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ABSTRACT 

 

Successful reading requires the brain to correctly recognize printed individual 

words. It has been proposed that single-word reading can be viewed as a special 

case of visual object recognition with its dual goals of achieving specificity and 

invariance. This hypothesis allows us to leverage theories of object recognition to 

provide hypotheses for the neural bases of single-word reading, in particular the 

nature of the representation of visual words, how this representation is shaped by 

expertise, and is modulated dynamically by attentional effects. The specific aims 

of this project were to a) probe the selectivity of neurons in an area in the inferior 

temporal cortex, the visual word form area (VWFA), b) examine the evidence for 

a hierarchical organization of the visual word form representation along the 

ventral visual stream, and c) to examine hemispheric specialization in word form 

processing by comparing the neural representation in the left and right VWFA. 

The technique used in this project provides an innovative way to examine the 

neural correlates of single word reading in the occipitotemporal cortex, allowing 

us to probe neuronal tuning more directly.  Here, we provide evidence that the 

left VWFA holds a neural representation that is finely tuned to whole real words, 
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akin  to an orthographic lexicon.  We futher find evidence for hierarchical 

processing along the left ventral visual stream from sublexical in posterior areas 

to lexical in the the VWFA.  And finally, we provide support for theories of left 

hemispheric specialization in word form processing showing the the left but not 

the right hemisphere contain neurons tightly tuned to whole real words. Given the 

cultural recency of reading and the variability of lexica across languages, reading 

arguably needs to depend on neural representations that are acquired through 

experience with written words. Our results therefore provide strong support for 

theories of experience-driven plasticity of the neural representations in the left 

hemisphere underlying reading establishing that this learning does not just apply 

to lower level representations, for characters and sublexical letter combinations 

but also to whole words.  This “simple-to-complex” hierarchy of single-word 

reading fits well with general theories of object recognition in cortex and also 

provides a powerful framework to not only investigate neural plasticity at the 

general level by using orthographic plasticity as a well controlled example, but 

also specifically in the case of reading acquisition.  It also provides an important 

first step in understanding orthographic representations that can now be applied 

to studying higher levels of the reading process in the typical and atypical 

population. 
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CHAPTER 1 

1 Introduction 

For the literate adult, reading written words generally comes with ease.  

However, not all people develop this ability, and have life long troubles reading 

(i.e., developmental dyslexia).  Some even lose the ability to read following brain 

injury (i.e., acquired dyslexia).  Why are some people able to develop the ability 

to read with ease while others are not, and how is this skill lost? Reading written 

words is an important cognitive skill that, given the cultural recency of reading 

and the variability of lexica across languages, arguably needs to depend on 

neural representations that are acquired through experience with written words 

(Binder et al., 2006; Dehaene et al., 2005; Vinckier et al., 2007). Successful 

visual recognition of individual words requires the visual system to solve the dual 

goals of achieving specificity (e.g., discriminating similar words) and invariance 

(e.g., to different fonts) common to any object recognition problem (such as 

discriminating between different individuals while being able to recognize a 

particular individual from different viewpoints).  This suggests that theories of 

object recognition might provide initial hypotheses to study the neural bases of 

single-word reading, in particular the nature of the representation of visual words 

and how this representation is shaped by experience (e.g. word frequency, 

similarity among words). Models of object recognition theorize that there are 

neurons in the visual processing stream that develop holistic tuning for highly 
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familiar complex objects, faces being one good example (Grill-Spector et al.; 

Jiang et al., 2006; Kanwisher, 2001; Yovel and Kanwisher), but this has also 

been demonstrated for other object classes (Kobatake et al., 1998; Logothetis et 

al., 1995). Indeed, this is of key interest for word processing: Are there neurons 

in the visual processing stream that are tuned to whole words? While some 

theories of reading as well as neuropsychological and experimental data 

(Coltheart, 2004) have argued for the existence of a neural representation for 

whole real words (i.e., an orthographic lexicon), experimental evidence for such a 

representation has been elusive: Numerous human neuroimaging studies have 

identified an area in the left occipitotemporal cortex that appears to play a key 

role in whole word reading (Baker et al., 2007; Dehaene et al., 2004; Dehaene et 

al., 2001; Gaillard, 2006; Kronbichler et al., 2004; Vinckier et al., 2007), termed 

the “visual word form area” (VWFA) (Cohen et al., 2002; Dehaene et al., 2004; 

Kronbichler et al., 2004; Vinckier et al., 2007).  However, these studies have 

failed to find a preference in the VWFA for real words (RW) over pseudowords 

(i.e., pronounceable legal letter strings; PW) (Binder et al., 2006; Devlin et al., 

2006; Kronbichler et al., 2004; Vinckier et al., 2007), leading to the hypothesis 

that the VWFA is tuned to sublexical orthographic structure (Binder et al., 2006; 

Dehaene et al., 2005; Vinckier et al., 2007).  Indeed, the existence of a whole 

word-representation is a key factor that distinguishes two major competing 

models of reading.  While Dual-route models purport that whole-word form 

representations are stored in an orthographic lexicon which are then mapped 

onto semantics (Coltheart et al., 2001), connectionist models such as the 
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Triangle Model (Harm and Seidenberg, 2004; Plaut et al., 1996) suggest that 

sublexical orthographic information is directly mapped onto semantics. Resolving 

whether the word form representation in the VWFA is lexical or sublexical, and 

whether it is purely orthographic or modulated by other linguistic factors such as 

semantics is of great importance for our understanding of how we read.  In 

addition, word form representation and orthographic plasticity can also serve as a 

well controlled domain to understand high-level plasticity in the brain, making this 

project relevant for advancing our understanding of both object recognition and 

learning.  

One reason for the lack of evidence for left hemisphere specialization in word 

form processing and indeed, the failure to find selectivity in the VWFA for real 

words over pseudowords might be that most prior fMRI studies investigating 

VWFA selectivity have examined the average BOLD-contrast response in the 

VWFA to the stimuli of interest (but see (Dehaene et al., 2004; Dehaene et al., 

2001; Devlin et al., 2006)). However, inferring neuronal selectivity based on 

average BOLD-contrast signal change is complicated by the fact that both the 

density of selective neurons as well as the broadness of their tuning contribute to 

the average activity level in a voxel, making it difficult to infer properties of the 

underlying neural representation from the total response to the stimuli of interest 

(Jiang et al., 2006): A given BOLD-contrast signal change in a voxel could arise 

from a small number of strongly activated units with high selectivity, or from a 

large number of broadly-tuned neurons with low activity.  By contrast, it has been 

suggested that fMRI rapid adaptation (fMRI-RA) techniques are capable of 
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probing neuronal tuning more directly and selectively.  In this technique, two 

stimuli are presented sequentially in each trial, and the BOLD-contrast response 

to the pair is taken to reflect similarity of the neuronal activation patterns 

corresponding to the two individual stimuli, with the lowest response for two 

stimuli activating identical neuronal populations, and maximum signal if the two 

stimuli activate disjoint groups of neurons (Jiang et al., 2006) (for a recent review, 

see (Grill-Spector et al., 2006)). Several studies have used fMRI-RA to examine 

single-word reading by varying properties of the word form (Dehaene et al., 2004; 

Dehaene et al., 2001), providing evidence that the VWFA contains an abstract 

representation of the visual word form that is invariant to case, font, size, and 

location.  In order to more finely probe the orthographic representation in the 

ventral visual stream, we used an fMRI-RA paradigm to examine neuronal tuning 

specificity and the nature of the representation along the hierarchy and in the 

VWFA in both the left and right hemispheres by systematically altering the visual 

word form and lexicality to examine the effect of similarity on the hemodynamic 

response.   

In addition to understanding the nature of the representation in the VWFA, it is 

likewise important to understand how the word form is processed along the 

ventral visual pathway. Models of general visual object recognition in cortex and 

studies with human and nonhuman primates show that visual stimuli are 

processed in a hierarchical manner along a posterior to anterior gradient in the 

ventral visual pathway (Hubel and Wiesel, 1962; Kobatake and Tanaka, 1994; 

Logothetis and Sheinberg, 1996; Ungerleider and Haxby, 1994).  This pathway 
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runs from primary visual cortex, V1, through V2 and V4, to the inferotemporal 

cortex, IT.  Similarly, for the case of words, recent neuroimaging studies 

(Dehaene et al., 2004; Vinckier et al., 2007) have provided evidence for a 

hierarchical organization for the visual word form in the ventral visual pathway, 

leading to the proposal that running posterior to anterior along this pathway, 

neurons are tuned to increasingly complex word features, viz. from oriented bars, 

to letters, bigrams, and finally quadragrams (Dehaene et al., 2005; Dehaene et 

al., 2004; Vinckier et al., 2007). Recently two studies (Dehaene et al., 2004; 

Vinckier et al., 2007) have provided evidence for the proposed hierarchical 

organization for the visual word form.  However, the authors of these studies 

admit that the actual architecture is speculative and requires more in-depth 

examination of the representation along the hierarchy. While this is a very 

intriguing first model of visual word recognition the results are not fully compatible 

with their model (see section 1.2.1).  Additionally, it is possible that their results 

were confounded by top-down factors.  Their findings that false fonts show higher 

activation than the infrequent letters and equivalent activation to frequent letters 

in all areas along the hierarchy support this idea. This provides a good example 

of how using the average BOLD signal does not allow for disentangling top-down 

factors from the actual neural tuning.  fMRI-RA, the technique we use is this 

project, on the other hand, has been shown to be able to probe the neural 

representation, and is less susceptible to top down factors.  Indeed, our results 

provide the first clear evidence for a lexical tuning in the VWFA and sublexical 

representation in areas preceding the VWFA.   
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When examining word form processing as an object recognition problem, one 

also needs to consider the question of laterality.  Like with other objects classes, 

accurate recognition requires mapping of the visual form information onto higher-

level aspects (e.g. in the case of word reading, other language components).  

This suggests that besides physical features, there are other components that 

may have a role in object representation in the ventral visual stream (Martin, 

2007). This organizing principle has recently been applied to face recognition, in 

that it has been proposed that the connections between an area processing 

emotional content (i.e. the amygdala) and its connections with the fusiform gyrus 

contribute to the FFAs location in the fusiform gyrus (Duncan and Barrett, 2007).   

In the case of word recognition, it has been suggested by Dehaene and 

colleagues (Dehaene et al., 2005)  that in order for the visual word form to have 

efficient access to other language components (predominantly located in the left 

hemisphere) the visual representation would also need to reside in the left 

hemisphere. Indeed, numerous neuroimaging studies have shown left greater 

than right hemisphere involvement and specificity for visual word recognition, 

which is compatible with evidence that suggests damage to the left but not the 

right VWFA results in a selective deficit in word reading.  While these studies 

have contributed to our knowledge about the involvement of right hemisphere in 

reading, we have yet to understand what the word form representation is in the 

right VWFA. 

The results form this project provide support for the idea that the VWFA in the left 

hemisphere contains neurons tuned to the whole word orthography of individual 
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written words, akin to an orthographic lexicon.  Furthermore, we find evidence for 

a hierarchical processing stream in the left hemisphere with neurons showing 

increasing specificity from sublexical to lexical from posterior to anterior in the 

ventral visual stream.  Additionally, we provide evidence for specificity for the 

whole word form in the left hemisphere VWFA but not the right. Our results 

therefore are compatible with using single word reading as a specific and well 

controlled example of object recognition in the cortex and they provide a strong 

foundation for future studies of reading, reading development, and reading 

disorders.  

In this Chapter, I will first review models of word reading and object recognition 

and discuss how we might apply models of object recognition to word form 

processing in the ventral visual stream. I will then discuss what we currently 

know about the neural representation of object and word form processing in the 

ventral visual hierarchy and evidence for hemispheric specialization for word 

form processing.    Finally, I will review the technique that we use to examine the 

question of neural representation of the visual word form in single word reading. 

 

1.1 Single-Word Reading as an Object Recognition Problem 

1.1.1 Models of reading 

The study of word recognition has its foundation in Psycholinguistics and 

Cognitive Psychology where researchers have developed a multitude of models 

to try to explain neuropsychological findings.  In the 1980’s and 1990’s 
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researchers started implementing computational models, replacing previous box 

and arrow models. These new models of reading attempted to explain how 

reading is accomplished using the linguistic components known to be important 

to reading: orthography, phonology, and semantics.  One major benefit of these 

models over the previous box and arrow models is that they are quantifiable; the 

details of a model (inputs and outputs, connectivity, algorithms, etc.) are explicitly 

stated, making the model testable and allowing for comparisons to other models.  

These computational models attempt to explain normal reading by accounting for 

the typical phenomena found in word reading (e.g., the word superiority effect, 

the frequency effect, etc.) as well as typical errors made by skilled readers and 

those with acquired reading disorders.  Today, the two most influential types of 

models are the Dual-Route Cascaded models (DRC) (Coltheart et al., 2001) and 

Connectionist models (Plaut et al., 1996; Seidenberg and McClelland, 1989) (e.g. 

the Triangle Model) (Harm and Seidenberg, 2004). The DRC models purport that 

there are two routes to word reading, the phonological (nonlexical) route and the 

semantic (lexical) route.   The nonlexical route allows for the written stimulus to 

be converted from its constituent graphemes to phonemes, called grapheme-to-

phoneme conversion or GPC. This nonlexical route allows for both learned words 

and words never seen before (nonwords or pseudowords) to be read, as long as 

they follow the grapheme to phoneme rules (i.e. a word like colonel or island 

would not be read correctly via this route).  The lexical route involves direct 

mapping of orthographic word forms to the semantic lexicon.  This route would 

purportedly store the information for all words including those that cannot be read 
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via the nonlexical route, i.e. irregular words.  Contrary to the nonlexical route, the 

lexical route would not be able to decode a nonword, as there would be no lexical 

entry for a word never seen before.  This model can account for the different 

types of errors made in acquired reading disorders.  Among the main drawbacks 

of the DRC model is that it cannot account for all phenomena found in normal 

skilled reading (e.g. the consistency effect) and its inability to learn. In fact, the 

model is hardwired, leaving no ability for the model to learn.  This then is the 

strength (and foundation) of the Connectionist models, the ability to learn and in 

particular learn grapheme to phoneme mapping. Connectionist models purport 

that successful word reading of any written stimulus is accomplished via a 

distributed pattern of connections between the three main components of 

reading; phonology, orthography and semantics.  Specifically, in the Triangle 

model (Harm and Seidenberg, 2004) knowledge of grapheme to phoneme 

mappings is completed via the connections between the orthographic and 

phonologic representations which allows nonwords to be read, while orthography 

is directly mapped onto semantics for real words. These models also have 

drawbacks; for one they are not able to account for some of the typical reading 

behaviors (e.g. the serial effect; RT is longer for longer NWs, but this is not the 

case for RWs), but the major drawback of these models is that they have very 

poor accuracy reading PWs.  While this factor has been improved (Plaut et al., 

1996), the model does not mirror human PW reading performance (Perry et al.). 

