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ABSTRACT 

 

   

Written language forms a cornerstone of human communication and understanding. In 

order to understand why written language can be used skillfully by some and not by others, it is 

important to investigate the neural basis of how written words are represented in the brain by 

way of reading as well as writing. Surprisingly, as compared to reading, little work has been 

done to examine the neural basis of writing and how orthography in general is represented in the 

brain. This has motivated the three projects discussed here. In the first chapter, I present a 

quantitative review of studies involving written production. Specifically, I discuss brain regions 

associated with “central” spelling processes as well as more peripheral writing processes 

responsible for generating the motor actions needed for producing written words. In the second 

chapter, I discuss the first functional magnetic resonance imaging (fMRI) study to examine 

spelling via keyboard typing and then determine if there is overlapping activation across brain 

regions associated with “central” spelling processes and that of reading. The results of this work 

demonstrate that a portion of both the left inferior frontal gyrus and ventral occipitotemporal 

(VOT) cortex are commonly active within the same group of subjects across both reading and 

spelling. This overlap occurred within a portion of the left mid-fusiform gyrus that is canonically 

associated with reading and has been termed the Visual Word Form Area (VWFA). Although 

such work suggests that reading and spelling activate the same regions, it was not clear whether 
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the same neuronal populations within these regions used to read a word were also called upon to 

spell that same word. Therefore, in the third chapter I present a combined spelling and reading 

fMRI-Adaptation experiment which tested and confirmed the hypothesis that some of the same 

neurons within the left IFG and VWFA used to spell a word are also used to read that same 

word, and that this effect is driven by orthographic (not phonological or semantic) processes. In 

general this work adds to the literature of written language production and provides a deeper 

insight into how the brain represents orthography.   
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INTRODUCTION 
 

 

Importance of studying written language 

 

 The importance of literacy skills in modern society cannot be understated. The written word 

surrounds us in our daily lives as we read street signs, instructions and legally binding fine-print, 

or write emails, to-do list, and texts to our friends. The fluent ability to read and write in 

educational and employment settings allows for individuals to attain higher social and economic 

status in modern society that would otherwise be unavailable. In more leisurely settings, reading 

permits access to great literary traditions and allows for the mental immersion into the 

introspective wisdom of Dostoevsky, the witty prose of Twain, or fantastic imagination of 

Vonnegut. Literacy further allows for the formulating of one’s own ideas with written expression 

via journals, blogs, essays, or the next “Great American Novel,” which some may argue can 

provide a structure and focused mode to thought, or in the words of Sir Francis Bacon, “Reading 

maketh a full man, conference a ready man, and writing an exact man.” Whereas, reading allows 

us a unique access to the wealth of human knowledge and writing allows us to potentially add to 

it by forcing us to conceive of (occasionally) carefully crafted written forms.   

 Furthermore, the use of the written word is considered world-wide a cornerstone of human 

intellectual pursuit and gain the world over, as stated by the United Nations Educational, 

Scientific and Cultural Organization (UNESCO) Institute for Education, “Literacy involves a 

continuum of learning in enabling individuals to achieve their goals, to develop their knowledge 



 

2 

 

and potential, and to participate fully in their community and wider society.” (Unesco Education 

Sector, 2004). Importantly, the value of literacy skills in modern society will only increase with 

the expanding prevalence of electronic mediums such as email, word processing, texting, 

chatting, electronic books, etc. The world is becoming integrated in an unprecedented manner 

due to the internet and mobile devices; written language provides a valuable conduit to this 

expanding digital world and ever evolving method communication. 

 Although the ability to read and write are clearly critical skills and will continue to be so in 

the foreseeable future, our brains did not directly evolve to accommodate it. Evolutionarily 

speaking, written language is a recent human invention. The earliest known written forms were 

initially logographic in nature in that they represented the meaning of a word as whole 

morphemic units and first developed by the Sumerians in the late 3
rd

 millennium BC. Alphabetic 

written language in particular was not fully developed until the Greeks in about 800 BC which 

allowed for the representation of letters or small groups of letters as individual phonetic 

components
a
. And even though written language has been around since Hellenic times, it has 

only been in the past hundred years or so that the majority of the world’s populations have 

become literate, with recent estimates of 83% of the world’s population above 15 years of age 

being able to read and write (Central Intelligence Agency, 2009)
b
. Due to the relatively recent 

development of written language not only as a tool but also has a prevalent form of 

communication, written language skills are unlikely to be directly accommodated by genetically 

                                                 
a
 The Greek alphabet was the first to represent both consonants and letters via letters. The much earlier Phonetic 

(where we get the term phonology) alphabet only represented consonants as letters. 
b
 Still, this leaves nearly 800 million people who can’t read or write which directly impacts their quality of life and 

limits their ability attain higher socioeconomic status. This is especially important in modern times where even the 

term “illiterate” infers that literacy is the norm. 
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driven forces, and therefore involve forcing the human brain to accommodate a new and, for 

some, difficult set of skills involving the mapping of spoken word to its written counterpart. 

