can be expected because of the lack of reading ex-perience. In 

particular, many of the studies scanned adult dyslexics, which leaves open 

possibility that the underactivations found in either the ventral stream 

(Brunswick et al., 1999; Paulesu et al., 2001; Shaywitz et al., 1998) or the 

parietal lobe (Lobier et al., 2014) are a con-sequence of long lasting deficits in 

reading fluency that occur earlier in development. In support of this 

interpretation, Richlan et al.'s (2009) meta-analysis showed that the 

underactivation in VWFA was mainly found in studies testing adult dyslexics 

(see also Martin et al., 2015). 
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Here, we report results from a study, in which we used a visual search task 

with strings of letters, digits and symbols in children with dyslexia and age-

matched controls. Performance was held constant around 80% by increasing 

exposure duration for each individual adap-tively. Letter search in 

unpronounceable consonant strings is known to tap the Visual Word Form Area 

but the task does not rely on reading per se. The comparison between letter 

strings and digit strings allowed us to control for the fact that children with 

dyslexia might encounter letters less often due to their lack of reading 

experience but the same is not true for digits. The comparison between letter 

and symbol strings ($}#%\) allowed us to assess visual–attentional processes 

in the absence of alphanumeric information. Our attention-demanding visual 

search task on letters, digits and symbols is compared with a classic implicit 

reading task, in which subjects passively view pseudowords and falsefonts. 

This task is known to selectively activate the VWFA. 

 

 
2. Materials and methods 

 
2.1. Participants 
 

Thirty three native French speaking children (mean age: 11.5 years, min: 

8.3, max: 12.6) participated in the study, 15 of which were dyslex-ic. Their 

characteristics and test results are presented in Table 1. The dyslexic children 

were recruited through a national reference centre for the diagnosis of learning 

impairments (Centre de Reference des Troubles des Apprentissages) at the 

University Hospital La Timone in Marseille, France. Prior to the study, all 

children received a complete medical, psychological and neuropsychological 

assessment. Dyslexic children were included in the study if their reading age 

was at least 18 months below the age norm on a standardized reading test 

(Alouette; Lefavrais, 1967)1 and if their nonverbal intelligence was above the 

25th percentile on the Standardized Progressive Matrices (Raven, 1976). To 

make sure that potential deficits in digit processing were not due to the frequent 

comorbidity between dyslexia and dyscalculia, dyscalculia was used as an 

exclusion criterion. Most of our dyslexic children would have received standard 

speech and language therapy (once a week) but none of them was enrolled in a 

more exten-sive remediation programme. Control children were recruited from 

local schools and were selected to match dyslexic children in age and nonverbal 

IQ. They had no history of written or oral language impair-ment. All 

participants had normal or corrected to normal visual acuity. In addition to the 

standardized reading and nonverbal intelligence tests, all participants 

completed a standardized single word reading test taken from the ODEDYS 

neuropsychological battery (Jacquier-Roux et al., 2002) that contains 20 non-

words, 20 regular words, and 20 irregular words, a standardized phoneme 

deletion and phoneme fu-sion test (Chevrie-Muller et al., 1997), and a rapid 

automatized naming test (Castel et al., 2008). The study was conducted with 

the understand-ing and consent of the participants and their parents. It was 

approved by the National Ethics Committee for Biomedical Research (RCB: 

2011-A00172-39). 

 

 

 

2.2. Stimuli and procedure 

 

2.2.1. Experiment 1: Non-reading fMRI task  
In this experiment, subjects had to detect a target character within a five 

element string (Fig. 1A). For each stimulus type, four characters were chosen 

as targets (G, F, S, T/2, 4, 6, 8/£, μ, b, ?). The position of each individual 

character within the string was randomized within one block, and the frequency 
of the positions for all the characters was  

 
1 Although one control participant scored very low on the Alouette test (18 months be-low the 

age norm), we decided to include her in the control group based on her results in the rest of the 

tests as well as consultations on her progress at school, all of which sug-gested that her low 

Alouette score might be due to momentary lapses of attention rather than a reading impairment.
 

 
 

controlled for. Stimuli were displayed in a 14-point Courier New font in dark 

grey (RGB: 150,150,150) on a light grey background (RGB: 192,192,192), and 

subtended 1.90° × 0.57° of the visual angle. Stimuli were presented in separate 

blocks (Fig. 1C). At the beginning of each block, a cue was presented, which 

indicated the target that had to be searched for in the strings. This was followed 

by 6 strings consecutively and the participants' task was to indicate with a 

mouse click whether or not the target was present in the string. The presentation 

of the cue lasted for 1000 ms followed by a 1500 ms blank screen. Each string 

was presented between 17 and 200 ms (adaptive procedure, see below), it was 

preceded by a 300 ms fixation and followed by a blank screen (1800–1983 ms) 

during which responses were collected. Every block contained three target-

present trials (e.g.: 53271) and three target-absent trials (e.g.: 59317). The 

target appeared randomly at the first, middle or last position of the string. The 

sequence of trials within each block was randomized, with the constraint that 

target-present tri-als would never appear at the beginning or the end of the 

block. 

 

The duration of a single string presentation was adjusted on-line at the level 

of a block by an adaptive procedure that kept the performance at 80%. Thus, 

when a child's performance dropped below 80%, the stim-ulus duration was 

increased by one step (17 ms), when it exceeded 80%, the presentation time 

decreased by one step, and when performance level was at 80%, it was 

unchanged. This calculation was performed sep-arately for each stimulus 

category (i.e. letters, symbols and digits). After each block, a sound feedback 

(1000 ms) was given indicating the child's performance in a given block. We 

jittered the interval between the au-ditory feedback and the last trial between 

2000 and 5000 ms to de-correlate the BOLD response to the feedback from the 

response in the block. The blocks were separated by a 4000–6000 ms fixation. 

An exper-imental run consisted of 12 blocks (5 min), 4 runs were presented 

alto-gether. Stimuli were presented using E-prime software (PST, Pittsburgh, 

PA). 

 

 

2.2.2. Experiment 2: Reading fMRI task  
We used a short 7 minute passive viewing task to identify the read-ing 

network and compare it with the results of the non-reading task (Fig. 1B). Three 

types of stimuli were flashed on the screen in 5 s blocks. A block contained 

either falsefonts, pseudowords or existing French words. All stimuli were six 

characters long. Falsefonts and pseudowords were presented visually for 200 

ms without fixation between the strings. Real words were presented 

audiovisually for 600 ms, that is, the words were presented both visually and 

auditorily through MRI compatible ear-phones. There were 6 blocks of each 

stimulus type. Fix-ations between the blocks varied between 2200, 3400 or 

4600 ms. Par-ticipants were instructed to attend carefully to the stimuli. All 

stimuli were presented in upper case, on a black screen with monospaced 14-

point Courier New white fonts (1.90° × 0.57° of the visual angle). Since the 

main focus of the present article is on the reading network only the first two 

conditions are reported here. Stimuli were presented using E-prime software 

(PST, Pittsburgh, PA). 

 

 

2.3. Acquisition details 
 

Children were trained in a mock scanner prior to the actual experi-ment. 

They performed 2 runs from Experiment 1 as a training, during which the 

stimulus presentation time was continuously adapted as de-scribed above. At 

the end of the training, the final presentation time of the adaptive procedure was 

memorized for each stimulus type, sepa-rately, and entered as a starting value 

for the fMRI experiment. This en-sured optimal presentation time for all 

children while performing the task in the scanner. Images were acquired on a 

3-Tesla Medspec 30/80 Avance MRI whole body scanner (Bruker, Ettlingen, 

Germany), equipped with a circular polarized head coil. A foam padding and a 

rigid pillow were applied to restrict head movements in the head coil. The 

stimuli were projected centrally at the back of the magnet bore, which 

participants could see through a head coil mounted mirror. For 
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Table 1  
Subject characteristics and performance (range) on the standardized IQ, reading, phonological awareness and rapid automatized naming tests.  
 
 Control (N = 18)   Dyslexic (N = 15)     
         

 Mean Range Mean Range t 
       

Age (months) 126 (100.86–144.93) 135 (104.56–152.3)  −1.76 (ns.) 
RAVEN 33.78 (31–36) 33.33 (28–35)  0.76 (ns.) 
Reading delay (months) 6.06 (−18–24) −30.93 (−54–−15)  8.54 

RAN (s) 43.44 (32–56) 63.33 (41–146)  −3.13 
ODEDYS         

Irregular word reading score /20 18 (12–20) 10 (3–18)  7.11 
Irregular word reading time (s) 18 (11–29) 53 (22–97)  −6.04 
Regular word reading score /20 20 (18–20) 16 (11–20)  5.78 
Regular word reading time (s) 17 (10–30) 46 (19–95)  −5.84 
Nonword reading score /20 17 (14–20) 13 (7–18)  5.09 

Nonword reading time (s) 25 (12–35) 48 (25–70)  −5.94 
Phonological awareness         

Initial phoneme elision /12 12 (11–12) 12 (9–12) 1.54 (ns.) 
Phoneme inversion /10 10 (10–10) 10 (6–10) 1.09 (ns.) 
Phoneme addition /12 12 (11–12) 11 (9–12) 2.61 
Final phoneme elision /12 12 (12–12) 12 (11–12) 2.05  

Reading delay = difference between the subject's age and his/her results in the Alouette test (Lefavrais, 1967), RAN = rapid automatic naming.  
(ns.) = non significant.  
**p < .05.  