A major and nontrivial difference between the DRC and Triangle model is that 

each predicts a very different neural architecture for word recognition.  While the 
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DRC model would predict a localist architecture, that is a specific region of the 

brain would contain neurons that are tuned to a specific linguistic component 

(e.g. neurons in a defined area would be tuned to the orthography of a word 

creating an orthographic lexicon), the Triangle Model would predict a distributed 

representation where there are no lexicons; the representation of the word is 

distributed over several regions computing the linguistic components of a word. 

However, neither model describes how this might occur in the brain. These 

models have so far only been described at an abstract level, leaving open where 

and how these algorithms could be implemented in the neural hardware. 

Several models have been put forth to try to “take the best of both worlds” and 

combine the DRC and Connectionist models.  The most promising to date is the 

CDP+ model (Perry et al., 2007).   This model (originating from the CDP model, 

(Zorzi, 1998)), combines the DRC and connectionist architectures.  It uses a 

“phonological assembly network” (which is similar to the DRC nonlexical route), 

which allows for greater success reading PWs than a purely connectionist 

approach. However, because it uses the connectionist architecture, it is able to 

learn spelling to sound mappings, unlike the DRC.  Additionally, the CDP+ model 

can account for typical behavior during reading (consistency and serial effects).  

It appears that this is the most comprehensive model to date. 

Reading models have provided a good framework for examining reading on a 

behavioral level, however it is unclear how they map onto the brain and if they 

indeed describe what the brain is doing.  As discussed above, this is quite 

important when considering the main difference between the DRC and 



 11 

Connectionist models, while the DRC purports a localist representation, i.e. 

lexicons (e.g. an orthographic lexicon where in a specific location in the brain 

neurons are tuned to the whole word form), the Connectionist models purport no 

lexicons (e.g. neurons in different locations compute the representation of a 

word), these suggest two very different types of neural architectures, and 

resolving this question is therefore important on both an abstract, theoretical level 

and a concrete, anatomical level. 

 

1.1.2 Visual pathways 

The visual system involves two cortical streams, the ventral and dorsal pathways 

(Ungerleider and Haxby, 1994). The former is thought to mediate object 

recognition and since the major focus of this project is to approach reading as an 

object recognition problem, in the ensuing discussion, I will focus on this 

pathway.  First I will review the ventral visual pathway, its hierarchical structure 

and its role in object and word recognition.  I will then turn to discuss how what 

we know about object recognition can be applied to word reading and discuss 

current theories of word representation in the ventral pathway. I will then discuss 

the issue of laterality, exploring what we know about the role of the left and right 

hemisphere as it relates to visual word form processing.  Finally, I will discuss the 

technique we used, fMRI Rapid Adaptation (fMRI-RA), to examine these 

questions and probe the representation of visual words in the left and right 

ventral visual pathway. 
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1.1.3 Object recognition 

It has been proposed that single word reading can be viewed as a special case 

of generic object recognition (Dehaene et al., 2005; Plaut et al., 1996; 

Seidenberg and McClelland, 1989), relying on the same neural mechanisms as 

the recognition of other objects.  Models of visual object recognition in cortex and 

studies with human and nonhuman primates show that visual stimuli are 

processed in a hierarchical manner along a posterior to anterior gradient in the 

ventral visual pathway (Hubel and Wiesel, 1962; Kobatake and Tanaka, 1994; 

Logothetis and Sheinberg, 1996; Ungerleider and Haxby, 1994).  This pathway 

runs from primary visual cortex, V1, through V2 and V4, to the inferotemporal 

cortex, IT.  Riesenhuber and Poggio (Riesenhuber and Poggio, 2002) describe a 

computational hierarchical view-based model of object recognition in cortex, that 

effectively summarizes previous related proposals and provides a computational 

implementation for them (Figure 1). The model is a hierarchical extension of the 

classical paradigm of building complex cells from simple cells, consisting of just 

two different neural operation: (i) a pooling operation to increase response 

invariance (for instance in complex cells pooling simple cells inputs to increase 

translation invariance) and (ii) a “template-match” operation in which more 

complex features are created by combining simpler ones. The model can 

quantitatively explain the shape tuning and invariance properties of so-called 

view-tuned neurons in IT that are tuned to complex shapes (such as hands or 

faces) while showing tolerance to scale and translation changes (Kobatake and 

Tanaka, 1994; Logothetis and Sheinberg, 1996; Perrett, 1993; Tanaka, 1996). 
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These neurons in IT can then provide input to task-specific modules located, e.g., 

in prefrontal cortex. Importantly, neurons in IT have been shown to become 

tuned to specific trained stimuli (Kobatake et al., 1998; Logothetis et al., 1995; 

Rainer and Miller, 2000). In particular, experience with an object class appears to 

selectively sharpen neuronal tuning to objects from the trained class (Freedman 

et al., 2006; Rainer and Miller, 2000).  The tighter the tuning the less likely the 

neurons are to respond to different stimuli.  Simulations show that increased 

sharpness of tuning increases a neuron’s ability to discriminate similar shapes, 

as the same stimulus difference causes progressively greater changes in 

neuronal response (Jiang et al., 2006). 

A crucial question in visual neuroscience regards the nature of the stimulus 

representation in IT. Experiments in which monkeys were trained to identify a 

small number of target objects from a large number of distractors (Logothetis et 

al., 1995) have provided evidence for a “grandmother” representation, which 

purports that a separate neuron is used to detect and represent every object 

(Gross, 2002; Konorski, 1967; Quiroga et al., 2005).  Other experiments have 

provided support that for object classes in which the ability to generalize to novel 

stimuli is key, such as faces, the neural representation is “sparse” (Jiang et al., 

2006; Young and Yamane, 1992), meaning that a small subset of a larger 

population of neurons code for a particular stimulus. 
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Figure 1. Computational hierarchical view-based model of object recognition in cortex. 
The model is a hierarchical extension of the classical paradigm of building complex cells 
from simple cells, consisting of just two different neural operation: (i) a pooling operation 
to increase response invariance (for instance in complex cells pooling simple cells inputs 
to increase translation invariance) and (ii) a “template-match” operation in which more 
complex features are created by combining simpler ones (Riesenhuber and Poggio, 
2002). 
 

1.1.4 Object-class specific representations and the Visual Word Form.   

Brain imaging studies have shown that there are distinct regions in the ventral 

visual pathway that specialize in processing certain categories of stimuli.  In 

particular, numerous studies have reported brain areas with strong selectivity for 

images of faces and places: the fusiform face area (FFA) and the 

parahippocampal place area (PPA), respectively (Haxby et al., 2000; Kanwisher 

et al., 1997; Yovel and Kanwisher, 2004). Other fMRI studies have reported that 
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experience with a specific object class leads to the development of object class-

specific representations (Gauthier et al., 1999; Jiang et al., 2007; Rhodes et al., 

2004). Given that the literate adult has a large amount of experience with words, 

and that like objects and faces, written words have to be perceived visually, it is 

an intriguing question whether brain imaging methods can identify an area 

selective for visually presented words. Indeed, recently numerous studies have 

shown that an area in the occipitotemporal cortex is particularly responsive to 

written words (Cohen and Dehaene, 2004; Cohen et al., 2004; Cohen et al., 

2002; Cohen et al., 2003; Dehaene et al., 2004; Dehaene et al., 2002; Gaillard, 

2006; Kronbichler et al., 2004; McCandliss et al., 2003; Vinckier et al., 2007). 

This area can be localized to the left midfusiform gyrus, located near Talairach 

coordinates x= -42, y= -57, z= -6 (Dehaene et al., 2005; Dehaene et al., 2002).  

Cohen, Dehaene, and colleagues have termed this area the “Visual Word Form 

Area” (VWFA) (Cohen and Dehaene, 2004; Cohen et al., 2002; Dehaene et al., 

2002; Dehaene et al., 2001) (Figure 2).  This area appears to be involved in the 

later stages of visual perception in that a representation of a written word is 

created that is invariant for aspects like case, font, and size (Cohen and 

Dehaene, 2004; Cohen et al., 2004; Dehaene et al., 2005; Dehaene et al., 2004; 

Dehaene et al., 2002; McCandliss et al., 2003), similar to view- or object-tuned 

neurons in the model of Figure 1. Indeed, Dehaene, Cohen and colleagues 

(Dehaene et al., 2005) have suggested that like objects, neurons (such as the 

view- and object-tuned units in Figure 1) can become tuned to words.  
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Figure 2. Example localization of the VWFA using fMRI  
(taken from (Binder et al., 2006)). 
 

1.1.5 Is there an orthographic lexicon? What does the VWFA do? 

A better understanding of the nature of the stimulus representation and 

processing in the VWFA would contribute to resolving the controversy about this 

area’s role in reading. However, inconsistent findings abound in imaging studies 

that have attempted to probe word representation, in particular for PWs, in the 

VWFA:  While some studies investigating word and PW reading find equal 

activation for both types of stimuli (Brunswick et al., 1999; Dehaene et al., 2002; 

Mechelli et al., 2003), others find greater activation for PW compared to words in 

the VWFA (Fiez et al., 1999; Mechelli et al., 2003). It does seem puzzling that an 

area that is claimed to specialize in word form processing would respond more to 

words never seen before than to the actual stimuli purported to be represented in 

this area.  This has led researchers to propose that this area is computing the 

sublexical properties of written stimuli. 
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However, a concern with all of these studies is that PWs are unfamiliar 

combinations of letters, yet they obey the rules of orthography and thus look like 

real words.  This could potentially cause subjects to think harder or longer about 

whether they might be real words.  Therefore, the presentation of a PW could 

command greater attention than a real word (Binder et al., 2005). This is a major 

concern, as studies have shown that increased attention increases neuronal 

activation in visual areas (Kanwisher and Wojciulik, 2000). A strong response to 

PW could thus be the result of an additional confounding “top-down” attentional 

component to the bottom-up, stimulus-driven activation. As will be discussed 

below, the methods used to investigate neural responses to RW and PW have 

used the average BOLD response.  However, a given BOLD-contrast signal 

change could arise from a small number of strongly activated units, or a large 

number of unspecific neurons with low activity. By contrast, the technique we 

use, fMRI rapid adaptation (fMRI-RA), has been suggested to be capable of 

probing neuronal tuning in fMRI more directly (see Section 1.4) (for a recent 

review see (Grill-Spector et al., 2006)). 

 

1.2 Laterality and Organization in the Left and Right Ventral 

Visual Streams. 

1.2.1 Word representation along the left ventral visual hierarchy 

When examining word reading as an object recognition problem, it is important to 

not only ask if there is a whole word representation and where it might be, but it 
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is essential to ask how this representation is created.   Again we look to models 

of object recognition where the concept of a hierarchical “simple-to-complex” 

organization may be applied to word recognition. Inspired by models of object 

recognition (Riesenhuber and Poggio, 1999), Dehaene, Cohen and colleagues 

put forth a model of invariant word recognition (Dehaene et al., 2005), which 

suggests that word recognition is accomplished via a hierarchy of “local 

combination detectors” (LCDs) that increase in receptive field size, invariance, 

and complexity. Specifically, they suggest that from posterior to anterior, neurons 

in the ventral pathway are increasingly selective for frequently occurring letter 

combinations. In this model they purport that in the posterior areas (around Area 

18 or V2) neurons are tuned to letter fragments; in the inferior occipital gyrus 

near V4, neurons are tuned to letters which are case specific; in the inferior 

temporal gyrus, near LO, neurons are invariant for case and size and are tuned 

to letters; and finally in the fusiform gyrus, near the VWFA, neurons are tuned to 

bigrams and potentially quadragrams. While they suggest an anatomical scheme 

for how this might be accomplished, at the time of its publication it was 

speculative, leaving open the question of exactly where and how this is 

accomplished. This model has been supported by a recent neuroimaging study 

(Vinckier et al., 2007) which provides evidence for a hierarchical organization in 

the ventral visual pathway for the visual word form.  This has lead to the current 

proposal that running posterior to anterior along this pathway, neurons are tuned 

to increasingly complex word features, viz. from oriented bars, to letters, bigrams, 

and finally quadragrams (Dehaene et al., 2005; Dehaene et al., 2004; Vinckier et 
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al., 2007). While this is a very intriguing first model of visual word representation 

the results are not fully compatible with their model. It is not clear why, in areas 

purported to be doing bigram level processing, they found higher responses for 

words than letter strings comprised of frequent bigrams, these should result in 

equivalent activation. It could be that the responses they see reflect similarity to 

real words, not sublexical tuning.  Additionally, it is possible that their findings 

were confounded by top-down factors.  The subjects were presented with both 

frequent and infrequent letters and letter strings as well as false fonts.  Their 

results could reflect, at least in part, different attentional effects for the different 

stimulus conditions. This is supported by the fact that false fonts show higher 

activation than infrequent letters and equivalent activation to frequent letters in all 

areas along the hierarchy.  Additionally, false fonts induce equivalent activation 

to bigrams in an area that should be tuned to letters. Based on their rationale: the 

higher the signal the more selective the area, their results suggest that along the 

hierarchy there are areas that are tuned to stimuli never seen before, which goes 

against their theory of experience driven tuning in the visual word form system 

(Dehaene et al., 2005) and models of object recognition (Riesenhuber and 

Poggio, 1999).  Again, this provides a good example of how using the average 

BOLD signal does not allow for disentangling top-down factors from the actual 

neural tuning.  fMRI-RA, the technique we use is this project, on the other hand, 

has been shown to be able to probe the neural representation, and is less 

susceptible to top down factors. Using fMRI rapid adaptation while systematically 

altering the word form and lexicality we provide evidence for a posterior to 
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anterior processing hierarchy in the left hemisphere, from neurons processing 

words at a sublexical level in posterior regions to a whole-word form 

representation in the VWFA (see Chapter 4). 