 With the importance and prevalence of literacy skills, it is important to consider that there are 

also a large number of individuals with developmental language disorders such as dyslexia, 

which is often co-morbid with dysgraphia or spelling difficulties (NINDS, 2011) and affects an 

estimated 5-12% of the population  (Katusic et al., 2001). This has led to a heightened public and 

scientific interest in understanding why literacy is so easy for some but not for others. 

Additionally in people who do actually attain literacy, these skills may suddenly be impaired 

through lesions to the brain which lead to damage of the underlying representations or 

connections critical for fluent reading or writing. In recent years there has been an outpouring of 

research dedicated to understanding how the brain processes and represents written language 

with the hope that this understanding will positively impact education and remediation of literacy 

skills (Eden and Moats, 2002). 

 Although there has been considerable progress in our understanding of how the brain 

represents written language, much of this research has primarily focused on reading and not 

written production. The advantages of also examining the brain basis of written production are 

two-fold. Studying the neural substrates that underlie written production involves exploring a 

broad swath of cognitive science realms ranging from long term memory, working memory, to 

fine motor skills, and therefore provides a fascinating window into how these cognitive skills 

have adapted in potentially unique ways to accommodate a language production task that is not 

driven directly by evolutionary pressures (e.g. working memory that has been fitted for letter 

sequence processing while spelling). Additionally, fundamental questions arise with regards to 
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how orthography, i.e. the spelling of a word, is represented in the brain. Understanding how 

orthography is represented in the brain forms the foundation for understanding how written 

language as a cultural invention interacts with or becomes inculcated with cognitive mechanisms 

already in place. In order to fully understand how orthography is represented in the brain it is 

important to not limit one’s exploration to either just reading or just spelling, but to directly 

examine both. This will facilitate the identification and characterization of orthographic features 

that are shared at the neuronal level across both spelling and reading and therefore potentially 

identify orthographic features that are invariant to the specific task employed to access them.  

This provides the basis for the body of work described here. This will allow for an examination 

of how the brain represents orthography with regards to modality specific usages such as visual 

input of written words and the fine motoric commands of written output, and will also provide 

insight into the nature of abstract representations of orthography and how they are utilized to 

perform both tasks with ease. 

 

Study of written language from the vantage point of written production as well as reading 

 

 In order to understand how humans can learn to read and write with ease, why a small 

percentage of individuals have great difficulty acquiring literacy skills, and how specific neural 

injury can lead to impaired use of written language, it is critical to understand how the brain 

represents orthography. With this in mind researchers over the past two decades have utilized 

numerous techniques to examine the brain basis of written language. In particular, a lot of this 

work has focused on reading. For instance, one of the first neuroimaging studies (Petersen et al., 
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1988) as well as meta-analyses of  neuroimaging data have been performed on studies of reading 

(Turkeltaub et al., 2002). This exemplifies the preponderance of studies focused on receptive 

aspects of written language, but surprisingly few studies, until recently, have examined the 

neural basis of written language from vantage point of written production. This is a notably 

absent line of research considering that in order to truly understand the neural basis of 

orthography it is critical to examine its neural underpinnings from both input and output 

modalities (i.e. spelling). One contributing factor to why there is limited work in the field of 

written language production may involve, at least to a small degree, the technical difficulty in 

actually acquiring concomitant behavioral and neuroimaging data while writing. Whereas some 

of this work has involved handwriting on pieces of paper (Beeson et al., 2003), others have 

examined spelling representations but avoided actually written production (Rapp and Lipka, 

2010). Although such methods are important for examining written production, another 

technique which had not been used up until this work is keyboard typing. As discussed further 

below, after obtaining an MRI compatible keyboard, keyboard typing proved to be an efficient 

way to concomitantly obtain spelling behavioral and functional data. Such an examination allows 

for valuable questions such as whether reading and spelling rely on the same neural substrates 

and therefore same underlying representations. This question, which gets to the heart of this 

dissertation, has profound implications for how the brain stores and retrieves information. I will 

address at least some aspects of these issues in the following chapters.  
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Introduction to Dissertation Chapters 

 

 Initially, I will focus on what is known about the brain basis of written production, then relate 

this to observations on the brain basis of typed spelling, then examine where there is common 

brain areas associated with reading and typed spelling, and finally discuss where there are 

orthographic neuronal representations that are specifically shared across spelling and reading. 