***p < .001. 

 
functional data acquisition, 36 interleaved axial slices covering the whole brain 

without the cerebellum were obtained using a T2* weight-ed echo planar 

sequence with the following parameters: voxel size = 3 × 3 mm, slice thickness 

= 3 mm, slice gap = 0 mm, matrix size =  

 
 
64 × 64, TR = 2,4 s, TE = 30 ms, flip angle = 81,6°. A fieldmap was ac-quired 

for geometric distortion correction of EPI images, which was used 

subsequently to create a voxel displacement map for data process-ing (Hutton 

et al., 2002). High resolution T1 weighted structural images 

 
 

A    B 
     

     

      
 
 
 
 

 

C  
 
 

 

D  
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1. Design and behavioural results. (A) Experimental procedure for Experiment 1: the non-reading fMRI task. Each stimulus block started with a visual cue indicating the target (e.g. “2”), followed 

by a 1500 ms blank screen. Then, subjects saw 6 strings of either letters, symbols or digits. The subjects' task was to indicate whether a target character (e.g. “2”) was present or absent in the string. Each 

string was presented for 17–200 ms and was followed by a blank screen (1800–1983 ms) when the responses were collected. The duration of a single string presentation was adjusted by an adaptive 

procedure to keep the performance near 80%. Every block contained 3 strings with the target (e.g.: 23579) and three strings without the target (e.g.: 75913). The subjects were instructed to respond with 

their index finger when the target was present and with their third finger when the target was absent. (B) Illustration of Experiment 2: the reading fMRI task: strings of 6 characters were presented either 

in falsefonts or as pseudowords in a block design (3.6 s duration). (C) Overall flowchart of the experimental run in Experiment 1: stimulus types (letters, symbols, digits) were presented in separate 

blocks. To encourage the children's engagement in the task, a sound feedback (1000 ms) was presented after each block, indicating the subjects' performance (number of hits). A — sound (auditory) 

feedback, fix. — fixation cross. (D) Participants' performance in the non-reading fMRI experiment. Percentage of correct responses did not differ significantly between the control and dyslexic children 

in the symbol condition, but was significantly lower both in the letter and digit conditions. 
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covering the whole brain were acquired for anatomical data (3D sagittal volume 

using MPRAGE sequence). 

 
2.4. Data processing 
 

All fMRI data were pre-processed and analysed using the SPM8 soft-ware 

package (Wellcome Department of Imaging Neuroscience, Univer-sity College 

London, UK). The first five scans of each run contained no stimulus information 

and were discarded to allow for signal stabilization. The remaining functional 

volumes were then corrected for EPI distortion and slice acquisition time, 

subsequently realigned using rigid body transformations to correct for head 

movements. The use of the art toolbox 

(http://www.nitrc.org/projects/artifact_detect/), the software for 

comprehensive analysis of artefact sources in time se-ries data including 

spiking and motion led to the exclusion of one con-trol participant from further 

analysis due to excessive head movements. Additional three dyslexic 

participants were excluded due to near chance level performance in Experiment 

1 combined with ex-cessive head movements. The spatial normalization of the 

functional data and the structural data into the MNI referential was performed 

as follows: T1-weighted scans were segmented into six tissue classes — grey 

matter, white matter, cerebrospinal fluid, skull and non-brain tis-sues using 

SPM12 (Ashburner and Friston, 2005; Ashburner, 2007). A study-specific 

template was then created using the Diffeomorphic Ana-tomical Registration 

Through Exponentiated Lie Algebra (DARTEL) algo-rithm and the 

transformation from this template to the MNI space was estimated. The 

structural and functional data of each subject were then spatially normalized to 

the MNI space, thanks to the convolution of both deformation fields (from 

native space to the DARTEL template and from this latter space to the MNI 

space). Functional data were finally smoothed with 8 mm (FWHM) Gaussian 

kernel. 

 
Statistical parametric maps were generated using a linear combina-tion of 

functions derived by convolving the standard SPM hemodynamic response 

function with the time series of the stimulus categories. In Ex-periment 1 we 

also modelled the auditory feedback and the cues as sep-arate regressors. To 

control for confounds induced by head motion in the scanner movement 

parameters were entered in the design matrix as ad-ditional regressors of no 

interest. Individual contrast images were com-puted for each stimulus type 

(letters, symbols, digits in Experiment 1 and pseudowords, falsefonts in 

Experiment 2) minus baseline (fixation) for each session. Individual contrasts 

were then entered in an ANOVA for random effect group analysis. We used a 

threshold of p b 0.001, uncor-rected for multiple comparisons at the voxel level, 

and a FWE-corrected threshold of p b 0.05 at the cluster level (Genovese et al., 

2002), except for between-group comparisons where a threshold of p b 0.001, 

uncor-rected for multiple comparisons (k = 40) was applied. For all analyses, 

brain regions were reported in accordance with the MNI brain atlas (xjview 

toolbox, http://www.alivelearn.net/xjview). The cortical maps from the 

SumsDB database (Dickson et al., 2001; Van Essen et al., 2003) were 

implemented in Caret 5 software (Van Essen, 2005). 

 

Finally we carried out a region of interest (ROI) analyses for the be-tween 

group results. To avoid circularity (Kriegeskorte et al., 2010, 2009), we defined 

the ROIs for the non-reading task based on activa-tions in selected contrasts 

from the reading task and vice-versa. Thus each task served as a functional 

localizer for the other task. The search for activated voxels was constrained by 

a box, with boundaries large enough to encompass the reading activations in 

the localizer scan and similar activations in the corresponding region reported 

in the reading literature (see e.g. Szwed et al., 2014, 2011; Cohen and Dehaene, 

2004 for the VWFA and Cohen et al., 2008; Monzalvo et al., 2012 for the mid-

dle occipital gyrus). Within such borders, ROIs were functionally de-fined 

independently for each participant, using the symbol vs. fixation contrast and 

the pseudowords vs. fixation contrast for the non-reading task and the reading 

task, respectively. For each subject we de-termined the 10 most activated 

voxels in the given localizer experiment. Then, from those voxels, we extracted 

the parameter estimates of 

 

 
Table 2  
Behavioural measurements for Experiment 1 (the non-reading fMRI task). Presentation time and 

reaction time reported in milliseconds, performance in percentage of correct tri-als. Standard 

deviations are shown in brackets. 
 
 
  Control (N = 18)  Dyslexic (N = 15)  
      

  Mean (SD)  Mean (SD) t 
      

Performance (% correct) 79.26 (11.09) 68.47 (11.49) F = 8.94 
Letters 80.32 (10.24) 66.39 (11.17) 3.73 
Symbols 77.49 (13.99) 69.93 (11.52) 1.67 (ns.) 

Digits 79.98 (9.06) 69.1 (11.78) 2.99 

Presentation time (ms) 126.72 (48.40) 176.39 (24.90) F = 15.19 
Letters 131.88 (52.28) 174.36 (26.49) −2.85 
Symbols 131.19 (51.64) 182.30 (17.10) −3.66 

Digits 117.07 (41.28) 172.49 (31.12) −4.27 

Reaction time (ms) 736.21 (93.70) 703.99 (102.50) F = 1.13 (ns.) 
Letters 744.26 (104.52) 701.43 (104.44) 1.17 (ns.) 
Symbols 733.91 (89.14) 685.16 (104.93) 1.44 (ns.) 
Digits 738.52 (98.26) 722.81 (100.07) .45 (ns.) 

         
(ns.) = non significant.  
p b .05.  

p b .001. 

 

activation for the other experiment, i.e. the experiment being analysed. For 

example: in the ROI analysis shown in Fig. 7A we determined the 10 voxels 

that were most activated within the VWFA in Experiment 2, and then we 

extracted, from those voxels, the parameter estimates for acti-vations in 

Experiment 1. The activations were averaged first across voxels and then across 

subjects for each group and condition and en-tered in a repeated measures 

ANOVA. Stimulus category (letters, sym-bols, digits for Experiment 1 and 

pseudowords and falsefonts for Experiment 2) was selected as the within 

subject factor and group (con-trols and dyslexics) as between subject factor to 

identify significant dif-ferences in the selected ROIs (VWFA and middle 

occipital gyrus). Activation values reported in ROI plots are in arbitrary units 

proportion-al to BOLD activation percentage (beta: the regression coefficient 

estimates). 