 

1.2.2 Laterality, the role of the right ventral visual pathway in word 

recognition  

At early stages in the processing hierarchy representations are lateralized due to 

retinotopic mapping.  As invariance increases representations become 

increasingly position invariant and object specific.  There is evidence that at the 

object specific level certain object classes become lateralized in that one 

hemisphere seems to be more selective than the other. Evidence for this comes 

from the fusiform face area (FFA) literature (Jiang et al., 2006), where they find 

evidence for more selectivity in the right FFA than the left.  It is a common finding 

in neuroimaging studies examining word recognition that there is a greater 

degree of activation in the left hemisphere when compared to the right 

hemisphere (Baker et al., 2007; Binder et al., 2006; Cohen et al., 2002; 

Kronbichler et al., 2004; Vinckier et al., 2007).  This difference between 

hemispheres is taken to mean that the left hemisphere is more involved in and is 

potentially more specialized to process written words.  These findings are 

supported by behavioral studies showing a right visual field (RVF) advantage 

(over left visual field (LVF)) in reading (Ellis, 2004).  Recently, Cohen and 

colleagues examined the neural correlates of the RVF advantage in reading 

(Cohen et al., 2002).  They found contralateral occipital activations when words 
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were presented to the opposite hemifield (i.e. right occipital lobe was active for 

LVF presentation and left occipital lobe was active for RVF presentation).  They 

suggested that this reflects equivalent low-level processing in both hemispheres.  

Furthermore, they found that both hemispheres were active in higher-level visual 

processing areas in the temporal lobe in or near the VWFA. Although both 

hemispheres were engaged in word processing at this level, only the left showed 

a preference for words over checkerboards.  They suggest that this left 

extrastriate area (the VWFA) is the neural correlate of the RVF advantage in 

reading. They further contend that this is a critical site in subjects with Pure 

Alexia (Cohen et al., 2003; McCandliss et al., 2003) a disorder in which there is 

selective loss of word reading.  These findings are corroborated by several other 

studies examining the neural correlates of acquired dyslexia (Binder and Mohr, 

1992; Damasio and Damasio, 1983). These neuroimaging and 

neuropsychological results are reminiscent of the findings in face processing 

where people have found that the right fusiform face area (FFA) but not the left 

FFA holds a neural representation that is finely tuned to faces (Jiang et al., 2006) 

and damage to the right but not the left FFA results in a selective loss in face 

processing (prosopagnosia).  Left hemisphere dominance in word processing is 

further supported by the fact that the right VWFA is only active in a subset of 

subjects (Baker et al., 2007; Cohen et al., 2002). 

Although it is generally accepted that the left hemisphere is more involved in 

word recognition, little is known about the actual representation for written words 

in the left vs. the right hemisphere and why damage to the left but not the right 
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results in a selective loss in word reading.  Two recent studies have found left 

greater than right not only in overall activation level but preference for stimuli that 

are more word-like (Binder et al., 2006; Vinckier et al., 2007).  Furthermore, 

Vinckier and colleagues (Vinckier et al., 2007) suggest that the right homologue 

to the VWFA shows much less selectivity than the left VWFA (Vinckier et al., 

2007). That is, they find that the left hemisphere appears to be tuned to 

frequently occurring letter strings over infrequent letter strings, where the right 

hemisphere is not.  These findings are supported by Binder et al. (Binder et al., 

2006) who find the only area to increase responsiveness to increasing frequency 

of letters and letter combinations was the left VWFA.  While these studies are the 

first to provide evidence for a difference between the left and the right 

hemisphere, since both studies use the average BOLD signal, they are both 

limited in what they can say about the actual neural representation. Using fMRI-

RA we provide evidence that the left hemisphere contains neurons tightly tuned 

to whole real words.  We further show that the right VWFA (rVWFA) shows no 

selectivity to RWs, and in fact we find little evidence even for sublexical 

processing in the rVWFA (see Chapter 4, section 4.2.1).   

 

1.3 Background Summary 

In sum, while it is clear that the ventral visual pathway plays a critical role in 

reading, the nature of the orthographic representation is still poorly understood 

and the role of each hemisphere in word recognition is unknown. How can the 

internal representation for words be probed more accurately?  Recently a new 
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technique called fMRI-Rapid Adaptation has been used to more finely probe the 

neural representation. 

 

1.4 Probing Neural Selectivity using fMRI: fMRI-rapid adaptation 

(fMRI-RA) 

As mentioned several times above, fMRI studies of object processing and in 

particular single word reading have commonly focused on the average BOLD-

contrast response to stimuli (e.g., faces vs. objects).  However, as discussed 

earlier, with the limited spatial resolution of fMRI relating BOLD-contrast signal 

change, behavioral performance, and neural population activity is complicated by 

the fact that both the density of selective neurons as well as the broadness of 

their tuning contribute to the average activity level in a voxel:  A given BOLD-

contrast signal change could arise from a small number of strongly activated 

units, or a large number of unspecific neurons with low activity. By contrast, fMRI 

rapid adaptation (fMRI-RA) paradigms have been suggested to be capable of 

probing neuronal tuning in fMRI more directly (for a recent review see (Grill-

Spector et al., 2006)). The fMRI-RA approach is motivated by findings from IT 

monkey electrophysiology which found that when pairs of stimuli were presented 

sequentially, the neural response to the second stimulus was suppressed relative 

to presentation as the first stimulus (Lueschow et al., 1994; Miller et al., 1993). In 

particular, the degree of adaptation has been suggested to depend on the degree 

of similarity between the two stimuli, with repetitions of the same stimulus 

causing the greatest amount of suppression. The BOLD-contrast response to a 
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pair of stimuli presented in rapid succession is measured for pairs differing in 

certain aspects (e.g., viewpoint or shape), and the combined response level is 

taken to correlate with dissimilarity of stimulus representation at the neural level 

(Grill-Spector et al., 2006; Murray and Wojciulik, 2004). Recent findings from our 

lab (Jiang et al., 2007; Jiang et al., 2006) and others (Gilaie-Dotan and Malach, 

2006) show that this technique can be used to finely probe neuronal tuning at a 

level beyond what is possible by comparing the BOLD contrast level response to 

individually presented stimuli (Figure 3). In this project, we used an fMRI-RA 

paradigm to examine neuronal tuning specificity and the nature of the 

representation in the ventral visual pathway by systematically altering the visual 

word form and lexicality to examine the effect of similarity on the hemodynamic 

response.    
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Figure 3. Example of the difference 
between the average BOLD signal 
and fMRI-RA.  
In this figure the same voxel of 
neurons is sampled for each 
condition (a, b, and c). Each voxel 
contains neurons that respond to 
upward moving arrows and 
neurons that are tuned to 
downward moving arrows. In the 
average BOLD signal technique, 
stimuli are presented and the 
BOLD response is averaged over 
all stimuli in a given condition (a).  
In this example there is no signal 
difference detected between up 
and down arrows, because the 
signal produced by the neurons in 
the voxel tuned to down arrows is 
similar to the signal produce by up 
arrows.  In fMRI-RA (b and c), 
stimuli are presented in pairs and 
the activation level of a given 
condition is the combination of the 
2 stimuli in the pair.  As shown in 
this figure, as the two stimuli in the 
pair activate a joint population of 
neurons the signal decreases. 
While the BOLD signal is useful in 
determining which areas of the 
brain are involved in processing 
certain stimuli, fMRI-RA probes the 
representation in the areas involved 
in the process of interest. Taken 
from (Krekelberg et al., 2006)
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CHAPTER 2 

2 Materials and Methods 

In the following chapter I present the experimental methods and procedures used 

for all the experiments and analyses presented in this thesis. To test our 

hypotheses, we conducted four fMRI experiments. While I provide a summary in 

Chapters 3 and 4 where I present results, the specifics of the methods, stimuli, 

tasks, imaging protocols and analyses are by and large the same for all 

experiments, and therefore I outline them in this chapter for the sake of simplicity 

and clarity.  In this chapter I provide the details of each experiment within each 

subsection, highlighting in the text where the experiments differed and how.  I 

have also included a table that lists which areas of the methods differed for the 

different experiments (Table 1) 

 

2.1 Participants 

A total of fifty-two (32 female) right-handed normal adults who were native 

English speakers (aged 18-32) took part in the experiments. Participants from all 

studies were excluded from further analysis if they had excessive head motion, if 

a VWFA could not be defined (as described below), or if they were not able to 

stay awake for the experimental scanning sessions. The fMRI data from 8 

participants were excluded for these reasons.  Additionally, one participant was 

excluded when review of structural images demonstrated a 5-8 mm vascular 
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anomaly in his right subcortical frontal lobe. Following exclusion of subjects for 

the aforementioned reasons, a total of 12 subjects (8 female) took part in 

Experiment 1, 12 subjects (8 female) in Experiment 2, and 10 (6 female) subjects 

in Experiment 3, and 9 (5 female) subjects for Experiment 4. Experimental 

procedures were approved by Georgetown University’s Institutional Review 

Board, and written informed consent was obtained from all subjects prior to the 

experiment.  

 

2.2 Experimental Design and Stimuli 

In all experiments, words were presented in prime/target pairs, and we examined 

three conditions: 1) “same”, in which the same stimulus was presented twice (as 

prime and target) in each trial, 2) “1L”, in which the prime and target differed by 

one letter and, 3) “different”, in which the target shared no letters with the prime 

(Figure 4). 

2.2.1 Experiment 1 (RW Group): 

Subjects were presented with RW pairs. Target words were chosen from the 

CELEX Lexical Database (Baayen, 1995). Forty-seven high frequency (>50 per 

million) 3-6 letter target words were chosen. The “1L” condition was created by 

changing one letter of the target word to make another RW of comparable 

frequency. In the “different” condition, words of equal frequency were chosen so 

that no letters were repeated in any position (there was also one additional prime 
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(“PW”) beyond the scope of the main analysis, but discussed following the main 

results in section 3.6 for completeness). 

2.2.2 Experiment 2 (PW Group): 

Target words were created by altering one letter of the RW target words 

(described above in Experiment 1) while maintaining length, bigram and trigram 

(where applicable) frequency, and orthographic neighborhood (using the N-

Watch program (Davis, 2005)).  The “1L” condition was created by altering one 

letter of the PW target, again matched for bigram and trigram frequency.  Finally 

in the “different” condition, PWs were generated using the ARC Nonword 

Database (Rastle et al., 2002) with no letters repeated in any position. 

2.2.3 Experiment 3 (O Group): 

The same RW pairs as described in Experiment 1 above were used. For the PW 

pairs, a new set of target PWs were generated to avoid overlap with the RW 

pairs (using the ARC Nonword Database (Rastle et al., 2002)).  These PW 

targets were matched to the RW targets for length, bigram and trigram (where 

applicable) frequency, and neighborhood size.  The “1L” and “different” stimuli 

were created as described above for the PW group. 

2.2.4 Experiment 4 (SR Group): 

To examine if semantic effects were driving the response in the VWFA, we 

conducted a control experiment, Experiment 4 (SR group), which included an 

additional condition of semantically related prime/target pairs, such as “arm” and 



 29 

“leg”, “boat” and “ship”, “gate” and “door”, etc. (Copland et al., 2003; Ngo et al., 

2007; Sass et al., 2008) (Figure 4). Semantically related word pairs were 

selected based on the target word list from Experiment 1 by creating lists of all 

words in the database that fit the word selection criteria (in terms of word length, 

frequency, part of speech, and number of phonemes). Out of these candidates, 

we then identified semantically related word pairs, validated using a standard 

reference (Moss and Older, 1996). A few (5/26) of our semantically related word 

pairs – gold/iron, gun/knife, hall/house, hope/wish, team/group – were not in 

(Moss and Older, 1996), either because the reference did not include the target 

word or did not list suitable pairings that fit the word selection criteria. Results, 

however, were the same whether these five pairs were included or not (see 

Chapter 3, section 3.4). 

  

For all experiments, all grapheme changes resulted in only one phoneme change 

and prime/target sets were matched for length, part of speech (where 

applicable), bigram and word frequency, and orthographic neighborhood (using 

the N-Watch program (Davis, 2005)). 
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Figure 4. Experimental design for Experiments 
1-4. 
(A) shows the different stimulus conditions for 
the “real word” (RW) pairs (Experiments 1,3,4),  
(B) shows the conditions for the “pseudoword” 
(PW) pairs (Experiments, 2 and 3) and (C) 
shows the conditions for Experiment 4 (SR). 
Please note that there was a fifth condition 
(“oddball”) in which subjects needed to press a 
button for a target stimulus (see Tasks section 
2.3) which could appear at either the prime or 
target word position.  
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2.3 Tasks 

In all experiments, to engage subjects’ attention yet avoid potential task-related 

confounds of the BOLD-contrast response to the conditions of interest (Grady et 

al., 1996; Sunaert et al., 2000), subjects were asked to perform an “oddball” 

detection task (Jiang et al., 2006; Jiang et al., 2000) in the scanner.  We used 

two different oddball tasks.  For Experiment 1 and 2 we used a semantic oddball 

task and in Experiment 3 and 4 we used an orthographic oddball task. 

2.3.1 Semantic Oddball Task 

2.3.1.1 Experiment 1 (RW group): 

Subjects were asked to press a button whenever a word appeared that referred 

to either a fruit or vegetable.  These “oddball” stimuli were created by selecting 

common fruit and vegetable words that were 3-6 letters in length.  In the RW 

group, these “oddball” words were randomly inserted into the prime/target word 

pairs either in the prime word position or in the target word position.  

2.3.1.2 Experiment 2 (PW group): 

The same procedure was used as described above.  However, to equate for task 

difficulty, the “oddball” words were matched to RW “foils” of equal length.  The 

“oddball” and “foil” words were inserted into trials in the same manner as in the 

RW experiment.   
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2.3.2 Orthographic Oddball Task 

2.3.2.1 Experiment 3 (O group):  

Subjects were asked to press a button every time they saw the sequential letters 

“xyz” or “abc”. These “oddball” stimuli were created by randomly replacing 3 

sequential letters at the beginning, middle, or end of either the prime or the target 

stimuli in both the RW and PW pairs. We conducted behavioral testing to verify 

there was no difference in reaction time or accuracy between RWs and PWs (see 

Chapter 3, Behavioral Results, section 3.1.4). 

2.3.2.2 Experiment 4 (SR group): 

The same procedure was used as described above for Experiment 3. 

 

All stimuli for all experiments were rendered in Courier font (36 point size, 100 

ppi), average letter size ¼ x ¼ inch (25 x 25 pixels), for an approximate size of 

0.5 degrees of visual angle per letter in the scanner.  

 

2.4 fMRI 

2.4.1 Functional localizer scans  

For all experiments, separate localizer scans were conducted to identify the 

VWFA in each subject individually. Using a block design, EPI images from two 

functional localizer scans were collected as described below. 
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2.4.1.1 Experiment 1: 

Two scans were conducted, one at the beginning and one at the end of the 

scanning session. Participants passively viewed blocks of images of written 

words (high frequency nouns, >50 per million, different from those used in the 

event-related scans), scrambled words, faces, and objects.  Each block lasted 

20400ms (stimuli were displayed for 500ms and were separated by a 100ms 

blank interval), and stimulus blocks were separated by a 10200 ms fixation block.  