 

 

3. Results 

 

3.1. Behavioural results 
 

Reaction time, accuracy, and duration thresholds (i.e., average stimu-lus 

presentation time in the adaptive procedure used in Experiment 1) in the non-

reading task are shown in Table 2. Three dyslexic subjects were excluded from 

the behavioural analysis since they performed at chance level (see also Data 

processing). For the remaining subjects, three sepa-rate 2 × 3 ANOVAs were 

carried out using reaction times,2 thresholds, and accuracy as dependent 

variables. The group (control vs. dyslexic) was used as a between-subject factor 

and stimulus type (letters, symbols and digits) as a within-subject factor. A 

significant difference on accuracy was found between the groups (F(1,31) = 

8.94, p b .001), reflecting the fact that controls were generally more accurate 

than dyslexics (79% vs. 68%, respectively). Post-hoc t-tests revealed that there 

was no significant group difference in the symbol condition (t(31) = 1.67, ns) 

(Fig. 1D). Controls performed significantly better than dyslexics in the letter 

and digit conditions (t(31) = 3.73, p b .001 and t(31) = 2.99, p b .001, 

respectively) (Fig. 1D). No significant interaction between group and stimulus 

type (F(2,62) = 2.40, ns) was found. The main effect of stimulus type for RT 

scores was marginally significant (F(2,62) = 2.97, p = .058), while group 

differences (F(1,31) = 1.13, ns) and the interaction of group with stimulus type 

(F(2,62) = 2.02, ns) did not reach significance. Stimulus duration (threshold) 

yielded a marginally significant main effect of stimulus type (F(2,62) = 3.08, p 

= .053) and a significant 
 
 

 
2 Reaction times that were longer than 2 SD calculated from the individual subjects' mean 

were excluded from further analysis. Only correct trials were analysed.
 

http://www.nitrc.org/projects/artifact_detect/
http://www.alivelearn.net/xjview
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Fig. 2. Whole-brain activations by conditions and groups in the two experiments. (A) Experiment 1 — the non-reading task: responses in the ventral visual stream, the dorsal stream and in the temporal 

language and motor systems for letters (first row), symbols (second row) and digits (third row) in the control (first column) and dyslexic (second column) groups.  
(B) Experiment 2 — the reading task: responses in the ventral visual stream and in the dorsal stream for pseudowords (top row) and falsefonts (bottom row) in the control (first column) and dyslexic 

(second column) groups. BOLD activations are overlaid on a single subject brain normalized to MNI template. Thresholds: p b 0.001, uncorrected for multiple comparisons at the voxel level, and a 

FWE-corrected threshold of p b 0.05 at the cluster level. 

 
difference between the two groups (F(1,31) = 15.19, p b .001) indicating that 

presentation times were on average 50 ms longer for dyslexics than controls. 

There was no significant interaction of the group with condition in the case of 

stimulus duration (F(2,62) = .88, ns). 
 
3.2. fMRI results 
 
3.2.1. Whole brain analysis — Basic results  

Fig. 2A displays the BOLD signal in each condition (letters, symbols and 

digits) against fixation in Experiment 1 (the non-reading task). All three string 

types engaged brain areas typically active in reading tasks. In both subject 

groups, these included bilaterally: the ventral and dorsal visual areas, the 

language network and a parietal attentional network. A list of activated brain 

regions with their coordinates is presented in Sup-plementary Tables 1–8. 

Brain areas responding to non-pronounceable symbols were slightly more 

extended than for pronounceable letters or digits. Overall, the activations in 

both groups comprised comparable regions. The contrasts of the pseudoword 

and falsefont conditions against fixation baseline (Experiment 2: reading task) 

are shown in Fig. 2B. Both conditions elicited strong activations extending to 

the most anterior parts of the ventral visual stream. However, in both con-

ditions, activations in the dyslexic group were smaller in extent than that of 

controls and clustered around the posterior part of the VWFA. 

 
 
3.2.2. Whole brain analysis — Between-condition comparisons  

Given the strong overlap of activations across the different condi-tions in 

Experiment 1 with only the symbol condition showing a slightly more extended 

pattern of activations, we present only the comparisons between the symbols 

and the other two conditions. As shown in Fig. 3A, the symbols N letters 

contrast resulted in significant clusters in the right superior parietal lobule and 

right fusiform and middle temporal gyri. The symbols N numbers contrast 

showed a similar but bilateral pattern. In the reverse contrast the only significant 

clusters were found in the right cuneus and the left inferior frontal gyrus. In 

Experiment 2, only 

 
 

 

A  
 
 
 
 
 

 

Symbols > Letters 
 
 
 
 
 
 
 

 

Symbols > Digits 

B 
 
 
 
 
 

 

Falsefonts > Pseudowords 
 
Fig. 3. Stimulus effects across groups. (A) Areas activated more by symbols than letters (top 

row) or digits (middle row) in Experiment 1 — the non-reading task. (B) Areas activated more by 

falsefonts than pseudowords in Experiment 2 — the reading task. BOLD activations are rendered 

on an inflated canonical SPM brain. Thresholds: p b 0.001, uncorrected for multiple comparisons 

at the voxel level, and a FWE-corrected threshold of p b 0.05 at the cluster level. 
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the falsefonts N pseudowords contrast yielded significant results with a cluster 

of activated voxels in the parietal cortex (see Fig. 3B). 

 
3.2.3. Whole brain analysis — Between-group comparisons  

Direct group comparisons for the letter condition against baseline for the 

Control N Dyslexic contrast revealed stronger activations for control children 

in language related regions and the dorsal visual stream, i.e. a cluster in the 

right superior temporal gyrus and bilaterally in the middle occipital gyrus 

respectively (Fig. 4A, top row). The opposite comparison (Dyslexic N Control) 

for letters showed differences in various nodes of the default mode network 

(DMN) in the parietal, temporal and frontal lobes. At every suprathreshold 

maxima of the Dyslexic N Control compar-ison (Fig. 5), the dyslexic 

population showed positive or near-baseline activations for all stimuli. 

Activations in the control population were 

 

Control > Dyslexic 
 

A   
y = -87 z = -7.5 

 
 
Letters 

 
 
 
 
 

 

Symbols 
 
 
 
 
 

 

Digits 
 
 

 

B 
 

y = -87 z = -12 

 

Pseudowords 
 
 
 
 
 

 

Falsefonts 
 
 
 

 
Fig. 4. Activation differences between dyslexic and control groups. (A) Experiment 1 — the 

non-reading task: stronger responses induced activation in the bilateral middle occipital gyri (first 

column) and bilateral VWFA (second column) in the control group relative to the dyslexic group 

for the letter, symbol and digit conditions (first, second and third rows, respectively). (B) 

Experiment 2 — the reading task: stronger responses induced in the left middle occipital gyrus, 

bilateral VWFA and right inferior frontal gyrus for the pseudoword condition (upper row) and 

stronger activations in the bilateral middle occipital gyri, cuneus and left superior temporal gyrus 

for the falsefont condition (bottom row) in the control group as opposed to the dyslexic group. 

BOLD activations are overlaid on a single subject brain normalized to MNI template. Thresholds: 

p b 0.001, uncorrected for multiple comparisons (k = 40). 

 
 
markedly negative. This pattern suggests that dyslexic subjects failed to 

disengage the default mode network (DMN) during task performance (see 

Discussion).  
When comparing the two groups in the symbol condition (symbols against 

baseline), controls engaged more strongly the left ventral visual stream 

comprising the middle temporal gyrus, the dorsal visual stream bilaterally with 

clusters in middle occipital gyri, and language areas with a cluster in the left 

superior temporal gyrus and an anterior cluster in the left inferior frontal gyrus 

(Fig. 4A, middle row). In the reverse comparison, dyslexic children showed 

stronger activations in the DMN similar to the letter condition (results not 

shown). For control children, the digits elicited stronger activations bilaterally 

in the fusi-form gyri, the middle occipital gyri and the superior temporal gyri 

as well as in the left inferior temporal gyrus (Fig. 4A, bottom row). Dyslexic 

children had stronger activations in the parietal and frontal nodes of the DMN 

(results not shown). The group comparisons for contrasts be-tween conditions 

did not reveal any significant clusters. 

 
Finally, we analysed the between-group effects in Experiment 2. Direct 

group comparisons showed that in the case of the pseudoword N baseline 

contrast, control children activated more strongly both ventral and dorsal 

posterior regions such as the left inferior and middle temporal gyri, and the 

middle and superior occipital gyri bilaterally (Fig. 4B, top row). There were no 

voxels that were more active in dyslexic children than in control children. For 

falsefonts (falsefonts N baseline), the between-group contrast (Control N 

Dyslexics) revealed stronger activa-tions for control children than dyslexics in 

voxels of the middle occipital and temporal gyri bilaterally and the left superior 

temporal gyrus (Fig. 4B, bottom row), but no voxels showed stronger 

activations in dyslexic than control children. We also found no significant 

between-group differ-ences for the pseudowords vs. falsefonts contrast. 

 

To explore the functional role of the above-described middle occipital gyrus 

(MOG) activations and their relative position in the occipital cortex, we plotted 

the activation peaks of the between-group MOG differences from Experiments 

1 and 2 onto a map of visuotopic areas (Fig. 6). To this aim, we used the 

SumsDB database (Dickson et al., 2001; Van Essen et al., 2003). While precise 

localization would require subject-level retinotopic mapping, nonetheless, this 

comparison allows us to roughly assess the potential role of the areas showing 

the main between-group effect (see Discussion). 

 

 

3.2.4. ROI analysis  
In the following ROI analysis, we focused on two brain areas that 

consistently showed significant activations in both experiments: the left VWFA 

and the left middle occipital gyrus. To avoid circularity, we defined the ROI for 

the analysis of Experiment 1 based on contrasts from Experiment 2, and vice-

versa. In the left VWFA in Experiment 1 (Fig. 7A), we found a significant 

activation difference between groups (F(1,30) = 7.37, p b .05), regardless of 

stimulus type (no interaction with condition). A main effect of condition across 

groups indicated that the VWFA was activated most strongly by symbols 

(F(2,60) = 10.18, p b .001). Experiment 2 showed a slightly different picture 

(Fig. 7B). We found a significant group × condition interaction (F(1,30) = 7.15, 

p b .05), driven by a significant difference between groups in the pseudoword 

condition (t(30) = 2.133, p b .05), with no difference in the falsefont condition. 

 
The ROI analysis of the left MOG showed similar results as the VWFA for 

Experiment 1 (Fig. 7C). Activations in this ROI were characterized by a 

significant group difference (F(1,27) = 6.58, p b .05), with the main effect of 

condition indicating that symbols elicited the strongest activations (F(2,54) = 

5.87, p b .001). No significant interaction between group and stimulus type was 

present. However, the MOG pattern of results for Experiment 2 differed from 

the VWFA (Fig. 7D). A significant differ-ence between groups (F(1,30) = 8.45, 

p b .001) and a significant group × condition interaction was obtained (F(1,30) 

= 5.28, p b .05). However, the two groups showed a reversed pattern: control 

children ex-hibited stronger activations for pseudowords than falsefonts, while 

the 
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Fig. 5. Areas showing more activation for dyslexic than control children in the letter condition of Experiment 1 (the non-reading task). Plots show activation profiles at the five strongest peaks for the 

above contrast. All of the locations demonstrate strong disengagement during task execution for control children but not for dyslexic subjects. BOLD activations are rendered on an inflated canonical 

SPM brain. Thresholds: p b 0.001, uncorrected for multiple comparisons at the voxel level, and a FWE-corrected threshold of p b 0.05 at the cluster level. 
 

 
dyslexics responded more strongly to falsefonts than to pseudowords in the 

MOG. 

 
4. Discussion 

 
The main focus of our study was on the interplay between the dorsal and 

ventral streams in basic orthographic processing. We used a visual search task 

with letters, digits and symbols to tap the dorsal stream 

 

A B  
 
 
 
 
 
 
 
 
 

* 

 
 
 

 
LO  
MT plus  
V1 
V2 
V3 
V3A 
V4v 
V7 
V8 
VP 

 
Fig. 6. Peak activation for the letter and pseudoword conditions overlaid on the human PALS 

B12 brain atlas (Van Essen, 2005) showed on inflated (A) and flat surface (B). Peak activation for 

the letters (Control N Dyslexic) contrast is marked by a dot, peak activation for the pseudowords 

(Control N Dyslexic) contrast is marked by an asterisk. Visuotopic areas represented according 

to the SumsDB database (Van Essen et al., 2003; Dickson et al., 2001). 

 

 
 

Fig. 7. ROI analysis. Mean activations in the left VWFA (A–B) and the left middle occipital 

gyrus (C–D) of Control and Dyslexic subjects for the non-reading (Experiment 1) and reading 

(Experiment 2) tasks. In the VWFA significantly lower responses in Dyslexic group relative to 

the Control group were found for Experiment 1 but not Experiment 2. (A, B). In addition 

significant subject group × condition interaction was apparent in Experiment 2  
(B) driven by a significant difference between groups for the pseudoword condition (t(30) = 

2.133, p b .05), with no difference for the falsefont condition. In the case of the left middle 

occipital gyrus both Experiment 1 and 2 showed significant group differences (C, D). However 

in the case of the MOG a significant group × condition interaction in Experiment 2 revealed a 

reverse pattern of activations between the two groups than in the case of the VWFA. Control 

children exhibited stronger activations for pseudowords than falsefonts, while dyslexic 

participants responded more strongly to falsefonts than to pseudowords in the case of the MOG 

(D). Error bars represent the SEM across subjects  
after subtraction of the individual subjects' mean. (*) — p b .05, (**) — p b .005. 



74 

 

324 M. Boros et al. / NeuroImage 128 (2016) 316–327 
 
involved in sequencing, attentional guidance and visuo-spatial process-ing 

(Jones et al., 2008; Vidyasagar and Pammer, 2010), and an implicit reading 

task with pseudowords and falsefonts known to tap automa-tized letter 

processing in the ventral stream (Cohen et al., 2002; Dehaene and Cohen, 

2011). 

 

4.1. Ventral stream deficits 
 

We found the VWFA to be underactivated in dyslexic children, a find-ing 

that has been previously reported in several studies (Blau et al., 2010; Schulz 

et al., 2009; Shaywitz et al., 2002; van der Mark et al., 2009). Im-portantly, our 

results replicate this finding in dyslexic children in both the classic implicit 

reading task with pseudowords and falsefonts (Ex-periment 2) but also in a 

visual search task with letters, digits and sym-bols (Experiment 1). Given that 

we found underactivation of the VWFA even with digit and symbol strings in 

a non-reading task, it is tempting to conclude that the underactivation of the 

VWFA is a primary deficit that is not simply the consequence of the lack of 

reading experience. However, it is impossible to fully rule out this possibility 

because it has been shown that learning-to-read profoundly changes basic 

visual pro-cesses (for review, see Dehaene et al., 2015). For example, literates 

show increased occipital activation compared to illiterates not only for letters 

but also for faces and pictures (Dehaene et al., 2010). Literacy even enhances 

the retinotopic fMRI responses to checker-boards in pri-mary visual areas 

suggesting that the visual cortex has become specifi-cally responsive to the 

location at which alphabetic words appear on the retina (Dehaene et al., 2015). 

 

 

4.2. Deficits beyond the ventral stream 
 

A deficit was also found outside of the ventral stream, namely a strong 

underactivation of the left middle occipital gyrus (MOG) in chil-dren with 

dyslexia. The underactivation of the MOG was found for all three kinds of 

stimuli in the visual search task (Experiment 1) but also in the implicit reading 

task (Experiment 2). To our knowledge, only one previous study reported 

underactivation of the MOG in dyslexics in a letter matching task (Temple et 

al., 2001). In order to better specify the location of the group differences we 

found in MOG, Fig. 6 shows that the peak of the activation difference for 

pseudowords lies dorsally to LO and in the vicinity of V7. The peak difference 

for letters was found at the dorsal edge of the area identified as the LO 

complex/dorsolateral occip-ital area/V4d (Grill-Spector et al., 2001, 1998; 

Tootell and Hadjikhani, 2001; Tyler et al., 2005). 

 
Can we unequivocally classify these peaks as belonging either to the ventral 

(shape, identity, …) or dorsal (position, …) stream? Recent work has shown 

that shape- and motion-sensitive regions overlap (Denys et al., 2004; Grill-

Spector and Weiner, 2014; Grill-Spector et al., 2001, 1998; Weiner and Grill-

Spector, 2013). This overlap is par-ticularly prominent in the area that has been 

referred to as the dorsolat-eral part of the LO complex (Grill-Spector et al., 

2001, 1998), V4d (Tootell and Hadjikhani, 2001) or the dorsolateral occipital 

area (DLO) (Tyler et al., 2005). Arguably, peaks of the control vs. dyslexic 

difference (Figs. 4 and 6) could also lie in area V3B, a visuotopic region 

identified superior to LO-1 and lateral to V3A (Brewer and Barton, 2012; Press 

et al., 2001; Wandell et al., 2007, not shown on the map in Fig. 6), which, 

according to Press et al. (2001), might be incorporated in the pu-tative V4d. 

Interestingly, Ban et al. (2012) found that V3B performs fu-sion of motion and 

depth cues, and suggested that this computation might be generalized to other 

types of information. 

 

We therefore believe that the proximity/overlap of space and shape 

sensitive areas enables the MOG to integrate spatial processing with ob-ject 

recognition necessary for ordering symbols in a string. This fusion of 

information is particularly important in the case of stimuli which due to lack of 

automatization do not go exclusively through the ventral, but en-gage also the 

dorsal stream. It might be arguable, whether our MOG ac-tivation difference 

lies in the dorsal stream, as some researchers 

 
 

suggested that the human visual system might best be described as being made 

of not two, but three processing streams, the third one being a lateral stream, 

which would contain lateral visuotopic maps like the LO and hMT+ (Wandell 

et al., 2007, 2005). It is indeed difficult to determine the exact location of our 

MOG activation difference rela-tive to visual maps without proper, subject-

level retinotopic mapping in 2D cortical space and direct experimental evidence 

of overlapping visuotopic areas. Nevertheless we are confident that that all 

areas that correspond to our Control N Dyslexic difference in MOG are 

involved in visuospatial processing. 

 

 

4.3. Role of spatial attention in reading 
 

Current models of orthographic processing and reading aloud ac-

knowledge that serial letter-by-letter reading is an important stage of early 

reading development. According to the dual route approach to or-thographic 

processing (Grainger and Ziegler, 2011), mastering reading requires a 

transition from a serial letter-by-letter phonological recoding to a parallel 

independent letter processing leading to the formation of two types of location-

invariant, sublexical orthographic codes that form the basis of skilled reading. 

On the one hand, the so-called coarse-grained coding involves mapping of 

letters onto whole-word or-thographic representations and enables readers to 

access the visual form and the meaning of the word at once. At the neuronal 

level, this is suggested to happen in the VWFA (Cohen et al., 2002; Grainger 

and Ziegler, 2011). On the other hand, the fine-grained processing route is used 

to precisely specify letter position within a string, which is neces-sary for the 

coding of multi-letter graphemes and grapheme–phoneme conversion 

(Grainger and Ziegler, 2011; Perry et al., 2007; Share, 1995). Indeed, recent 

computational models of skilled reading (Perry et al., 2007, 2010) and reading 

development (Ziegler et al., 2014) postulate an orthographic parsing 

mechanism, which provides the input to the nonlexical fine-grained processing 

route. This mechanism is imple-mented as an “attentional window” that moves 

serially over a string in order to parse individual letters into a position-specific 

grapho-syllabic template (Perry et al., 2013, 2010, 2007; Ziegler et al., 2014). 

Fo-cused spatial attention is needed for this process. 