Each run consisted of 2 blocks of each group (words, scrambled words, faces, 

objects) and 8 fixation blocks. The face and object images used in the localizer 

scans were purchased from http://www.hemera.com and post-processed using 

programs written in MATLAB (The Mathworks, MA) to eliminate background 

variations and to adjust image size, luminance, and contrast. The final size of all 

images was scaled to 200 × 200 pixels. Word stimuli were chosen using the 

CELEX database (Baayen, 1995). Scrambled images of words were generated 

by scrambling the word images with a tile size of 4 pixels. 

2.4.1.2 Experiment 2: 

The procedure was the same as described above for Experiment 1. 

2.4.1.3 Experiment 3: 

Two scans were conducted, but due to the length of the scan, one was 

conducted at the beginning and one in the middle of the scanning session.  All 

other procedures were the same as in Experiment 1. 
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2.4.1.4 Experiment 4: 

The procedure was the same as described above for Experiment 1. 

 

2.4.2 Rapid event-related (ER) scans  

To probe the effects of varying orthographic similarity and lexicality on BOLD-

contrast response in the VWFA, we collected MRI images from ER scans for all 4 

experiments: 

2.4.2.1 Experiment 1: 

Four scan were collected. Each run lasted 448.8s and had two 10.2s fixation 

periods, one at the beginning and the other at the end. Between the two fixation 

periods, a total of 110 trials were presented to participants at a rate of one every 

4080ms. During each trial, the two stimuli (prime/target) were displayed 

sequentially (timing: fixation for 1000ms, prime for 33ms, blank for 337ms, target 

for 500ms, and blank for 2210ms). 

2.4.2.2 Experiment 2: 

The procedure was the same as described above for Experiment 1. 

2.4.2.3 Experiment 3: 

Six scans were collected.  Each run lasted 473.28s and had two 10.2s fixation 

periods one at the beginning and the other at the end. Between the two fixation 

periods, a total of 116 trials were presented to participants at a rate of one every 

4080ms. During each trial, the two stimuli (prime/target) were displayed 
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sequentially (timing: prime for 300ms, blank for 400ms, target for 300ms, and 

blank for 3080ms). 

2.4.2.4 Experiment 4: 

Four scans were collected. Each run lasted 518.16s and had two 10.2s fixation 

periods one at the beginning and the other at the end. Between the two fixation 

periods, a total of 127 trials were presented to participants at a rate of one every 

4080ms. During each trial, the two stimuli (prime/target) were displayed 

sequentially (timing: prime for 300ms, blank for 400ms, target for 300ms, and 

blank for 3080ms). 

 

For all experiments the number of repetitions of each word stimulus was 

counterbalanced across all conditions to control for long-lag priming effects 

(Henson et al., 2000). Trial order and timing was adjusted using M-sequences 

(Buracas and Boynton, 2002). Participants were asked to watch all stimuli and 

respond to instances of the “oddball” stimuli by pressing a button with the right 

hand. The stimuli of both localizer and ER scans were presented using E-Prime 

software (http://www.pstnet.com/products/e-prime/), back-projected on a 

translucent screen located at the rear of the scanner, and viewed by participants 

through a mirror mounted on the head coil. 
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2.4.3 MRI acquisition 

All MRI data were acquired at Georgetown University’s Center for Functional and 

Molecular Imaging using an echo-planar imaging (EPI) sequence on a 3 Tesla 

Siemens Trio scanner.   

2.4.3.1 Experiments 1 and 2: 

An 8-channel head coil was used (Flip angle = 90°, TR = 2040ms, TE = 30ms, 

FOV = 205 mm, 64x64 matrix).   

2.4.3.2 For Experiment 3 and 4: 

A 12-channel head coil was used (Flip angle = 90°, TR = 2040ms, TE = 29ms, 

FOV = 205 mm, 64x64 matrix).   

 

For all experiments, 35 interleaved axial slices (thickness = 4.0 mm, no gap; in-

plane resolution = 3.2x3.2 mm2) were acquired. At the end, three-dimensional 

T1-weighted MPRAGE images (resolution 1x1x1 mm3) were acquired from each 

subject.  

 

2.4.4 MRI data analysis 

Preprocessing and most statistical analyses were done using the SPM2 software 

package (http://www.fil.ion.ucl.ac.uk/spm/software/spm2/). After discarding the 

first five acquisitions of each run, the EPI images were temporally corrected to 

the middle slice (for event-related scans only), spatially realigned, resliced to 2 x 
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2 x 2 mm3 and normalized to a standard MNI reference brain in Talairach space. 

Images were then smoothed with an isotropic 6.4mm Gaussian kernel.  

 

2.4.4.1 Event Related Scans 

In the ER scans, after applying global scaling following verification that there 

were no correlations of the global signal with the experimental conditions (Aguirre 

et al., 1998) and removing low frequency temporal noise from the EPI runs with a 

high pass filter (1/128Hz), we modeled fMRI responses with a design matrix 

comprising the onset of trial types and movement parameters as regressors 

using a standard canonical hemodynamic response function (HRF), then 

extracted the mean percent signal change of all the ROIs for each subject with 

the MarsBar toolbox (Brett, 2002) and conducted statistical analyses, mixed-

design ANOVA (Experiments 1 and 2) and within-subject repeated measures 

ANOVA (Experiment 3 and 4)  with Greenhouse-Geisser correction, followed by 

planned t-tests, a=0.05, two-tailed) on the percent signal change. 

 

2.4.4.2 ROI selection; the left VWFA 

2.4.4.2.1 Statistical threshold ROI selection 

For all experiments, the VWFA regions were identified for each individual subject 

independently with the data from the localizer scans. We first modeled the 

hemodynamic activity for each condition (word, scrambled word, face, object, 

and fixation) in the localizer scans with the standard canonical hemodynamic 
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response function, then identified a word-selective ROI with the contrast of word 

versus fixation (at least p<0.00001, uncorrected) masked by the contrast of word 

versus scrambled word (at least p<0.05, uncorrected). This contrast typically 

resulted in only 1-2 foci in the left ventral occipitotemporal cortex (p<0.05, 

corrected). ROIs were selected by identifying in each subject the most anterior 

cluster that was significant at the corrected cluster-level of at least p<0.05 in the 

ventral occipitotemporal cortex (specifically, the occipitotemporal sulcus//fusiform 

gyrus region) with at least 10 but not more than 100 contiguous voxels in a 

location closest to the published location of the VWFA, approximate Talairach 

coordinates -43 -54 -12 ±5 (Cohen et al., 2002; Kronbichler et al., 2004) (see 

Figure 5 for the results from one representative subject).  

2.4.4.2.2 Fixed-size ROI selection 

Additionally, another set of VWFA ROIs using a fixed size for all subjects was 

extracted to assess the robustness of the results. ROI selection of the VWFA 

using statistical threshold, results in different-sized VWFA ROIs across subjects 

(in line with previous reports showing individual variability of the VWFA (Cohen et 

al., 2002)). To determine if variability in size of the individually defined ROIs 

impacted our results, we also analyzed our fMRI data using a fixed size ROI: We 

used the MarsBar toolbox (Brett, 2002), to take the peak coordinate from each 

individually defined, word-selective ROI from the independent localizer scans 

(see above) for each subject and built a sphere with a radius of 4 mm 

corresponding to approximately 34 voxels (of 2 x 2 x 2 mm3 each). We then 
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followed the same procedures as for the individually defined ROIs described 

above. 

 

2.4.4.3 ROI selection; the hierarchy in the left hemisphere 

In all subjects, we identified word-selective ROIs along the ventral visual pathway 

using the same contrast we used for selecting the VWFA.  This contrast typically 

yielded 3-4 ROIs posterior to the VWFA (p<0.05, corrected at the cluster level).  

ROIs were selected and grouped into 3 categories: 1) Area 18; 2) inferior 

occipital gyrus (IOG); 3) inferior temporal gyrus (ITG).  These ROIs were grouped 

based on the location of the x, y, and z coordinate.  The ROI for Area 18 fell in 

the range of x= -25 y= -94 z = -2, for IOG x= -40 y= -84 z = -10, and ITG x= -40 

y= -76 z = -12 (MNI). After selecting these ROIs and the already identified VWFA 

(see above), a sphere of a fixed size was built (radius = 5mm) centered at the 

peak of each of the aforementioned ROIs for each subject. We then plotted 30 

ROIs of equal size (radius = 5mm) along the ventral visual stream with the 4 

ROIs identified above (Area 18, IOG, ITG, and VWFA) as anchor points at the 

1st, 10th, 20th, and 30th positions. For each subject, we then analyzed the activity 

in their 30 individually defined ROIs during the separate event-related scans that 

used the rapid adaptation paradigm. 

 

2.4.4.4 ROI selection; the right VWFA  

The VWFA in the right hemisphere was localized using the same methods as 

above for the left hemisphere.  Additionally, the location of the rVWFA was 
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selected by choosing a peak coordinate from this contrast that was not only in a 

location closest to the published location of the left VWFA, approximate Talairach 

coordinates -43 -54 -12 ±5 (Cohen et al., 2002; Kronbichler et al., 2004) but also 

within the same location as the individual subject’s VWFA in the left hemisphere. 

Because using the same threshold criteria yielded only a few rVWFA ROIs, we 

lowered the threshold criteria and selected ROIs that were significant at the voxel 

level (p<0.05, FDR).  Using these criteria, we were able to identify a rVWFA in 6 

subjects. We then used only the subjects who had both a left and right VWFA in 

the analysis. It is important to note that lowering the threshold does not impact 

the most highly significant voxels and therefore it had no effect on the already 

identified left VWFA. Additionally, in order to compare the left hemisphere to the 

right we used ROIs of equal size by building a sphere (radius = 5mm) centered at 

the peak of the individually defined ROI.    
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Table 1.  Experimental design differences between Experiments 1-4.  
The items listed indicate where the experiments differed in methods; all other methods 
are identical for all experiments. 

 Experiment 1 Experiment 2 Experiment 3 Experiment 4 

Number of 
Subjects 

12 12 10 9 

Stimuli Type RW pairs PW pairs RW and PW pairs RW pairs 

Conditions Same, 1l and diff Same, 1l and diff Same, 1l and diff  Same, 1l and diff 
and SemR 

Localizer 2 scans beginning 
and end 

2 scans beginning 
and end 

2 scans beginning 
and middle 

2 scans beginning 
and end 

ER Design 
 

4 runs 

110 trials 

4 runs 

110 trials 

6 runs 

116 trials 

4 runs 

127 trials 

Task in 
Scanner 

Semantic 

“Hit the button 
when you see a 
fruit or vegetable 

word” 

Semantic 

“Hit the button 
when you see a 
fruit or vegetable 

word” 

Orthographic 

“Hit the button 
when you see 

“xyz” or “abc” in a 
word” 

Orthographic 

“Hit the button 
when you see 

“xyz” or “abc” in a 
word” 

Head Coil 
Used 

8-channel 8-channel 12-channel 12-channel 

Analysis Type Mixed-design 
ANOVA, repeated 
measures ttests 

Mixed-design 
ANOVA, repeated 
measures ttests 

Repeated 
measures within-
subject ANOVA, 

repeated 
measures ttests 

Repeated 
measures within-
subject ANOVA, 

repeated 
measures ttests 

Additional 
Analysis 

Whole brain Whole brain · Whole brain 

· Hierarchy in left 
hemisphere 

· Specificity in the 
rVWFA vs. 
lVWFA 

Whole brain 
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Figure 5. Activation from a representative subject during the localizer scans showing the 
localization of the VWFA.   
The VWFA was defined by words versus fixation (p<10-5, uncorrected) masked by words 
versus scrambled (p<0.05, uncorrected).  Only clusters that were significant at the 
corrected cluster-level of p<0.05 were selected.  This representative subject had a 
cluster size of 42 voxels (cluster-level, p<10-4). This figure also shows some right 
hemisphere activation, common in some but not all subjects (Baker et al., 2007; Cohen 
et al., 2002)  
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CHAPTER 3 

3 Neural Specificity in the Visual 

Word Form Area: The case for an 

orthographic lexicon 

As discussed in Chapter 1, recent neuroimaging studies (Dehaene et al., 2004; 

Vinckier et al., 2007) have provided evidence for a hierarchical organization in 

the ventral visual pathway (Ungerleider and Haxby, 1994) for the visual word 

form, leading to the proposal that running posterior to anterior along this 

pathway, neurons are tuned to increasingly complex word features, viz. from 

oriented bars, to letters, bigrams, and finally quadragrams (Dehaene et al., 2005; 

Dehaene et al., 2004; Vinckier et al., 2007). However, while some theories of 

reading as well as neuropsychological and experimental data (Coltheart, 2004) 

have argued for the existence of a neural representation for whole real words 

(i.e., an orthographic lexicon), experimental evidence for such a representation 

has been elusive: Numerous human neuroimaging studies have identified an 

area in the left occipitotemporal cortex that appears to play a key role in whole 

word reading (Baker et al., 2007; Dehaene et al., 2004; Dehaene et al., 2001; 
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Gaillard, 2006; Kronbichler et al., 2004; Vinckier et al., 2007), termed the “visual 

word form area” (VWFA) (Cohen et al., 2002; Dehaene et al., 2004; Kronbichler 

et al., 2004; Vinckier et al., 2007).  However, these studies have failed to find a 

preference in the VWFA for real words (RW) over pseudowords (i.e., 

pronounceable legal letter strings; PW) (Binder et al., 2006; Devlin et al., 2006; 

Kronbichler et al., 2004; Vinckier et al., 2007), leading to the hypothesis that the 

VWFA is tuned to sublexical orthographic structure (Binder et al., 2006; Dehaene 

et al., 2005; Vinckier et al., 2007). 

One reason for this failure to find selectivity for real words over pseudowords 

might be that most prior fMRI studies investigating VWFA selectivity have 

examined the average BOLD-contrast response in the VWFA to the stimuli of 

interest (but see (Dehaene et al., 2004; Dehaene et al., 2001; Devlin et al., 

2006)). However, inferring neuronal selectivity based on average BOLD-contrast 

signal change is complicated by the fact that both the density of selective 

neurons as well as the broadness of their tuning contribute to the average activity 

level in a voxel, making it difficult to infer properties of the underlying neural 

representation from the total response to the stimuli of interest (Jiang et al., 

2006): A given BOLD-contrast signal change in a voxel could arise from a small 

number of strongly activated units with high selectivity, or from a large number of 

broadly-tuned neurons with low activity.  By contrast, it has been suggested that 

fMRI rapid adaptation (fMRI-RA) techniques are capable of probing neuronal 

tuning more directly and selectively (for a recent review, see (Grill-Spector et al., 

2006)). In this technique, two stimuli are presented sequentially in each trial, and 
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the BOLD-contrast response to the pair is taken to reflect similarity of the 

neuronal activation patterns corresponding to the two individual stimuli, with the 

lowest response for two stimuli activating identical neuronal populations, and 

maximum signal if the two stimuli activate disjoint groups of neurons (Jiang et al., 

2006).  Several studies have used fMRI-RA to examine single-word reading by 

varying properties of the word form (Dehaene et al., 2004; Dehaene et al., 2001), 

providing evidence that the VWFA contains an abstract representation of the 

visual word form that is invariant to case, font, size, and location. Here, we used 

an fMRI-RA paradigm to examine neuronal tuning specificity and the nature of 

the representation in the VWFA by systematically altering the visual word form 

and lexicality to examine the effect of similarity on the hemodynamic response. 

We hypothesized, in contrast to the current theory of a sublexical representation 

in the VWFA, that the VWFA contains neurons tightly tuned to whole real words, 

akin to neurons highly selective for individual training objects found in monkey 

inferotemporal cortex after training the animals to discriminate between similar 

novel objects (Logothetis et al., 1995). This selective tuning for specific real 

words would be the result of visual experience with real words and the behavioral 

requirement to discriminate highly visually similar real words (such as “farm” and 

“form”), producing RW-tuned neurons that show high selectivity to a specific RW, 

but show little response to other real words, even if they are orthographically 

similar. In contrast, lack of experience with pseudowords and the lack of a need 

to discriminate real words from pseudowords (such as “farm” from “tarm”) during 

normal reading would lead to a lower degree of experience-driven response 



 46 

differentiation of specific RW-tuned neurons to orthographically similar 

pseudowords, analogous to previous training studies in the monkey using an 

orientation discrimination task, which found increased neuronal selectivity in 

primary visual cortex only around the trained orientation but not for untrained 

orientations (Schoups et al., 2001). These RW-tuned neurons then not only 

respond strongly to their preferred RW, but also respond to a lesser degree to 

similar pseudowords, thus accounting for VWFA responsiveness also to 

pseudowords (Fiez et al., 1999; Mechelli et al., 2003; Paulesu et al., 2000). For 

example, neurons tuned to the word “farm” would respond strongly to the word 

“farm” but very little to the real words “form”, “firm”, “harm”, etc. In contrast, the 

pseudoword “tarm” would cause low-level activation of neurons tuned to 

orthographically similar real words (“farm”, “harm”, “term”, “tarp”, etc.), leading to 

a total signal for PWs that might be equal to or greater than that evoked by RWs.  

3.1 Methods and rationale synopsis (Experiments 1-4) 

To test our hypotheses, we conducted four sets of fMRI experiments. Here, I will 

just briefly review the experimental design, but for specifics of the design and 

methods, please see Chapter 2.  Experiments 1 and 2 involved 24 subjects total 

(12 in each experiment) who performed a semantic oddball detection task in the 

scanner on visually presented words (requiring subjects to press a button 

whenever they saw a fruit or vegetable word). Experiment 3 and 4 involved 10 

and 9 subjects, respectively. Subjects performed an orthographic oddball 

detection task on visually presented words (requiring subjects to press a button 

whenever they saw a particular sequence of letters embedded in a word; see 
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Chapter 2). In all four experiments, words were presented in prime/target pairs, 

and we examined three conditions: 1) “same”, in which the same stimulus was 

presented twice (as prime and target) in each trial, 2) “1L”, in which the prime 

and target differed by one letter and, 3) “different”, in which the target shared no 

letters with the prime (Figure 4).   For these three conditions, one group of 12 

subjects was presented with RW pairs (RW group) in Experiment 1, and the 

other group of 12 subjects was presented with PW pairs (PW group) in 

Experiment 2. The data from Experiment 1 and 2 were analyzed together using a 

mixed-design ANOVA.  In the third experiment (Orthographic group, or O group), 

subjects were presented with both RW pairs and PW pairs, and a within-subject 

ANOVA was conducted.  To examine if semantic effects were driving the 

response in the VWFA, we conducted a control experiment, Experiment 4 (SR 

Group), which included an additional condition of semantically related 

prime/target pairs (see Chapter 2 for the specifics of the stimuli and design).  

For all experiments we predicted the lowest signal for the “same” condition, as 

the two stimuli were identical and would therefore repeatedly activate the same 

neural populations, causing maximum adaptation (Grill-Spector et al., 2006).  

Likewise, we predicted the least amount of adaptation for the “different” condition 

because two stimuli that share no letters should not activate overlapping 

populations of neurons, regardless of whether neurons in the VWFA are tuned to 

whole words or to prelexical letter combinations. The crucial prediction that 

differentiates a whole-word representation from a part-word or sublexical 

representation is the response of the “1L” condition when comparing the PW 



 48 

pairs and the RW pairs (in all three groups):  If neurons in the VWFA are tuned to 

sublexical features, one would predict a gradual response increase with 

increasing dissimilarity for both the RW pairs (in the RW and O groups) and the 

PW pairs (in the PW and O groups), as the “same” condition has maximal 

sublexical unit overlap, the “1L” condition has partial sublexical unit overlap and 

“different” has no sublexical overlap. In contrast, if neurons in the VWFA are 

tightly tuned to whole real words, then two similar but non-identical real words 

should have minimal neural overlap and therefore no adaptation should occur. 

This would lead to a total activation in the RW pairs for the “1L” condition similar 

to that caused by the two completely different words in the “different” condition (in 

the RW, O and SR groups). In addition, assuming that VWFA responsiveness to 

pseudowords is caused by low-level activation of RW-tuned neurons to 

orthographically similar PWs, we should see a gradual BOLD response increase 

with increasing dissimilarity (from “same” to “1L” to “different”) in the PW pairs (in 

the PW and O groups), due to the lower degree of selectivity of the RW-tuned 

neurons for pseudowords.  Finally, we hypothesized that in the control 

experiment, if the release in adaptation for RWs was driven by differences in 

meaning between the two words in a pair, we should find a difference in 

activation for semantically related (“semanticR” condition) and unrelated pairs 

(“1L” and “different” conditions). 
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3.2 Experiments 1 and 2 

3.2.1 Methods synopsis 

To examine the neural specificity in the VWFA we tested two groups of subjects: 

the RW Group (n=12) and the PW Group (n=12) (please see Chapter 2 for 

detailed methods).  Words were presented in prime/target pairs, and we 

examined three conditions: 1) “same”, in which the same stimulus was presented 

twice (as prime and target) in each trial, 2) “1L”, in which the prime and target 

differed by one letter and, 3) “different”, in which the target shared no letters with 

the prime (Figure 4).  Subjects were asked to press the button when they saw a 

fruit or vegetable word in the prime or target position (see Chapter 2 for the 

specifics of the stimuli and design). The data from Experiment 1 and 2 were 

analyzed together using a mixed-design ANOVA. 

The VWFA regions were identified for each individual subject independently 

through localizer scans (see Chapter 2, section 2.4.4.1), using a contrast of word 

versus fixation masked by the contrast of word versus scrambled word, selecting 

ROIs closest to the published location of the VWFA, approximate Talairach 

coordinates -43 -54 -12 ±5 (Cohen et al., 2002; Kronbichler et al., 2004) and 

within the individual subject’s occipitotemporal sulcus/fusiform gyrus region (See 

Figure 5 for the left VWFA from a representative subject. The average locations 

of the thus-defined VWFA ROI for the RW and PW groups were Talairach 

coordinates (-37±4  -54±8 -11±6) and (-39±4 -57±9 -11±6, respectively. For each 

subject, we then analyzed the activity in their individually defined ROI during the 
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separate event-related scans that used the rapid adaptation paradigm. 

Additionally, another set of VWFA ROIs using a fixed size for all subjects was 

extracted to assess the robustness of the results. There, VWFA ROIs were 

defined by a sphere of fixed size (radius = 4mm) centered at the peak of each 

individual’s aforementioned VWFA region. We then analyzed the activity in their 

fixed ROI during the separate event-related scans that used the rapid adaptation 

paradigm. 

3.2.2 Results and Discussion 

For Experiments 1 and 2  (RW and PW groups) (Figure 6a and b, respectively), 

an ANOVA, with within-subject factor condition (“same”, “1L”, “different”) and 

between-subject factor group (RW vs. PW), revealed a significant effect of the 

three experimental conditions (F(2,44)=40.113, p<0.001), and a significant 

interaction between the three experimental conditions and the two groups 

(F(2,44)=4.833, p=0.019), but no significant difference between the two groups 

(F(1,22)=2.004, p=0.171). Post-hoc analyses indicated that the significant 

interaction was due to the difference in the 1L condition between the two groups, 

as there was a significant interaction with the RW vs. PW experiments from the 

comparison of “same” vs. “1L” (F(1,22)=5.577, p=0.027), and of “different” vs. 

“1L” (F(1,22)=14.249,p=0.001), but not of “same” vs. “different” (F(1,22)=0.011, 

p=0.919). We then conducted repeated-measures ANOVAs on the data from the 

two groups separately. Significant differences were found for both groups (for 

RW, F(2,22)=48.591, p<0.001; for PW, F(2,22)=12.014, p=0.001). Additionally, 

we conducted paired t-tests. For the RW group, we found significant adaptation 
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in the VWFA ROIs for “same” when compared with “different” and “1L” 

(p<0.0001).  However, response levels did not differ significantly between the 

“1L” and  “different” conditions (p=0.09).  For the PW group, there was also 

significant adaptation for “same” when compared to both “different” and “1L” 

(p=0.001 and p=0.03, respectively).  However, crucially, in this group, “1L” and 

“different” also differed significantly (p=0.008).  

To determine if variability in size of the individually defined ROIs impacted our 

results, we also analyzed our fMRI data using a fixed size ROI for all subjects 

(Figure 7). An ANOVA, with within-subject factor condition ("same", "1L", 

"different") and between-subject factor group (RW vs. PW), revealed a significant 

effect of the three experimental conditions (F(2,44)=38.549, p<0.0001), and a 

significant interaction between the three experimental conditions and the two 

groups (F(2,44)=3.495, p=0.045), but no significant difference between the two 

groups (F(1,22)=1.153, p=0.294). Post-hoc analyses indicated that the significant 

interaction was due to the difference in the 1L condition between the two groups, 

as there was a trend to significant interaction with the RW vs. PW experiments 

from the comparison of "same" vs. "1L" (F(1,22)=4.091, p=0.055), and of 

"different" vs. "1L" (F(1,22)=8.567,p=0.008), but not of "same" vs. "different" 

(F(1,22)=0.038, p=0.847). We then conducted repeated-measures ANOVAs on 

the data from the two groups separately. Significant differences were found for 

both groups (for RW, F(2,22)=52.461, p<0.001; for PW, F(2,22)=11.240, 

p=0.001).  Additionally, we conducted paired t-tests. For the RW group, we found 

significant adaptation in the VWFA ROIs for “same” when compared with 
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“different” and “1L” (p<0.0001).  However, response levels did not differ 

significantly between the “1L” and  “different” conditions (p=0.155).  For the PW 

group, there was also significant adaptation for “same” when compared to both 

“different” and “1L” (p=0.002 and p=0.024, respectively).  However, crucially, in 

this group, “1L” and “different” also differed significantly (p=0.029). These results 

are thus in line with the findings from the individually defined ROIs. 

The results of Experiments 1 and 2 are in concert with the hypothesis that 

neurons in the VWFA are highly selective for whole real words: In the RW group, 

the finding that “1L” and “different” were not reliably different even though the two 

words in “1L” shared sublexical units suggest very tight tuning in the VWFA to 

whole real words.  In contrast, the gradual BOLD response increase with 

increasing dissimilarity (from “same” to “1L” to “different”) for the PW group 

suggests broader tuning to pseudowords, compatible with an experience-driven 

refinement of tuning of neurons in the VWFA as a result of extensive visual 

experience with real words (and the requirement to discriminate these words) but 

not with pseudowords.   
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Figure 6. Mean percent signal change for Experiment 1 and 2. 
Mean percent signal change in the left VWFA in the event-related fMRI-RA scans in RW 
(B) and PW (C) groups (Experiments 1 and 2, respectively). Error bars represent within-
subject SEM.  Significance levels: **** = < 0.0001; *** = < 0.001, ** = < 0.01; * = <0.05, 
n.s. = not significant.   
 

 

 

 

 

 

 

 

 

 

 

 

A B 



 54 

 

 

 

 

Figure 7. Fixed-size ROI analysis for Experiments 1 and 2. 
The plots show the mean percent signal change in relation to orthographic similarity for 
the fixed-size ROI analysis of the different experiments, for the “same”, “1L” and 
“different” conditions described in the main paper.  Results from the RW (a) and PW (b).  
Error bars represent within-subject SEM. 
 

3.3 Experiment 3 

3.3.1 Methods synopsis 

We then conducted an additional experiment, Experiment 3, to address two 
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possible concerns from the first two experiments: First, results in Experiments 1 

and 2 may have been influenced by the use of a semantic task which could 

possibly result in differential processing for the RW versus the PW pairs.  

Second, it would be desirable to show the key effect of differential selectivity 

within subjects rather than through a between-subject design (even though the 

main effect and interactions were significant when comparing the results of 

Experiments 1 and 2). Experiment 3 addressed both of these issues. First, by 

using an orthographic task, we eliminated any differential effect a semantic task 

might have on processing RW vs. PW. Second, we included both RW and PW 

pairs in the same scanning session, allowing a complete within-subject analysis. 

Following the same procedures detailed above and in Chapter 2 we identified 

both the individual and a fixed-size left VWFA ROI for each individual subject 

(n=10) and then extracted the fMRI signal change from the ROI in the event-

related trials (see Chapter 2 for the specifics of the stimuli and design). 

3.3.2 Results and Discussion 

For the O group (Figure 8), a 2x3 repeated-measures ANOVA with within-

subjects factor lexical group (RW vs. PW), and experimental condition ("same", 

"1L", and "different") revealed a significant effect of the three adaptation 

conditions (F(2,18)=24.393, p<0.001), and a significant difference between the 

two lexical groups (F(1,9)=6.186, p=0.035), but no significant interaction between 

the two factors (F(2,18)=1.993, p=0.183). Post-hoc analyses indicated that there 

was a significant interaction between the lexical group (RW vs. PW) and 

experimental condition ("1L" vs. "Diff"), F(1,9)=6.148, p=0.035, in line with the 
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data from Experiment 1 and 2. We then conducted repeated-measures ANOVAs 

on the data from the RW pairs and the PW pairs separately. Significant 

differences were found for both lexical groups (for PW, F(2,18)=14.488, p=0.002; 

for RW, F(2,18)=18.193, p<0.001). Additionally, we conducted paired t-tests. For 

the RW pairs we found significant adaptation in the VWFA ROIs for “same” when 

compared with “different” and “1L” (p=0.001 and p<0.001, respectively).  