 

Several researchers associate spatial selection and sequencing with parietal 

attentional regions (Lobier et al., 2012a; Pammer et al., 2006; Peyrin et al., 

2011; Reilhac et al., 2013). In a recent fMRI study, Ossmy et al. (2014) used a 

support vector machine (SVM) classifier to demon-strate that left intraparietal 

sulcus (IPS) activity carries sufficient infor-mation to discriminate between two 

letter positions. In line with these results a number of recent studies 

demonstrated functional and anatomical connectivities between the IPS and the 

VWFA (Bouhali et al., 2014; Finn et al., 2014; Ossmy et al., 2014). This 

connectivity might enable the transfer of letter position information from 

attention-al areas to the ventral visual stream. Parietal activations, however, 

might merely reflect modulatory mechanisms of attention on spatial processing 

in reading. This is supported by the fact that dyslexics with visual-attentional 

span disorder who show an underactivation of SPL or IPL (Peyrin et al., 2012, 

2011) exhibit normal pseudoword read-ing, which at least partly requires 

sequencing of the letters that build them. In contrast, dyslexic children with 

deficits in focusing visual (or auditory) spatial attention exhibit deficits in 

pseudoword reading (Facoetti et al., 2010, 2006). Thus, it is possible that the 

role of the pa-rietal attention areas would be limited to subserving a serial 

mecha-nism of visual attention required for shifting attention from one letter to 

another (Bosse et al., 2007; Pammer et al., 2006; Rosazza et al., 2009; 

Vidyasagar and Pammer, 2010). Indeed a reading intervention study found an 

increase of intrinsic functional connectivity between the left VWFA and right 

MOG after a successful reading intervention in dyslexic children (Koyama et 

al., 2013). Thus, visuospatial areas rather than parietal attention areas might 

play an important role in or-thographic processing, grapheme-parsing 

(sequencing) and letter posi-tion coding. 
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4.4. Interplay between ventral and dorsal streams 
 

There is a growing consensus that dorsal/attention and ventral/rec-ognition 

based processes in reading should not be regarded as separat-ed, but rather as 

complementary functions (Pammer et al., 2006; Reilhac et al., 2013; Rosazza 

et al., 2009; Stein, 2014; Vidyasagar and Pammer, 2010). As suggested in the 

Introduction, the ventral route, which hosts the VWFA, can recognize letter 

strings but it cannot code their precise location. Hypothetically, the rapid dorsal 

route provides feedback to V1 and the VWFA about where to attend in order 

to identify letters and specify their order in a word (Vidyasagar and Pammer, 

2010). 

 
Here, we argue that MOG is involved in coding for letter order and 

grapheme parsing. The underactivation found in our dyslexic popula-tion 

suggests that this process is impaired in dyslexia. The MOG might be 

particularly strongly associated with the processing of stimuli that lack 

automatization in the ventral stream. Our results suggest that in 8–12 year old 

children such automatization is not yet fully achieved. Consequently, a failure 

to properly activate the dorsal stream might re-sult in reading impairments in 

the course of reading development.  
In line with this view, familiar letter strings can be processed in the VWFA 

without any involvement of the PPC in skilled readers (Cohen and Dehaene, 

2004; Dehaene and Cohen, 2011; Dehaene et al., 2010; McCandliss et al., 2003; 

Rosazza et al., 2009). However, the effortful reading of degraded or unfamiliar 

word formats requires the engage-ment of the dorsal stream (Cohen and 

Dehaene, 2009; Cohen et al., 2008; Rosazza et al., 2009). Thus whenever fast, 

holistic processing is not possible, the role of the PPC is to assist the reading 

process providing appropriate spatial selection and sequencing mechanisms, 

which are particularly required for orthographic processing in visual word 

recog-nition (Pammer et al., 2006). This idea is supported in a recent fMRI 

study by Takashima et al. (2014), who obtained dorsal visual stream ac-tivation 

for novel letter combinations and showed reduced engagement of this area with 

training. In an earlier study, Tagamets et al. (2000) ar-gued that this activation 

reflects spatial processing demands necessary for ordering the symbols in 

unfamiliar strings. 

 

In sum, given that VWFA activation is developmentally a result of shifting 

from serial letter-by-letter recoding to automatic and parallel whole word 

reading, we speculate that the underactivation reported in VWFA in this and 

several other studies (Paulesu et al., 2001; Richlan et al., 2011, 2009) might be 

secondary to a MOG/dorsal stream deficit that happens earlier in time and/or 

development. Further studies are needed to establish developmental and 

temporal dependencies be-tween the two brain regions. 

 
 
 
4.5. DMN suppression 
 

The dyslexic underactivation in the VWFA and the MOG was accom-

panied by a failure to disengage the default mode network (DMN) dur-ing task 

performance (Fig. 5). This large scale distributed network is usually suppressed 

in externally driven cognitive tasks (Anticevic et al., 2012; Greicius et al., 

2009). In our study, group differences in the DMN were driven by more 

negative activations in control children, suggesting that only the control 

children successfully disengaged their DMN. To our knowledge, this is the first 

study to report systematic DMN dysfunction in dyslexics using task-fMRI. Our 

results are support-ed by functional connectivity studies which showed atypical 

synchroni-zation of the posterior cingulate cortex with other DMN nodes in 

dyslexic readers (Finn et al., 2014). Although the abnormal balance be-tween 

brain regions in dyslexia has often been interpreted in terms of compensatory 

mechanisms (Zhang et al., 2013), we argue that DMN dysfunction is associated 

with reading disability rather than compensa-tory mechanisms (see also Schurz 

et al., 2014). These results provide further evidence for the importance of DMN 

suppression in perception (Singh and Fawcett, 2008). 

  
Supplementary data to this article can be found online at http://dx.  

doi.org/10.1016/j.neuroimage.2016.01.014.  
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ABSTRACT 

 

Letter identity processing and position encoding are basic orthographic processes 

which subserve the mastering of fluent reading. According to the classical distinction between 

the ventral, feature related and dorsal, spatial information processing streams, identifications 

of letters should be confined to the temporal cortex, while their ordering should be carried out 

in the dorsal pathway. However previous fMRI evidence have yielded conflicting results as 

to the localization of these processes. Here, using a causal method of transcranial magnetic 

stimulation, we probed three brain areas (superior parietal lobule, middle occipital gyrus and 

the visual word form area) previously reported to be implicated in either of the aforementioned 

processes. In a perceptual matching task letter identity processing and position encoding was 

tested by either replacing or transposing two letters in a pair of five element strings. It was 

expected, that  TMS stimulation would selectively disrupt task performance when applied to 

the site responsible for the given orthographic process. While the results of the study are 

inconclusive due to a low success rate in the transposition condition, as well as the difficult 

accessibility of the target sites, nonetheless they indicate, that contrary to the predictions of 

the ventral/dorsal distinction, the SPL is involved in letter identity processing. This finding 

adds on to the growing evidence, that object identity information might actually be distributed 

between the dorsal and ventral visual processing streams. 

 

 

 

 

KEYWORDS 

reading, transcranial magnetic stimulation, orthographic processes, letter identification, letter 

position encoding, superior parietal lobule, middle occipital gyrus, Visual Word Form Area   
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1. INTRODUCTION 

When children embark on the fascinating journey of learning to read, they most 

typically start by identifying individual letters – first letters of their names and family 

members’ between the ages of 2 and 3 – and although children in western societies will know 

how to write their names and map most sounds onto corresponding letters by the time they go 

to school, the „shift from learning to read to reading to learn” is not required until third grade 

(Horowitz-Kraus et al., 2017). Between the 2nd and 4th grade children’s reading ability 

undergoes a transition from a rather serial letter-by-letter decoding to parallel processing of 

words as a whole (Boros et al., 2016; Reilhac et al., 2012). An important step to this 

achievement is the understanding of the concept that each letter has a corresponding sound in 

the spoken language and that the ordering of these letters in the word matters. These processes, 

i.e. letter identity recognition and position coding are the minimal constituents of the term 

orthographic processing (Grainger, 2008).  

 

1.1 Orthographic processing in reading 

The involvement of these two processes in the acquisition of reading seems 

mandatory, and their disruption will inevitably lead to deficits in learning to read (Duñabeitia 

et al., 2012; Friedmann and Rahamim, 2007; Kohnen and Castles, 2013). Indeed letter position 

errors have been reported both in children (Grainger et al., 2003; Reilhac et al., 2012) and 

adults with dyslexia (Collis et al., 2013), and letter position dyslexia have been identified as a 

subtype of dyslexia in languages with highly migratable orthography (Friedmann and Gvion, 

2001; Friedmann and Haddad-Hanna, 2012; Friedmann and Rahamim, 2014, 2007). However, 

it seems, that precision of letter identification and position encoding allows for some degree 

of flexibility when it comes to adults. The masked priming paradigm has been used for 

decades to elucidate the impact of orthographic processes in reading (for a review see: 

Grainger, 2008; Grainger and Whitney, 2004). These experiments have yielded conflicting 

results when it comes to a) the role of letter identity – showing priming effects when 

substituting one letter in a prime (Carreiras et al., 2007; Duñabeitia et al., 2009; Perry et al., 

2008), and b) the precision of letter position encoding – evidencing priming effects when 

transposing letters in primes on one hand, but also relative-position priming (faster response 

times to words, if they are preceded by primes built from letters in the same order as the target) 
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on the other hand (Grainger, 2008; Grainger and Whitney, 2004; Schoonbaert and Grainger, 

2004).  

One of the few theoretical reading models that has implemented these issues is the 

Dual route approach to orthographic processing of Jonathan Grainger and Johannes C. 

Ziegler (2011). It assumes that the mastering of fluent reading proceeds along two specialized 

brain pathways, which are also reflected in the anatomical areas and connections of the brain. 

According to the authors, learning to read requires a transition from a serial letter-by-letter 

phonological recoding to a parallel independent letter processing leading to the formation of 

two types of location-invariant, sublexical orthographic codes that lie at the basis of skilled 

reading. On one hand, the so-called coarse-grained coding involves mapping of letters onto 

whole-word orthographic representations (Grainger and Ziegler, 2011) and enables readers to 

access the visual form and the meaning of the word at once (Fischer-Baum et al., 2010). This 

pathway is used when reading known and high frequency words (Wise Younger et al., 2017). 

According to the researchers this process takes place in the so-called ventral visual pathway 

(Coltheart et al., 2001; Grainger, 2008; Grainger et al., 2016), which among other category 

selective areas (e.g. face: Kanwisher et al., 1997; places: Epstein and Kanwisher, 1998; 

inanimate objects: Malach et al., 1995) contains a region specialized in the recognition of the 

visual word form (for a review see: Dehaene and Cohen, 2011). On the other hand, the fine-

grained processing route is used to precisely specify within string letter position, which 

facilitates the coding of multi letter graphemes and the corresponding grapheme-phoneme 

conversion (Grainger et al., 2016, 2012; Grainger and Ziegler, 2011). This pathway is located 

in the dorsal visual stream and it is responsible both for letter-by-letter reading in the early 

stages of reading acquisition, and for the reading of pseudowords (Wise Younger et al., 2017).  

While there is a vast amount of research on the neuronal correlates of efficient reading 

and the role of the ventral visual stream, focus on the brain signatures of the orthographic 

processes preceding skilled reading is still lacking.  

 

1.2 Orthographic processing in the brain  

With the use of neuroimaging techniques it has been long established in the literature, 

that the process of rapid skillful reading is supported by a specialized brain region situated in 

the left ventral occipitotemporal cortex (vOT). It is believed that a portion of the left vOT is 
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preferentially tuned to written words over pseudowords or consonant strings (Cohen et al., 

2002; Dehaene et al., 2002; Glezer et al., 2009), therefore its role in orthographic processing 

has been widely accepted (Carreiras et al., 2014; Cohen et al., 2002; Cohen and Dehaene, 

2004; Ossmy et al., 2014; Turkeltaub et al., 2003; Vinckier et al., 2007). Due to its role in 

linking abstract orthographic codes with phonological representations (Carreiras et al., 2015; 

Turkeltaub et al., 2003) it enables fast and effortless reading through automatic processing of 

visual word forms, which is why it has been dubbed the Visual Word Form Area (VWFA) 

(Cohen and Dehaene, 2004). Several studies indicate, that the VWFA is highly selective for 

letter identity, letter order, and the lexical status of short letter-strings and is part of a broader 

ventral stream cascade that represents lexical units in a hierarchical way (Dehaene et al., 2005; 

Hannagan et al., 2015; Vinckier et al., 2007). However repetition suppression paradigms have 

evidenced, that the recognition of the visual form in the VWFA might already be holistic and 

happen in a parallel manner (Glezer et al., 2015, 2009) which suggests, that the process of 

identifying letters and coding their in-string position might be performed elsewhere / earlier 

in the processing pipeline (Ossmy et al., 2014). 

In contrast to the ventral route, the dorsal visual stream is thought to be a primary 

reading circuit in beginning readers and in line with the dual route model (Grainger and 

Ziegler, 2011) it is thought to be implied in the mapping of letters (graphemes) onto phonology 

(Pugh et al., 2001). The so called temporoparietal reading system activates a parietal 

attentional network (Cohen et al., 2008; Cohen and Dehaene, 2009) and comprises the angular 

gyrus and supramarginal gyrus in the inferior parietal lobule and the posterior part of the 

superior temporal gyrus, i.e., Wernicke’s Area (Pugh et al., 2001). However a number of 

studies shows also the implication of the posterior parietal cortex (PPC) in orthographic 

processing. Parametric studies manipulating the lexical content of stimuli have evidenced that 

the less lexical content stimuli have – the more effortful reading they require – the more 

extended activations are found in the dorsal stream (Schurz et al., 2010; Tagamets et al., 2000). 

Similarly dorsal activations have been reported for reading under specific conditions imposing 

serial processing, such as degraded, rotated or mixed case words (Cohen et al., 2008; Mayall 

et al., 2001). Despite a general consensus on the involvement of the dorsal stream in reading, 

there are only a few studies addressing the issue of letter identity and position encoding 

directly and aiming at localizing these processes in the brain.  
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1.3 Letter identity and position encoding in the dorsal reading path 

Reilhac and colleagues (2013) used a perceptual matching task to identify brain 

regions involved in letter identity processing.  In this task participants had to classify two 

strings of letters as being the same or different. They found that the activation in the left vOT 

and the left superior parietal lobule (SPL) was highly indicative of letter identity processing, 

moreover, when comparing dyslexic and control subjects, these two regions came out as more 

activated in the control group. Going one step further, Carreiras and colleagues (Carreiras et 

al., 2015) manipulated different trials in a perceptual matching task either by transposing two 

characters or substituting two characters. They have also extended the set of stimuli to digits 

and symbols, to detect any possible letter-specific position encoding effects. They have 

replicated the previous findings from Reilhac and colleagues (2013) regarding letter identity 

and, importantly, they have identified the left inferior and superior parietal gyri as being more 

activated in transposition trials than in substitution trials. Additionally, this transposition 

effect was not present for symbols and digits indicating, that position encoding is letter-

specific in the left parietal cortex. Consistent with these results, using support vector machines 

Ossmy and colleagues (2014) demonstrated that the activation pattern in the left intraparietal 

sulcus is the best predictor of correct classification of letter position. Thus the parietal 

attentional regions are strong candidates for being the letter identity and position detectors 

postulated by the dual route model (Grainger et al., 2016; Grainger and Ziegler, 2011). 

However, using a masked priming paradigm Gold and Rastle (2007) found 

orthographic effects in an earlier part of the dorsal visual stream called posterior middle 

occipital gyrus (MOG). Activation in MOG has usually been considered as relatively early 

and relatively retinotopic activation associated with letter shape and form encoding (Boros et 

al., 2016; Cornelissen et al., 2009; Flowers et al., 2004). Magnetoencephalography (MEG) 

studies demonstrated that activation in the MOG is present at early time windows (0-300 ms 

after stimulus onset), which precedes responses visible in the left vOT or lexical effects 

evidenced by left inferior frontal gyrus (IFG) activation (Cornelissen et al., 2009; Dhond et 

al., 2001; Pammer et al., 2004). Cornelissen and colleagues (2009) have suggested, that the 

function of the MOG might be to prime the reading system whenever word-like stimuli are 

encountered by the visual system. On the other hand it has been proposed, that the proximity 
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of space and shape sensitive areas within the MOG gives place to the integration of spatial 

processing and object recognition necessary for ordering symbols in a string (Boros et al., 

2016). The above results do not allow for a clear conclusion on the localization of the neural 

substrates of letter identity and in-string position processing. It is equally not clear whether 

the MOG is also involved in letter position encoding or if its role is limited to letter shape 

identification. 

 

1.4 Transcranial magnetic stimulation of the dorsal and ventral stream 

The aim of this study was to investigate the functional specificity of the parietal cortex, 

the MOG and the VWFA in the processing of letter identity and position by using transcranial 

magnetic stimulation (TMS). TMS provides a means to investigate the causal relations 

between activation and function by temporarily locally perturbing neural functioning in the 

region applied. By applying non-invasively brief magnetic pulses to a specified location, 

information processing can be disrupted and hence the functional involvement of the targeted 

brain region can be implied in the given task (Rossi et al., 2009). Previously, successfully 

applied TMS to the VWFA interrupted word but not pseudoword reading (Duncan et al., 2010; 

Siuda-Krzywicka et al., 2016) evidencing that lexical processing is already present in the 

VWFA. TMS applied to the neighboring lateral occipital cortex (LOC) – a region responsible 

for visual object recognition (Grill-Spector et al., 2001) – did not result in a similar pattern. 

Interestingly, visual word recognition was also impaired after TMS stimulation to the dorsal 

stream, namely the retinotopic area V5/MT+ (Laycock et al., 2009; Liederman et al., 2003) 

and the right parietal cortex (Braet and Humphreys, 2007). In the present study we used TMS 

stimulation during a perceptual matching task with transposed and replaced letter conditions 

to disentangle the role of the MOG, the parietal cortex and the VWFA in the coding of letter 

identity and position. If the processing of the two aforementioned orthographic processes is 

performed by distinct brain regions, TMS stimulation should selectively disrupt task 

performance in the relevant sites. Such a dissociation was expected for the SPL and the MOG, 

because they are suggested to be implied in letter position encoding and letter identity 

processing, respectively. If this is the case, and orthographic processing is carried out before 

information about print reaches the VWFA, TMS applied to the VWFA should equally affect 

string processing, regardless of string manipulation. 
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2. MATERIALS AND METHODS 

 

 

2.1 Subjects 

16 subjects (10 F, aged 21 to 27, mean = 24,3 years) participated in the study. Subjects 

were recruited through internet advertisement and received financial gratification in the 

amount of PLN 120 (approximately EUR 30) for their participation in the study. All subjects 

were right-handed, native Polish speakers with normal or corrected to normal vision. 