However, response levels did not differ significantly between the “1L” and  

“different” conditions (p=0.622).  For the PW pairs, there was also significant 

adaptation for “same” when compared to both “different” and “1L” (p=0.003 and 

p=0.002, respectively).  However, “1L” and “different” also differed significantly 

(p=0.016). As in Experiments 1 and 2, we obtained similar results when we used 

a fixed size ROI for all subjects.   

To determine if variability in size of the individually defined ROIs impacted our 

results, we also analyzed our fMRI data using a fixed size ROI for all subjects 

(Figure 9). A 2x3 repeated-measures ANOVA with within-subjects factors of 

lexical group (RW vs. PW), and experimental condition ("same", "1L", and 

"different") revealed a significant effect of the three experimental conditions 

(F(2,18)=17.260, p=0.001), and a significant difference between the two groups 

(F(1,9)=8.811, p=0.016), but no significant interaction between the two factors 

(F(2,18)=1.864, p=0.199). Post-hoc analyses indicated that there was a 

significant interaction between lexical group (RW vs. PW) and experimental 

condition ("1L" vs. "Diff"), F(1,9)=8.929, p=0.015, in line with the data from 

Experiment 1 and 2. We then conducted repeated-measures ANOVAs on the 
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data from the RW and PW pairs separately. Significant differences were found 

for both lexical groups (for PW, F(2,18)=14.996, p=0.002; for RW, 

F(2,18)=10.436, p=0.002). Additionally, we conducted paired t-tests. For the RW 

pairs, we found significant adaptation in the VWFA ROIs for “same” when 

compared with “different” and “1L” (p=0.007 and 0.001, respectively).  However, 

response levels did not differ significantly between the “1L” and  “different” 

conditions (p=0.734).  For the PW pairs, there was also significant adaptation for 

“same” when compared to both “different” and “1L” (p=0.003 and p=0.001, 

respectively).  However, crucially, in this group, “1L” and “different” also differed 

significantly (p=0.017).  As with Experiments 1 and 2 these results confirm our 

findings from the individually defined ROIs, showing that the observed effects are 

robust, even for spherical ROIs that might potentially be less selective due to the 

possible inclusion of voxels not involved in word representation. 

The results from Experiment 3 thus confirm our findings from Experiments 1 and 

2, and show that the difference in selectivity in the VWFA for real words vs. 

pseudowords can be found independent of task. 

 

Figure 8. Mean percent signal 
change for Experiment 3. 
Plots of mean percent signal 
change in relation to 
orthographic similarity in the 
fMRI-RA scans of Experiment 
3 (O group).  Results from RW 
pairs (real words) and PW 
pairs (pseudowords). Error 
bars represent within-subject 
SEM. Significance levels: *** = 
< 0.001, ** = < 0.01; * = <0.05, 
n.s. = not significant.   
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Figure 9. Fixed-size ROI 
analysis results Experiment 3. 
The plots show the mean 
percent signal change in 
relation to orthographic 
similarity for the fixed-size ROI 
analysis of the different 
experiments, for the “same”, 
“1L” and “different”.  Error bars 
represent within-subject SEM. 

 

 

 

3.4 Experiment 4 

3.4.1 Methods synopsis 

To address the potential concern that the release from adaptation for RWs might 

have been driven by differences in word meaning between the prime and target 

despite the use of an orthographic task in Experiment 3, we conducted an 

additional control experiment that included a semantically-related condition (SR), 

in which the prime/target words in each trial were semantically related (e.g., 

“boat” and “ship”, see Figure 4). We hypothesized that if the release in adaptation 

for RWs were driven by differences in meaning between the two words in a pair, 

we should find a difference in activation for semantically related (“semanticR” 

condition) and unrelated pairs (“1L” and “different” conditions). Following the 

same procedures detailed above and in Chapter 2, we identified the left VWFA 

ROI for each individual subject (n=9) and then extracted the fMRI signal change 
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from the ROI in the event-related trials.  

3.4.2 Results and Discussion 

An ANOVA indicated a significant difference among the five conditions (F(4,32) = 

6.353, p<0.005), and post-hoc t-tests revealed significant differences between 

“same” and all other conditions (at least p<0.05), but no significant differences 

between any other comparisons (at least p>0.1). Additionally, we conducted a 

whole-brain group analysis. The only area showing consistent adaptation effects 

across all experiments was the left VWFA (Table 2), suggesting that the 

observed high selectivity in the VWFA was indeed a property of the stimulus 

representation and not a reflection of real-word or semantic selectivity in another 

part of the brain modulating activation in the VWFA. Furthermore, a robust 

semantic priming effect was revealed by the contrast of “different” > “semanticR” 

in other brain areas previously implicated in semantic processing (see Table 3) 

(Martin, 2007). A similar effect was found if we limited the semantically related 

word pairs to those found in (Moss and Older, 1996) (Figure 10). These findings 

thus further support that the results of Experiments 1 and 3 were not due to 

semantic effects.  

Furthermore, we extracted the fMRI data from the left VWFA ROI defined by 

“different” > “same” for both RW (Exp. 1, 3, and the new experiment) and PW 

(Exp. 2 and 3) groups (see above), and the data from those group-defined ROIs 

also showed the same activation pattern as in above: For RW, paired t-tests 

revealed a significant difference between “1L” and “same” (p<0.000001), and 
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between “different” and “same” (p<0.0000001), but not between “1L” and 

“different” (p>0.05). In contrast, for the PW group, paired t-test revealed a 

significant difference between “1L” and “same” (p<0.001), and between “different” 

and “same” (p<0.0000001), and also between “1L” and “different” (p<0.0001).  

 
Figure 10. Mean 
percent signal change 
for Experiment 4. 
Mean fMRI signal 
change in the left 
VWFA for the 
semantic control 
experiment with all 
trials included (A) and 
when including only 
the word pairs listed in 
(Moss and Older, 
1996) (B). Error bars 
show within-subject 
SEM. 
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Table 2. Brain regions consistently showing lower signal for same vs. 1L and/or Diff. 
Brain regions that showed stronger activations to “1L” and/or “different” condition than to 
”same” condition in the four experiments combined (including the new semantic 
adaptation experiment) for RWs and PWs. As shown below, only the left VWFA 
consistently responded less to the “same” conditions than to the other conditions.  
 

I. Real Words (RW) (including Experiments 1, 3, and the semantic 

adaptation experiment) 

1L > Same (p<0.00001, uncorrected, 20 contiguous voxels) 

Region   
*Talairach 
Coordinates 

 mm3 Tmax X Y Z 
Left Temporal 472 5.50 -38 -44 -18 

  5.48 -46 -53 -14 

 

Different > Same (p<0.05, corrected) 

Region   Talairach Coordinates 
 mm3 Tmax X Y Z 
Left Temporal 136 7.26 -40 -49 -14 

 

1L+Different > Same (p<0.05, corrected) 

Region   Talairach Coordinates 
 mm3 Tmax X Y Z 
Left Temporal 80 7.04 -40 -49 -14 

 

 

 

                                            
* To facilitate comparison with data in the literature, ROI locations were converted from MNI to 
Talairach coordinates using the publicly available program mni2tal (written by Dr. Matthew Brett, 
available at http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach). 
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II. Pseudowords (PW) (including Expts. 2 and 3) 

1L > Same (p<0.00001, uncorrected, 20 contiguous voxels) 

Region   Talairach Coordinates 
 mm3 Tmax X Y Z 
Left Occipital 3296 8.41 -34 -83 1 

Right Occipital 3224 7.47 38 -84 4 

Left Temporal 224 5.68 -40 -53 -11 

 

Different > Same (p<0.00001, uncorrected, 20 contiguous voxels) 

Region   Talairach Coordinates 
 mm3 Tmax X Y Z 
Left Temporal 928 6.37 -44 -59 -11 

  6.28 -48 -51 -19 

Left Occipital 224 5.76 -46 -74 -3 

  5.49 -42 -82 -4 

 

1L+Different > Same (p<0.00001, uncorrected, 20 contiguous voxels) 

Region   Talairach Coordinates 
 mm3 Tmax X Y Z 
Left Temporal-Occipital 3840 7.10 -36 -84 -1 

  7.06 -42 -76 -5 

  6.57 -42 -53 -11 

Right Occipital 1192 6.16 46 -76 -3 

  6.07 42 -84 -4 
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Table 3.  Brain regions sensitive to semantic knowledge in Experiment 4.  
The contrast of “different” > “semanticR” (p<0.001, uncorrected, 20 contiguous voxels) 
revealed a broad network of brain regions that were sensitive to semantic information 
(see below), in line with previous studies (e.g., (Bergerbest et al., 2008; Klaver et al., 
2007; Raposo et al., 2006; Wig et al., 2005)). 
 

Region   Talairach Coordinates 
 mm3 Tmax X Y Z 
Left Inf Temporal 1596 7.64 -42 -17 -31 

  5.52 -42 -28 -19 

Left/Right Ant Cingulate 1832 5.92 0 30 8 

  5.17 -8 27 4 

Right Inf Temporal 1160 5.90 57 -43 -11 

  5.40 50 -43 -11 

  4.44 55 -53 -16 

Left Inf Frontal 496 5.71 -42 26 10 

Right Med Frontal 744 5.48 12 44 -11 

Right Mid Occipital 336 5.31 50 -72 29 

Right Mid Frontal 280 4.86 32 46 -11 

 

3.5 Behavioral results; Experiments 1-4   

Subjects’ reaction times and accuracy were recorded for the “oddball” task they 

performed in the scanner (Figure 11).  Neither mean accuracy (96%) nor reaction 

time (802ms) for the RW group significantly differed from the accuracy (95%) and 

reaction time (787ms) for the PW group (accuracy: p=0.619, and reaction time: 

p=0.610, t-test).  Mean accuracy for the O group (96%) did not differ from the PW 

or RW groups (p=0.535 and 0.817, respectively).  The O group reaction time 

(568ms) was significantly faster than both the PW and RW groups (p<0.001), 

indicating that the orthographic task was easier than the semantic task.  
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Figure 11. Behavioral results from 
the PW, RW and O groups.  
Mean accuracy (A) and response 
time (B) for the oddball detection 
task. Error bars represent SEM.  
 

 

 

 

 

 

 

3.6 Examination of the variability in amplitude differences 

between RW and PWs. 

As mentioned in Chapter 2, (section 2.2 and 2.3) participants in each group were 

also presented with additional conditions not already discussed: The RW group 

was also presented with the “PW” and “oddball” conditions, the PW group was 

presented with the “foil” and “oddball” conditions, and the O group was presented 

with the “oddball” condition (Figure 12). Three findings are noteworthy: i) the 

“oddball” condition showed a high response in all groups, in line with prior studies 

finding high responses on target trials in an oddball task (Jiang et al., 2006; Jiang 

et al., 2000); ii) the “PW” condition in the RW group showed a high response 

relative to the other conditions; iii) in the O group, the overall signal for the PW 
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pairs was significantly higher than the overall signal for the RW pairs (p=0.03, 

paired t-test). Two factors might contribute to the two latter effects: i) assuming 

RW-tuned neurons do not differentiate as sharply between their preferred RW 

and orthographically similar PWs, as suggested by the data presented above, 

one would expect in the “PW” condition in the RW group that the PW prime 

would activate a number of neurons tuned to different RWs (e.g. “tarm” would 

cause low-level activation of the neurons tuned to “farm”, “harm”, “term”, etc.), 

possibly resulting in a larger total signal than the “different” condition (which 

included only RWs that would be expected to cause more focused activation); ii) 

there may be an effect of top-down modulation or attention because of the 

novelty of the pseudowords (see also (Binder et al., 2005; Binder et al., 2006)).  

That is, because PWs look like real words but are not, they might draw increased 

attention from subjects trying to figure out whether they can recall any associated 

meaning.  This would be in line with a number of studies that have shown that 

top-down factors can modulate activity in the visual cortex (Kanwisher and 

Wojciulik, 2000).  Interestingly, some studies of written word processing in the 

VWFA have reported increased responses to PWs relative to RWs in the VWFA 

(Fiez et al., 1999; Paulesu et al., 2000), while others have not (Fiebach et al., 

2005; Herbster et al., 1997; Mechelli et al., 2003; Vinckier et al., 2007) (see 

Mechelli et al., 2003, for a review), possibly suggesting that specifics of the 

experimental paradigm (e.g., the number of times PWs appear in an experiment 

relative to RWs) might affect the response amplitude to PWs. The trend for lower 

activation in the PW group (Experiment 2) compared to the RW group 
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(Experiment 1) supports this interpretation (as pseudowords are the majority of 

words in the PW group, making them stand out less and thus less likely to draw 

increased levels of attention). This interpretation is further supported by the 

opposite effect of a significantly larger overall signal for PW pairs when 

compared to RW pairs in the O group (Experiment 3), where RWs and PWs were 

presented with equal frequency, making PWs more salient compared to the 

situation in Experiment 2, where almost all stimuli were PWs. Nevertheless, 

despite the possibility of different top-down modulations that might amplify or 

reduce total VWFA response levels, both Experiments 2 and 3 show a gradual 

release from adaptation for PWs, in contrast to the high selectivity for RWs found 

in Experiments 1 and 3. 
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Figure 12. Plots of mean percent signal change for all conditions for Experiments 1-3.  
Results from the RW (A), PW (B) and O (C) groups (“same”, “1L” and “different”). Error 
bars represent within-subject SEM. 
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3.7 Conclusion 

In summary, our results provide strong support for theories of experience-driven 

plasticity of the neural representations underlying reading (Baker et al., 2007; 

Binder et al., 2006; Dehaene et al., 2005; Vinckier et al., 2007), establishing that 

this learning does not just apply to lower level representations, for characters 

(Baker et al., 2007) and sublexical letter combinations (Binder et al., 2006; 

Dehaene et al., 2005; Vinckier et al., 2007) but also to whole words, compatible 

with the concept of an “orthographic lexicon” postulated by some models of 

reading (Coltheart, 2004). This “simple-to-complex” hierarchy of single-word 

reading fits well with general theories of object recognition in cortex (Riesenhuber 

and Poggio, 2002), and also provides a powerful framework to now investigate 

the neural representation along the left hemisphere ventral visual hierarchy to 

look for evidence to support the current theory of a hierarchical organization.  