According the their self-reports none had any form of learning disability, including dyslexia, 

a personal history of neurological disease, or a family history of epilepsy. To ensure 

comparable reading history, the selected participants either obtained a degree in higher 

education or were enrolled in a higher educational program. Each subject gave informed 

consent after the experimental procedures were explained. The experiments were approved by 

the Research Ethics Committee of the Institute of Psychology of the Jagiellonian University. 

Informed consent and consent to publish were obtained from each of the participants in 

accordance with best-practice guidelines for MRI and TMS research. 

 

2.2 Localization of the TMS targets 

Four brain regions were selected for the neuro-navigated TMS. The left VWFA, the 

left MOG and the left SPL were our regions of interest and we used the left LOC as a control 

site. SPL was selected as part of the posterior parietal cortex, the involvement of which was 

previously demonstrated in a perceptual matching task similar to the one used in the present 

study (Carreiras et al., 2015; Reilhac et al., 2013). The LOC was on the other hand was chosen 

due to the lack of its involvement in the recognition of visually presented words as evidenced 

earlier by TMS studies (Duncan et al., 2010; Siuda-Krzywicka et al., 2016). The left VWFA, 

the left MOG and the left SPL were individually identified in a short event-related fMRI 

localizer run, in which the same procedure was used as in the subsequent TMS experiment. 

The left LOC was identified in a second fMRI run designed to activate object selective regions 

(see below). 
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2.3 Stimuli and procedure 

  To address letter identity and letter position processing a perceptual matching task 

was employed with two change conditions: transposition and substitution. In this task subjects 

had to give response to whether two consecutively presented stimuli are the same or different. 

The stimuli consisted five-element pseudowords to exclude higher level lexical processing 

during task performance. The length of the strings was selected in a previous pilot study to 

maintain optimal task difficulty. Similarly to Carreiras et al. (2015), three conditions were 

used: no change (e.g. “ZWNEM” and “ZWNEM”), substitution – the replacement of two 

letters by another two letters (e.g. “ZWNEM” and “ZWENM”), and transposition – the 

reversal of the order of two in-string characters (e.g. “ZWNEM” and “ZWSAM”) (see Figure 

1B). Importantly, to avoid the effect of first letter advantage and other letter specific serial 

effects (Chanceaux and Grainger, 2012; Grainger et al., 2016; Scaltritti et al., 2018) changes 

to characters never occurred at the extreme positions of the strings. To impose serial 

processing and maintain equal crowding (Grainger et al., 2016, 2010) we inserted an extra 

space between all the characters.  

  Stimuli were displayed in a 14-point Courier New font in dark grey (RGB: 

150,150,150) on a light grey background (RGB: 192,192,192) and subtended 1.90° × 0.57° of 

the visual angle. They were presented in the centre of the visual field using E-prime software 

(PST, Pittsburgh, PA). At the beginning of each trial a fixation cross was presented for 200-

1800 ms. This was followed by the presentation of the first string, the duration of which was 

adjusted by an online procedure to be set between 17-250 ms (see below). The string was then 

followed by a mask of 5 hash marks (#####) with a duration equal of 450 ms minus the length 

of the first stimulus. Next, a 50 ms long blank screen appeared and then the second string was 

presented and remained on screen for 1800 ms or until a response was collected. In order to 

keep each trial of equal length, the duration of the fixation for the next trial was calculated by 

subtracting the duration of the second stimulus presentation from 2000 ms, so a minimum of 

200 ms fixation cross presentation was in all cases ensured (Figure 1A). In case of the event 

related fMRI localizer stimuli were presented in 2 blocks each containing 84 trials (168 in 

total). For the TMS experiment a total of 280 trials were presented per stimulated region in 4 

blocks. In each block, half of the trials were ‘no change’ trials, the other half was equally 

divided into substitution and transposition trials. In the fMRI experiment, each block 
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contained 9 or 10 catch trials when during the whole trial duration the fixation cross was 

presented. In order to show any effects of TMS on task performance we aimed at maintaining 

a 70 % accuracy for all conditions and types of stimuli. A step-by-step adaptive staircase 

procedure was used which adjusted stimulus duration after every trial. To ensure the expected 

threshold from the beginning of the experiment, a staircase procedure (120 trials) was run 

before the experiment. The outcomes of that procedure were used as the starting stimulus 

durations in the experiment. 

  Additionally a short object localizer run was administered after the event-related 

fMRI experiment. It consisted of a passive viewing task of 72 pictures in a block design, which 

was previously successfully used to identify object-selective brain regions as part of a longer 

localizer run (e.g. Szwed et al., 2014). 

 

2.4 fMRI acquisition details and data processing 

Magnetic resonance imaging data was acquired using a 3T Siemens MAGNETOM 

Trio system whole body scanner (Siemens Medical Solutions) equipped with a 32-channel 

head coil. The stimuli were projected centrally at the back of the magnet bore, which 

participants could see through a head coil mounted mirror. For functional data acquisition 36 

interleaved axial slices covering the whole brain without the cerebellum were obtained using 

a T2* weighted echo planar sequence with the following parameters: 33 interleaved axial 

slices, phase encoding direction: P-A, 3.6 mm thickness, TR = 2190 ms, flip angle = 90°, TE 

= 30 ms, base resolution = 64, phase resolution = 200, matrix size = 64 x 64). High resolution 

T1 weighted structural images covering the whole brain were acquired for anatomical data.   

All fMRI data were pre-processed and analyzed using the SPM12 software package 

(Wellcome Department of Imaging Neuroscience, University College London, UK). 

Functional volumes were then corrected for slice acquisition time and realigned using rigid 

body transformations to correct for head movements. Next T1-weighted structural scans were 

segmented into six tissue classes — grey matter, white matter, cerebrospinal fluid, skull and 

non-brain tissues (Ashburner, 2010). Functional images were then de-normalized using the 

inverse segmentation matrix created for each subject and co-registered with the subject’s 

structural image. 
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Figure 1. Design and experimental protocol (A) Experimental protocol of the perceptual matching task for the 

TMS experiment. At the beginning of each trial a fixation cross was presented for 200-1800 ms. This was 

followed by the presentation of the first string, the duration of which was adjusted by an online procedure to be 

set between 17-250 ms. The string was then followed by a mask of 5 hash marks with a duration equal of 450 

ms minus the length of the first stimulus. Next, a 50 ms long blank screen appeared and then the second string 

was presented and remained on screen for 1800 ms or until a response was collected. In order to keep each trial 

of equal length, the duration of the fixation for the next trial was calculated by subtracting the duration of the 

second stimulus presentation from 2000 ms, so a minimum of 200 ms fixation cross presentation was in all cases 

ensured. (B) Example of the three conditions used in both the fMRI localizer task and TMS experiment: no 

change (first row), substitution – the replacement of two letters by another two letters (second row), and 

transposition – the reversal of the order of two in-string characters (third row). 

 

 

2.5 TMS protocol 

Subjects were asked to participate in three sessions. The first session consisted of the 

two fMRI localizer experiments, then the next two TMS sessions were scheduled with the 

participants. Two target sites were tested per TMS session and the order of the stimulated sites 

was counterbalanced across subjects to minimize either order or practice effects. One TMS 

experiment (stimulation administered to one target site) lasted approximately 12 minutes. 

There were 7 breaks interspersed during which subjects could take as much rest as they 

needed. During each TMS experiment repetitive TMS (rTMS) was applied pseudorandomly 

during half of the trials. TMS pulses were delivered at 10 Hz for 500 ms, i.e. at 100, 200, 300, 

400 and 500 ms after stimulus onset (see Figure 1A). Stimulation intensity was set to 100% 

of the resting motor threshold determined at each session the following way: the left motor 

cortex was identified using the structural image acquired during the fMRI session, then 

starting from a low stimulation, intensity was increased until a visible twitch of the resting  
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Figure 2. Anatomical localization of the 

target sites of subject 105 as revealed by 

functional MRI. LOC – lateral occipital 

cortex, identified by the object localizer; 

MOG – middle occipital gyrus, SPL – 

superior parietal lobule, VWFA – visual 

word form area, identified by the fMRI 

version of the perceptual matching task. 

 

 

 

 

 

 

 

 

 

right hand was elicited. This threshold was then used during the whole session, unless 

participants complained about the TMS inducing involuntary blinks or jaw activations. In 

those cases, the intensity was reduced until those sensations disappeared. The TMS protocol 

used in this experiment is in agreement with established safety limits (Rossi et al., 2009), and 

was previously securely used in our lab (Siuda-Krzywicka et al., 2016). A MagPro X100 

stimulator (MagVenture, Hückelhoven, Germany) with a 70 mm figure-eight coil was used to 

apply the TMS. To ensure stimulation precision, a frameless neuronavigation system 

(Brainsight software, Rogue Research, Montreal, Canada) was used with a Polaris Vicra 

infrared camera (Northern Digital, Waterloo, Ontario, Canada) with the capacity to estimate 

and track in real time the relative coil position on the 3D reconstruction of the subjects’ MRI.  

 

2.6 Behavioral data analysis 

After finishing the fMRI session one subject was excluded due to right-lateralized 

language regions, and one subject resigned from further participation in the experiment. One 

subject completed only one out of the two TMS sessions, therefore we report data for 14 

subjects in case of the MOG and the VWFA and 13 subjects in case of the LOC and SPL. 
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Because the effect of TMS is dependent on the distance from the scalp of the 

stimulated area, we first compared the accessibility of the sites under manipulation, defined 

as the  length of the trajectory of the magnetic field measured from the coil to the most 

activated voxel at the target (Duncan et al., 2010). Although figure-8 field coils can reach up 

to 3,4 cm, and their use is most typically restricted to superficial stimulation of cortical targets 

reaching usually 2-3 cm in depth (Deng et al., 2014, 2013), due to a reduced accessibility of 

our target sites we used a more liberal threshold to ensure that we have enough data to run our 

analysis. Thus data where distance to the stimulation site exceeded 4 cm were discarded as 

measurement errors, resulting in the exclusion of 1.2% and 5.7% of trials for the LOC and the 

VWFA sessions respectively. In case of the VWFA five subjects had all their target trials 

outside the specified range.  