Furthermore, we can also now look to see if we can find evidence to support the 

neuroimaging and neuropsychological data for hemispheric specialization in word 

representation. 
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Chapter 4 

4 Hierarchical Organization and 

Hemispheric Specialization of the 

Visual Word Form in the Left Visual 

Stream 

In chapter 3, in contrast to current theories of single-word reading that purport a 

sublexical representation, we provide evidence for whole-word processing in the 

VWFA in the left hemisphere. What, then, is the neural representation posterior 

to this area?  If single-word reading relies on the same neural mechanisms as 

object recognition, we would predict a hierarchical organization in the ventral 

visual stream. That is, we would predict running posterior to anterior we should 

find evidence for a hierarchical organization for words consisting of neurons 

tuned to increasingly complex word-related features, resulting in word-tuned units 

at the top of the hierarchy in the VWFA. As reviewed in the Chapter 1, Dehaene, 

Cohen and colleagues have put-forth a model of hierarchical word representation 

(Dehaene et al., 2005) which has recently been supported by further 

neuroimaging data (Vinckier et al., 2007).   As discuss in Chapter 3, while this is 
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a very intriguing first model of visual word recognition the results are not fully 

compatible with their model. It is not clear why in areas purported to be doing 

bigram level processing, they found higher responses for words than letter 

strings comprised of frequent bigrams, these should result in equivalent 

activation. It could be that the responses they see reflect similarity to real words, 

not sublexical tuning.  Additionally, it is possible that their findings were 

confounded by top-down factors.  The subjects were presented with both 

frequent and infrequent letters and letter strings as well as false fonts.  Their 

results could reflect, at least in part, different attentional effects for the different 

stimulus conditions. This is supported by the fact that the false fonts show higher 

activation than the infrequent letters and equivalent activation to frequent letters 

in all areas along the hierarchy.  Additionally, false fonts even induce equivalent 

activation to bigrams in an area that should be tuned to letters.  

Additionally, there is considerable evidence that the right hemisphere is also 

involved in processing written words, yet few studies have examined the role of 

the right hemisphere in reading.  Recently a couple studies have provided 

evidence for left hemisphere specialization in written word processing (Binder et 

al., 2006; Vinckier et al., 2007). Additionally, it seems common that only a subset 

of subjects show activation in the rVWFA (Baker et al., 2007; Cohen et al., 2002)  

Based on these findings it would suggest a smaller role for the right hemisphere.  

We used the fMRI rapid adaptation data from Experiment 3 to examine the 

organization of the left ventral visual stream.  We further examined the neural 

representation in the right VWFA and compared the neural tuning in the right and 
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left VWFA.  Here we provide evidence for a posterior to anterior processing 

hierarchy in the left hemisphere from neurons processing words at a sublexical 

level in posterior regions to a whole-word form representation at the top of the 

hierarchy in the VWFA.  Additionally we provide evidence, in conjunction with the 

results presented in Chapter 3, that the left VWFA but not the right holds a 

whole-word form representation, suggesting neural specialization of the left 

hemisphere in orthographic representation. 

4.1 Hierarchical organization in the left visual ventral stream 

As our results from Chapter 3 provide evidence for a whole word representation 

in the VWFA we first sought to examine the representation of the visual word 

form that precedes the VWFA in the left ventral visual hierarchy.  Based on 

models of object recognition (Riesenhuber and Poggio, 1999), and recent 

research on hierarchical organization for word form representation (Vinckier et 

al., 2007) we hypothesized that running posterior to anterior we would see a 

gradual release from adaptation for the “1L” condition for RWs but not PW.  

Going back to our initial prediction for the VWFA, the crucial prediction that 

differentiates a whole-word representation from a sublexical representation is the 

response of the “1L” condition:  If neurons are tuned to sublexical features, one 

would predict a gradual response increase for both PW and RWs, with increasing 

dissimilarity as the “same” condition has maximal sublexical unit overlap, the “1L” 

condition has partial sublexical unit overlap and the “different” condition has no 

sublexical overlap.   We predicted that along the hierarchy, early on in areas that 

contain retinotopic mapping we would see little difference between the “same” 
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and “1L” conditions but they would both be lower than “different”.  We further 

predicted that moving anteriorly we would see evidence for a sublexical 

representation as indicated by both RWs and PWs showing a gradual response 

increase from “same” to “1L’ to “different” and this representation would persist 

along until the top of the hierarchy, the VWFA, where there is no difference 

between the “1L” and “different” condition for RWs but there is for PWs (as 

shown in Chapter 3). Additionally, we hypothesized that in order for an area to be 

highly selective to whole RWs, we should see a difference that is highly 

significant between “same and the “1L” and “different” conditions (a p value that 

is very low), and also strongly not significantly different between “1L’ and 

“different” (very high p values).   

 

4.1.1 Left hemisphere ventral stream organization 

4.1.1.1 Methods 

To examine the organization along the ventral visual stream in the left 

hemisphere, we used the data from Experiment 3 (for detailed Materials and 

Methods please see Chapter 2). Because we were interested in examining the 

neural representation for RWs and PWs in the left and right hemisphere, 

Experiment 3 was the most appropriate data to use since it was a within-subject 

design.  The ROI locations along the ventral visual stream were identified for 

each individual subject independently through localizer scans (see Chapter 2, 

2.4.4.2), with the contrast of word versus fixation (at least p<0.00001, 
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uncorrected) masked by the contrast of word versus scrambled word (at least 

p<0.05, uncorrected). In the left hemisphere, this contrast typically yielded 3-4 

ROIs posterior to the VWFA (p<0.05, corrected).  ROIs were selected and 

grouped into 3 categories: 1) Area 18; 2) inferior occipital gyrus (IOG); 3) inferior 

temporal gyrus (ITG).  These ROIs were grouped based on the location of the x, 

y, and z coordinates (see Table 4 for ROI locations).  After selecting these ROIs 

and the already identified VWFA (see Chapter 3), a sphere of a fixed size was 

built (radius = 5mm) centered at the peak of each of the aforementioned ROIs for 

each subject. We then plotted 30 ROIs of equal size (radius = 5mm) along the 

ventral visual stream with the 4 ROIs identified above as anchor points at the 1st, 

10th, 20th, and 30th positions. For each subject, we then analyzed the activity in 

their 30 individually defined ROIs during the separate event-related scans that 

used the rapid adaptation paradigm, as in Chapter 3.  Additionally, in order to 

examine the degree of sublexical and lexical processing along the hierarchy we 

computed an index to measure degree of lexicality, or the “Lexicality Index” L.  

This metric takes into consideration the statistical significance between the 

comparisons of interest: “same” vs. “1L”, “same” vs. “different” and “1L” vs. 

“different”.  To obtain this metric we computed the lexicality index L for all 30 

ROIs along the ventral stream in the left hemisphere: 

€ 

L =
log psame−1L + log psame−diff

log p1L−diff
 

The index gives us a measure of the statistical difference between the 

comparison of “same” and “1L” and the comparison of “same and “different” 
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(which in the case of lexical possessing will be high, because these should be 

highly significantly different) relative to the statistical difference between “1L” and 

“different” (which in the case of lexical processing will be low because these 

should be not statistically different for a lexical representation).   This then gives 

a ratio that is high when the area is lexical and low when it is sublexical. We 

separately computed LRW for real words and LPW for pseudowords, and then 

calculated the ratio 

€ 

S =
LRW
LPW

 

This quantity (the “selectivity index”, S) is expected to be high for a neural 

representation that contains entries for (known) real words vs. (unknown) 

pseudowords. 
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Area 18 IOG IT 
 -26 -92 -10  -34 -88 -12  -40 -78 -14 
 -36 -94 2  -40 -88 -10  -42 -74 -16 
 -18 -98 -8  -36 -88 -4  -42 -76 -14 
 -40 -90 -8  -42 -86 -14  -42 -76 -2 
 -30 -96 -10  -44 -84 -10  -46 -72 -4 
 -28 -92 0  -42 -84 -8  -34 -78 -4 
 -24 -90 -4  -40 -84 -8  -44 -76 -10 
 -36 -96 -8  -30 -84 -14  -44 -74 -16 
 -18 -90 -8  -38 -82 -18  -38 -76 -8 
 -28 -98 -4  -30 -86 -6  -44 -76 -12 

Average -28 -93 -5  -37 -85 -10  -41 -75 -10 
SD 7 3 4  4 2 4  3 1 5 

Table 4. ROI locations for each subject in the left hemisphere in Area 18, IOG, and ITG. 

4.1.1.2 Results and Discussion 

For each ROI anchor point independently, we conducted a 2x3 repeated-

measures ANOVA with within-subjects factor lexical group (RW vs. PW), and 

experimental condition ("same", "1L", and "different").  In all 4 ROIs separately, 

there was a significant effect of the three adaptation conditions and a significant 

difference between the two lexical groups, but no significant interactions (p>0.1). 

Additionally, we conducted as 2x3x4 repeated-measures ANOVA with within-

subjects factor lexical group (RW vs. PW), experimental condition ("same", "1L", 

and "different"), and ROI (Area 18, IOG, IT, and VWFA).  There was a significant 

effect of the adaptation conditions, (F(2,18)=27.323, p<0.001),  and the lexical 

status , (F(1,9)=36.684 , p<0.001) and a significant interaction between ROIs and 

conditions (F(6,54)=, P<0.05), but no other significant effects or interactions 

(p>0.1).  Additionally, we conducted paired t-tests for all 30 ROIs separately 

(Figure 13). For brevity, in the text we report on the 4 anchor points, Figure 13 

shows the p values of the t-tests for all ROI. In Area 18 for the RW and PW pairs 
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we found no adaptation for “same” when compared with “1L” (p=0.187 and 

p=0.528, respectively).  However, we did see significant adaptation for both 

“same” and “1L” compared to “different” for RWs and a trend for significant 

adaptation for PWs (RWs: p=0.029 and p=0.006 and for PWs: p=0.053 and 

p=0.079).  This suggests that neurons in Area 18 show very little selectivity, as 

there is no difference between “same” and “1L” for both RWs and PWs.  In IOG, 

for the RW and PW pairs, there was significant adaptation for “same” when 

compared to “1L” and “different” (RWs: p=0.001 and p<0.0001 and PWs: p=0.02 

and p=0.005, respectively).  Additionally, “1L” and “different” showed a trend for a 

significant difference for PWs (p=0.055) but less of a trend for RWs (p=0.139).  

This suggests that the IOG is showing more selectivity, than Area 18, but less 

than VWFA, suggesting the representation here is sublexical.  In ITG, for the RW 

and PW pairs we found significant adaptation for “same” when compared with 

“different” (p=0.023 and p<0.0001, respectively), and significant adaptation for 

PWs for “same” compared to “1L” (p=0.005) and a trend for significant adaptation 

for RWs (p=0.067). For “1L” compared to “different” we found significant 

adaptation for PWs and RWs (p=0.005 and p=0.044, respectively). This area, like 

IOG, shows evidence for sublexical processing and much less selectivity than the 

VWFA.  As expected, the results for the VWFA mirror the findings from Chapter 

3: for the RWs, we found significant adaptation for “same” when compared with 

“different” and “1L” (p<0.006 and p=0.001, respectively).  However, response 

levels did not differ significantly between the “1L” and  “different” conditions 

(p=0.775).  For the PW group, there was also significant adaptation for “same” 
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when compared to both “different” and “1L” (p=0.001 and p=0.002, respectively).  

However, crucially, in this group, “1L” and “different” also differed significantly 

(p=0.017).  To further demonstrate the difference in lexicality between the 

posterior and anterior regions, we computed the Lexicality Indices L and the 

Selectivity Index S for all 30 ROIs (see equations above).  As shown in Figure 

14, we see that, along the ventral stream, RWs show a change from sublexical to 

lexical status, whereas PWs show no change in their sublexical status. 

Additionally, we see from the S index that only in the VWFA do we get high 

selectivity to RWs. Taken together, these results provide evidence for a 

hierarchical organization along the ventral visual processing stream for the visual 

word form, from low selectivity to high selectivity (i.e. sublexical to lexical) 

running posterior to anterior.  In fact, our results show pronounced selectivity in 

the VWFA when compared to other areas.  
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Figure 13. M
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Figure 14. Lexicality and S
electivity Index. 

Lexicality Index, L and S
electivity Index, S

 for R
W

 and P
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 in the left ventral visual stream
 for the 4 anchor R
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Is. 
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4.2 Hemispheric specialization of the VWFA 

We now have provided evidence that not only does the left hemisphere hold a 

whole word form representation akin to an orthographic lexicon, but it also has a 

hierarchical organization from sublexical in areas posterior to the VWFA to lexical 

in the VWFA.  However, numerous studies have shown right hemisphere 

activation during word reading. As reported in other studies (Baker et al., 2007; 

Cohen et al., 2002; Vinckier et al., 2007), we also find (lower) activation in the 

right vs. the left hemisphere for word reading. However, is this indicative of 

differences in representation in the left vs. right or does the right hemisphere 

contain a lexicon as well, at least in those subjects in which a rVWFA can be 

identified?  Using the same threshold and criteria we used to identify the left 

VWFA, only identified the rVWFA in a few subjects (Baker et al., 2007; Cohen et 

al., 2002).  However, we were able to identify a larger number of subjects by 

lowering the strict threshold used to identify the VWFA in the left.  Although we 

lowered the threshold, we still only selected ROIs that were significant (p<0.05, 

FDR, voxel-wise). In order to address the question of VWFA selectivity we only 

included subjects that had both a left and right VWFA.  It is important to note that 

lowering the threshold does not impact the most highly significant voxels and 

therefore this had no effect on the already identified left VWFA. Additionally, in 

order to compare the left hemisphere to the right we used ROIs of equal size by 

building a sphere (radius = 5mm) around the peak activation of the individually 

defined ROI.   However, it should be noted that doing this then likely includes 
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less selective voxels, which in turn would reduce the strong “1L” and “different” 

similarity in RWs.   

4.2.1 Neural representation in the left and right VWFA 

4.2.1.1 Methods 

The VWFA in the right hemisphere was localized using the same methods as 

above for the left hemisphere.  Additionally, the location of the rVWFA was 

selected by choosing a peak coordinate from this contrast that was not only in a 

location closest to the published location of the left VWFA, approximate Talairach 

coordinates -43 -54 -12 ±5 (Cohen et al., 2002; Kronbichler et al., 2004) but also 

within the same location as the individual subject’s VWFA in the left hemisphere. 

Because using the same threshold criteria yielded only a few rVWFA ROIs, we 

lowered the threshold criteria and selected ROIs that were significant at the voxel 

level (p<0.05, FDR).  Using these criteria, we were able to identify a rVWFA in 6 

subjects. We then used only the subjects who had both a left and right VWFA in 

the analysis. It is important to note that lowering the threshold does not impact 

the most highly significant voxels and therefore it had no effect on the already 

identified left VWFA. Additionally, in order to compare the left hemisphere to the 

right we used ROIs of equal size by building a sphere (radius = 5mm) centered at 

the peak of the individually defined ROI.    

 

4.2.1.2 Results and Discussion 

We conducted a 2x3 repeated-measures ANOVA with within-subjects factor 
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lexical group (RW vs. PW), and experimental condition ("same", "1L", and 

"different").  We found a significant effect for the adaptation conditions, 

(F(2,10)=7.810, p<0.01), but no effect of lexical status and no interaction (p>0.1).  

Additionally, we conducted paired t-tests. For the RW pairs, we found no 

significant adaptation in the rVWFA ROIs for “same” when compared with “1L” 

(p=0.246).  We also found a trend for significant adaptation for “same” and “1L’ 

compared to “different” (p=0.085 and p=0.058, respectively). For the PW pairs 

we found no significant adaptation in the VWFA ROIs for “same” when compared 

with and “1L” (p=0.573).  We did however find significant adaptation for “same” 

and “1L’ compared to “different” (p=0.033 and p=0.02, respectively).  These 

results do not provide evidence for whole word form processing in the rVWFA 

(Figure 15).  The finding that RWs and PWs show both no main effect of lexical 

status and no significant difference between “same” and “1L” and a significant 

difference or a trend for a significant difference between “1L” and “different” 

suggests that the right hemisphere is processing PWs and RWs similarly.  This 

suggests that the rVWFA does not undergo experience driven refinement, as 

there is no difference between novel and well-learned stimuli. In fact the finding 

that there is no difference between “same” and “1L” for both RWs and PWs 

suggests the rVWFA may not even be processing letter strings at a sublexical 

level.   

We then contrasted VWFA selectivity in the left and right hemispheres looking at 

the 6 subjects that had both a left and right VWFA (Figure 15). We conducted a 

2x3x2 repeated-measures ANOVA with within-subjects factor lexical group (RW 
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vs. PW), experimental condition ("same", "1L", and "different"), and hemisphere 

(right vs. left).  We found a significant effect of conditions (F(2,10)=33.92, 

p=<0.001) and a trend for a significant interaction of hemisphere and lexicality 

and hemisphere and conditions (F(1,5)=4.65, p=0.083, and F(2,10)=3.295, 

p=0.092, respectively), no other comparisons were significant (p>0.01). 

Additionally, we conducted paired t-tests.  In the left VWFA we continue to see a 

significant difference between “same” and “1L” for both RWs as PWs (p=0.034, 

and p=0.011). But crucially, there is a significant difference in the “1L” vs. 

“different” comparison for PWs (p=0.002) but not for RWs (p=0.186), which 

supports our findings from Chapter 3 of neural specialization for RWs in the left 

VWFA.  

 

 

 

 

 

 

 

 

 

 
 
 

 
Figure 15. Mean percent signal change in the right and left VWFA.  
Mean percent signal change in relation to orthographic similarity in the fMRI-RA scans of 
Experiment 3 for the VWFA in the left and right hemisphere for RW and PWs. Error bars 
represent within-subject SEM. 
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4.3 Conclusion 

In summary, in this chapter we provide evidence for a hierarchical organization in 

the left hemisphere ventral visual stream, from a sublexical representation in 

posterior areas to a whole word form representation in the VWFA. Additionally, 

we find evidence for experience driven refinement and neural specialization of 

the left but not right VWFA for the visual word form.  This suggests that the left 

hemisphere, but not the right, is specialized to process orthographic information 

and participates in lexical-level processing while the right hemisphere does not.  

Additionally, we find evidence that the selectivity in the right hemisphere appears 

to be at most sublexical, potentially processing letter strings at an even lower 

level.  Taken together, our findings from this chapter provide support for left 

hemispheric specialization in word form processing and experience driven 

refinement of the neural tuning in the left but not right hemisphere.   
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Chapter 5 

5 Conclusion 

The findings from this study provide evidence for a whole word form 

representation, akin to an orthographic lexicon in the left but not right VWFA. We 

also find evidence for hierarchical organization in the left hemisphere for the 

visual word form, from sublexical in posterior areas, to lexical in the VWFA. Our 

results therefore provide strong support for theories of experience-driven 

plasticity of the neural representations in the left hemisphere underlying reading 

(Baker et al., 2007; Binder et al., 2006; Dehaene et al., 2005; Vinckier et al., 

2007), establishing that this learning does not just apply to lower level 

representations, for characters (Baker et al., 2007) and sublexical letter 

combinations (Binder et al., 2006; Dehaene et al., 2005; Vinckier et al., 2007) but 

also to whole words, compatible with the concept of an “orthographic lexicon” 

postulated by some models of reading (Coltheart, 2004). This “simple-to-

complex” hierarchy of single-word reading fits well with general theories of object 

recognition in cortex (Riesenhuber and Poggio, 2002), and also provides a 

powerful framework to investigate neural plasticity in general by using 

orthographic plasticity as a specific and well controlled example.  
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While we provide evidence for experience driven plasticity in the brain, it is still 

unclear how learning shapes the representation of words not only in the VWFA, 

but along the ventral visual stream. This is interesting when examining how we 

acquire orthographic representations during reading acquisition (i.e. how the 

neural architecture changes to accommodate a new object class) as well as how 

novel words are learned in a skilled reader (how novel words are added to the 

lexicon). Although the question of orthographic representation is a key question 

to answer on many different levels, successful reading cannot occur without the 

mapping of orthographic information onto other language components (e.g. 

semantics).  While we provide evidence for a whole word form representation 

that is purely orthographic, i.e. an orthographic lexicon, it is still unclear how this 

representation interacts with other language components in skilled readers and if 

these language components help to shape the representation in the VWFA 

during reading acquisition.  While we find no evidence for semantic effects in the 

VWFA, it is possible that our measure of semantic-relatedness was too broad.  

One way to explore this question further is to examine the effect of learning novel 

words (i.e. PWs) in a purely orthographic training paradigm and compare it to an 

orthographic and semantic training paradigm (where novel words are linked to 

well controlled semantics). Interestingly, pilot data from 4 subjects who were 

trained to recognize novel words in a purely orthographic training paradigm, 

show that subjects were able to learn to visually recognize new words with high 

accuracy following a limited number of exposures, in the absence of semantic 

information.  Additionally, the neural correlate for this learning was found in the 
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VWFA but not in a posterior ROI.  That is, in the VWFA trained PWs showed a 

RW like representation and untrained PWs showed PW like tuning.  This 

suggests that the neural representation in the VWFA (but not in earlier stages in 

the hierarchy, i.e. posterior to the VWFA) underwent experience-dependent 

plasticity (in the absence of semantic information) to incorporate the novel, 

trained words.  This offers support for a pure orthographic word form 

representation, but reading cannot occur without the integration of other linguistic 

components. 

Exploring the question of integration and of the involvement of other language 

components in the representation in the VWFA can help to resolve one of the key 

areas that distinguishes the two major competing models of reading: whether 

reading is mediated by linking information from the orthographic representation 

(i.e. a lexicon) to the semantic representation, as in the DRC models (Coltheart 

et al., 2001), or if sublexical orthographic information is directly mapped onto 

semantic information, as in the Triangle Model (Harm and Seidenberg, 2004; 

Plaut et al., 1996).  Resolving this question would be a major step forward in 

understanding how we read from both anatomical and theoretical perspectives.   

We also provide evidence that this whole word form representation appears to be 

a distinctive feature of the left hemisphere as we find no evidence for whole word 

form processing in the right VWFA (indeed, we find little evidence even for 

sublexical processing in the right hemisphere).  These findings significantly add 

to the current understanding of right hemispheric involvement in written word 

processing (Binder et al., 2006; Cohen et al., 2002; Vinckier et al., 2007). This 
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finding is interesting since studies have shown right hemispheric changes during 

reading acquisition (Turkeltaub et al., 2003) and novel word acquisition in skilled 

readers (Xue et al., 2006).  It appears from the literature thus far and our own 

data suggests that the right hemisphere is involved at some level in visual word 

form processing.  However, in our data of skilled readers, we find no evidence for 

lexical processing in the right hemisphere.  What then is the role of the rVWFA?  

One potential way to explore this question is to use the training paradigms 

suggested above, and examine the neural representation before and after 

training in both the left and right hemisphere. 

Another area of considerable interest is how the neural tuning is different in 

people with reading disorders.   Several studies have found reduced activation in 

the left in children with dyslexia (Demonet et al., 2004).  This may be a result of 

less finely tuned orthographic representations in people with dyslexia. However, 

how can this fit with current prevailing hypothesis of a phonological deficit at the 

core of dyslexia.  One potential explanation would be that the visual word form 

receives input from areas processing phonological information, which during 

reading acquisition help to “train-up” the neurons in the VWFA.   This hypothesis 

is in line with recent studies showing a change from predominantly dorsal stream 

activation (where phonological information is thought to be processed) to ventral 

stream activation with skilled reading acquisition (Pugh et al., 2001). One obvious 

next step is to use fMRI-RA and the paradigm we used in this project to examine 

the neural representation in the ventral stream in the dyslexic population. 

Finally, of methodological importance, are our findings comparing the response 
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amplitudes to RW and PWs.  While the differences in adaptation effects for RW 

and PW are robust across experiments, we found variability in response levels 

for PW relative to RW across experiments. This variability is reflected in the 

literature, where some studies of written word processing in the VWFA have 

reported increased responses to PW relative to RW in the VWFA (Fiez et al., 

1999; Paulesu et al., 2000), while others have not (Fiebach et al., 2005; Herbster 

et al., 1997; Mechelli et al., 2003; Vinckier et al., 2007), possibly suggesting that 

specifics of the experimental paradigm (e.g., the number of times PW appear in 

an experiment relative to RW) might affect the response amplitude to PW. 

Indeed, it has been suggested that the response amplitude to novel words might 

be modulated by attentional effects due to varying novelty of the PW (Binder et 

al., 2005; Binder et al., 2006). The effect of top down modulation has plagued the 

study of word form representation and as a result there are conflicting results 

regarding the role of the ventral visual stream in word form processing.  Our 

findings offer support for the use of fMRI-RA in examining neural tuning and 

novel object processing.   
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Appendix A 

Stimuli Used in Experiments 1-4 
Experiment 1 Real Words 

Same 1L Different 
case base rock 
arm art dog 
ball hall king 
boat coat mass 
book look leaf 
seat heat mood 
brain train cloud 
car bar boy 
pain rain tree 
day way ice 

dress press light 
fear year town 
gate date room 
glass class birth 
gold hold pair 
gun sun hit 
hand land trip 
hat cat bed 

head lead door 
health wealth ground 

hill bill camp 
hope hole wall 
horse house lunch 
law saw key 
life wife star 

meat meal will 
mouth south price 
name game loss 
night sight board 
nose note club 
pace face food 
plane place doubt 
post past film 
rate race fish 
role rule sign 
shop ship milk 
sound found beach 
stone store child 
taste waste floor 
term team bank 
toast coast check 
van man row 
west test girl 
word wood time 
size side call 
farm form neck 
park part ring 
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Experiment 2 Pseudowords 

Same 1L Different 
arb arp dok 

blane clane dount 
dar gar tye 
dat gat mod 
dest fest fank 
fand tand srip 
fole nole ling 

fonth donth pread 
fook mook pean 
fost sost kilm 
gan lan fow 

gress tress pight 
heas heaf doot 
hoke hode woll 
jall rall roop 

kaste maste sloor 
kerm nerm pilm 
kound tound neach 

loy doy aip 
meab meam shib 
mealth tealth tround 
mife pife slub 
mun lun noy 
nofe noke stur 

noght neght buard 
nord pord gime 
pame hame noss 
pold rold gair 
prain srait ploud 
rabe rafe pish 
shup shep roim 
slass plass pirth 
soat poat tass 
stope stote chind 
tace hace jood 
taw haw pey 

touse bouse nunch 
tup mup hab 
vate jate pilk 
vay zay dob 
yill vill gamp 

zear mear lown 
shace shabe bloud 
foct fect slin 
foop foon dess 

peane peale frout 
pind tind trop 
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Experiment 3 
Real Words Pseudowords 

Same 1L Different Same 1L Different 
case base rock blek blet frun 
arm art dog bot sot lan 
ball hall king chesk shesk groun 
boat coat mass chich chuch brare 
book look leaf chim chif sart 
seat heat mood clett slett shrog 
brain train cloud crach brach spung 
car bar boy cusk cosk vilt 
pain rain tree dosh dush fark 
day way ice drot srot nesk 

dress press light dut dun rem 
fear year town fronk flonk spute 
gate date room garl gart tuss 
glass class birth gos nos bup 
gold hold pair grile grole stoff 
gun sun hit harn tarn tood 
hand land trip jomp jemp grev 
hat cat bed kark wark heen 

head lead door kolt kalt frim 
health wealth ground leem leet sish 

hill bill camp loat loak wush 
hope hole wall mish lish troe 
horse house lunch morm merm yite 
law saw key nount naunt spibe 
life wife star nurk nurt woap 

meat meal will piege liege kouch 
mouth south price piv niv das 
name game loss rolf tolf dinc 
night sight board rop nop wat 
nose note club sab sib gug 
pace face food scuth sluth grong 
plane place doubt shap stap vive 
post past film sharn sharb medge 
rate race fish shatch chatch jounge 
role rule sign snarp snart pelve 
shop ship milk solt solp pamp 
sound found beach swip swep clat 
stone store child taf tam kib 
taste waste floor tath lath jime 
term team bank teef seef jarb 
toast coast check tib tob ven 
van man row trape trupe dunch 
west test girl twid twim breb 
word wood time veem veet yoil 
size side call whamp skurk shamp 
farm form neck yiff pler yoff 
park part ring peane peale frout 
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Experiment 4 Stimuli 
Same 1L Different SemR 
farm form neck pig 
arm art dog leg 
boat coat mass ship 
book look leaf writer 
brain train cloud head 
car bar boy wheel 
cat hat bed dog 
pain rain tree hurt 
day way ice week 
dress press public cloth 
seat heat mood chair 
fear year town worry 
gate date milk door 
glass class birth drink 
gold hold pair iron 
sun gun hit moon 
hall ball king house 
hand land trip foot 
health wealth ground doctor 
hill bill camp sea 
hope hole wall wish 
horse house lunch cow 
law saw key judge 
life wife club god 
meat meal will beef 
name game loss title 
night sight board sleep 
nose note star eye 
head lead door body 
plane place doubt pilot 
race rate fish nation 
role rule sign film 
toast coast check bread 
park part ring grass 
shop ship room store 
sound found beach light 
stone store child rock 
taste waste floor food 
team term fund group 
van Man row truck 
west Test girl south 

word wood time 
letter 
 

word wood time 
letter 
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