Next, reaction times that were shorter or longer than 2 SD calculated from the 

individual subjects' mean were excluded from further analysis (Chica et al., 2011; Duncan et 

al., 2010), amounting to 3.4%, 2.7%, 3.6% and 4.7% for the LOC, MOG, SPL and VWFA 

sessions, respectively.  

 

 

Table 1. Overall behavioral measurements of the TMS pooled over all the target sites. Presentation time and 

reaction time reported in milliseconds, performance in percentage of correct trials. Standard deviations are shown 

in brackets. 

 

 

3. RESULTS  

  There was a significant difference in the accessibility of the four stimulation sites 

(30.78 mm, 31.47 mm, 24.96 mm and 35.03 mm for the LOC, MOG, SPL, VWFA, 

respectively, F(3,39) = 5.39, p < 0.001).  

           

   No Change Substitution Transposition 

    No TMS TMS No TMS TMS No TMS TMS 

Performance   

(% correct) 

0.84 (0.16) 0.84 (0.17) 0.81 (0.16) 0.81 (0.19) 0.67 (0.17) 0.64 (0.18) 

Reaction time 

(ms) 

347.66 

(122.53) 

371.92 

(145.57) 

377.25 

(123.87) 

403.16 

(135.72) 

407.36 

(123.50) 

416.72 

(140.59) 

Presentation 

time (ms) 

106.00 

(94.54) 

102.91 

(95.66) 

61.96 

(68.37) 

54.47 

(60.62) 

148.12 

(116.05) 

145.42 

(118.52) 
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Reaction time, accuracy, and duration thresholds (i.e., average stimulus presentation 

time in the adaptive procedure) are shown in Table 1. The overall accuracy level in the task 

was 75%, indicating that the adaptation procedure worked only partly. This was mainly driven 

by the fact, that task difficulty increased gradually with the type of change trials, which was 

also reflected in a significant difference in performance across all three change conditions 

(83% vs. 78% vs. 64% for the no change, substitution and transposition trials, respectively, 

F(2,24) = 110.2, p < 0.001). 

Because of the applied adaptive procedure, no TMS effect was expected on the 

accuracy scores. Instead, we expected to find differences in the reaction times, therefore RT 

scores were entered into a 4 × 3 × 2 repeated-measures ANOVA examining the effects of Site 

(LOC, MOG, SPL, VWFA), Condition (no change, substitution, transposition) and TMS 

(rTMS, none).  No significant main effect was observed. A significant Condition × TMS 

interaction (F(2,24) = 7.06, p < 0.01, partial η2 = .626) evidenced that TMS stimulation 

resulted in longer RTs in case of the no change and the substitution conditions (11,47 ms, 

23,52 ms, respectively), but decreased RTs by -1.53 ms in the transposition trials. 

Surprisingly, we didn’t find a significant effect for the Site factor, which was probably due to 

insufficient power given the complexity of the design (i.e. three stimulus conditions and four 

testing sites). However Figure 3. shows that the response profiles to TMS were different across 

sites, therefore, we chose to investigate further. 

In order to examine the difference in response profiles, we conducted a 2-way repeated 

measures ANOVA for each site. The main effect of Condition was present for all sites, except 

for the VWFA (LOC: F(2,22) = 4.64, p < 0,05, partial η2 = .289; MOG: F(2,22) = 4.93, p < 

0,05, partial η2 = .310; SPL: F(2,24) = 5.67, p < 0,05, partial η2 = .321). The main effect of 

TMS (F(1,12) = 9.02, p < 0,05, partial η2 = .429) and a significant Condition × TMS 

interaction was only present in the SPL  (F(2,24) = 3.51, p < 0.05, partial η2 = .227). Planned 

comparisons in the SPL revealed that TMS interfered with the no change and the substitution 

conditions (20.98 ms, t(12) = 2.43, p < 0.05 and 40.88 ms, t(12) = 4.07, p < 0.001, respectively) 

without significantly affecting the transposition condition. There was a trend in the main effect 

of TMS stimulation in the MOG, but it didn’t reach significance (p = 0.68, partial η2 = .271). 
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Figure 3. Effect of TMS stimulation at each site. A significant interaction between condition and TMS in the 

SPL revealed an increase of RTs after magnetic stimulation in case of the substitution and no change condition. 

Error bars represent the SEM across subjects after subtraction of the individual subjects' mean. (*) — p < .05, 

(**) — p < .005.  
 

4. DISCUSSION 

The aim of the present study was to investigate orthographic effects in the dorsal and 

ventral visual stream. Two orthographic processes – letter identity identification and position 

encoding – were examined at three different locations, the middle occipital gyrus, the superior 

parietal lobule and the visual word form area with the use of transcranial magnetic stimulation. 

Reaction time increases after TMS stimulation were taken as evidence for the causal 

implication of the stimulated area in the cognitive process required to complete the given task. 

To compare the conditions on a similar performance level, we applied an adaptive procedure, 

which in order to keep correct responses at 70%, adjusted the presentation time of the stimuli. 

However, as shown in Table 1., this manipulation didn’t work as expected. The transposition 

condition, which probed letter position encoding, proved to be too demanding for our subjects, 

as evidenced by the fact, that even at the longest available presentation times accuracy was 

still below target (70%, Table 1.). Although somewhat unfortunate, this result is in line with 

previous findings showing a substitution advantage over transposition (Carreiras et al., 2015; 

Duñabeitia et al., 2012), an effect even more pronounced in developing (Castles et al., 2007) 

and dyslexic readers (Reilhac et al., 2012). Consequently, no TMS effect was found in the 

transposition condition in neither of the sites. We did find however an effect of substitution in 

the superior parietal lobule, which stimulation with TMS resulted in longer reaction times 

when subjects had to compare two strings with replaced letters. The implication of the SPL 

specifically in letter identification has been recently demonstrated with the use of a similar 

task in two fMRI experiments (Carreiras et al., 2015; Reilhac et al., 2013), supporting earlier 
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claims about the role of the parietal cortex in letter string processing (Lobier et al., 2012; 

Rosazza et al., 2009; Schurz et al., 2010; Sliwinska et al., 2014b, 2012). Previously the SPL 

was found to be activated in visual categorization tasks of multi-element strings (Peyrin et al., 

2012, 2011) containing both alphabetic stimuli and pseudo-letters or geographic shapes 

(Lobier et al., 2012). This involvement was mainly regarded as visuo-spatial or attentional 

processing necessary for the attentional shift from one string element to another (Valdois et 

al., 2006; Vidyasagar and Pammer, 1999), providing input for the phonological decoding 

network, that supports orthographic learning in beginning readers (Boros et al., 2016; Ziegler 

et al., 2014). Although several work supports the view that letter identity processing in the 

parietal cortex is coupled (Carreiras et al., 2015) or dependent on (Ossmy et al., 2014; Stein, 

2014) coding of letter position, we couldn’t confirm this hypothesis due to a floor effect in the 

transposition condition. 

Another limitation of the present study was the disputed accessibility of our target 

sites. A significant difference in the depth of the studied regions raises the concern, whether 

all sights have been equally stimulated. Furthermore, although the functioning of both the 

dorsal and the ventral stream have been previously successfully altered by TMS (Duncan et 

al., 2010; Ellison and Cowey, 2007, 2006; Siuda-Krzywicka et al., 2016; Sliwinska et al., 

2014a), in our sample, sites previously proved to be stimulatable, were located outside the 

commonly accepted range of TMS (> 3 cm). In fact, owing to the limited accessibility of the 

VWFA in our study, the data of 5 subjects have been discarded, therefore the null result 

reported here might be simply a consequence of insufficient power due to the small sample 

size. Similarly, one might speculate, that results in the MOG (identified at ~3.1 cm in the 

present sample) might have reached a significant level, has it been stimulated by deep TMS 

ranging up to 6 cm from the surface of the skull (Deng et al., 2014). The pattern emerging in 

this site, albeit similar to the one found in the SPL, didn’t show significant differences between 

trials disrupted and not disrupted by TMS stimulation, despite a role attributed to the MOG in 

letter shape and form processing (Cornelissen et al., 2009; Flowers et al., 2004), 

 

4.1 Contribution of the dorsal stream to letter identification 

The present results confirm, that letter identity processing is not confined to the 

VWFA, as previously suggested (Stein, 2014), but might be performed outside the ventral 
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visual pathway, classically believed to host category selective areas (Kanwisher et al., 1997; 

Epstein and Kanwisher, 1998; Dehaene et al., 2002; Dehaene and Cohen, 2011). This is line 

with the growing evidence, that object information might actually be represented in parallel 

in both pathways (Konen and Kastner, 2008; Sereno and Maunsell, 1998) which gains further 

support in the view that visual recognition is mediated not by dedicated modules but a 

distributed and interactive cognitive network (Behrmann and Plaut, 2013), where processes 

attributed classically to either the dorsal or the ventral pathway should be regarded as 

complementary functions (Boros et al., 2016; Xu and Chun, 2009, 2007). 
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