 First, in Chapter 1: Examining the central and peripheral processes of written word production 

through meta-analysis, I present a collaboration among several investigators which allowed us to 

examine the accumulating data from multiple neuroimaging studies involving components of 

written production and report on regions which are commonly identified as being associated with 

written production. Importantly, producing written words requires "central" cognitive processes 

(such as orthographic long-term and working memory) as well as more peripheral processes 

associated with the generating the specific motor actions involved in producing written words 

(see Figure 1 in Chapter 1 below). In recent years, various functional neuroimaging studies have 

examined the neural substrates underlying the central and peripheral processes of written word 

production. For alphabetic languages (as opposed to logographic or syllabic), we identified 

numerous studies that had been designed to isolate central and/or peripheral processes of word 

spelling. Three ALE meta-analyses were carried out. These analyses identified a network of 

brain regions reliably associated with the central and peripheral processes of word spelling. The 

key findings from this analysis were that the regions with the greatest correspondence across 

neuroimaging studies of spelling were in the left inferior temporal/fusiform gyri and left inferior 

frontal gyrus. This work provides an examination of the components of written language 
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production on how various commonly identified brain regions are associated with either the 

more central or more peripheral processes of written production.  

 Second in Chapter 2: A Combined fMRI Study of Typed Spelling and Reading, I present the 

first known study to utilize touch typing with an fMRI compatible QWERTY keyboard as a 

method to measure spelling in the MRI environment. Considering the aforementioned examined 

prevalence of electronic forms of communication, this work set a precedence examining written 

spelling via typing. Surprisingly, up until this work there had been little work that has focused on 

investigating the underlying functional anatomy of spelling by way of typing. This is particularly 

surprising considering that skilled typing is highly suitable for experimental investigation of 

spelling as it is widely used, is largely implemented by use of a standardized keyboard space, and 

is currently the fastest form of written communication (handwriting is about 20-30 words per 

minute (Brown, 1988) whereas touch typists (i.e. typists who do not need to look at their hands) 

have an average speed of approximately 50-60 wpm (Salthouse, 1986a; Salthouse and Saults, 

1987)). Additionally, typing occurs on a standard keyboard space and has less inherent 

variability in the motoric output as compared to handwriting, which can be so idiosyncratic in 

nature that it is actually used as a form of personal identification via signature. Most importantly, 

keyboard typing either via a computer or mobile device is becoming a highly prevalent form of 

communicating in general. For these reasons the initial focus of this study was to examine the 

neural basis of spelling via keyboard typing and compare it to the previous written production 

literature.  

 Thirdly, the study described in Chapter 2 also examined the regions associated with typed 

spelling that also demonstrated overlap with reading. This work provides a valuable contribution 
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to the field in that there are only a couple of published studies which have demonstrated a 

functional overlap of spelling and reading within the same group of subjects (Rapp and Lipka, 

2010; Purcell et al., 2011a; Rapp and Dufor, 2011), and this is the first study to examine the 

overlap between reading and spelling via typed expression. Our findings supported previous 

work which has found that the left inferior frontal gyrus (IFG) and ventral occipitotemporal 

(VOT) cortex are relevant for both spelling and reading (Rapp and Lipka, 2010; Rapp and Dufor, 

2011). In particular this overlap is reported to occur in a part of the left VOT cortex that is often 

associated with reading and has been termed the Visual Word Form Area (VWFA) due to its 

unique relevance to reading words (Cohen et al., 2002; Dehaene and Cohen, 2011). These 

findings provide further insight into what brain areas are associated with orthographic 

computations that may be invariant to input and output processes.  

 Finally, in Chapter 3: Shared Neuronal Representations for Spelling and Reading, we examine 

directly whether the same orthographic specific neurons used to spell a word are also used to 

read that same word. Although the previously mentioned, recent neuroimaging evidence has 

reported that there is overlapping activation associated with common processes for spelling and 

reading in the same group of subjects within regions such as the left VOT cortex and a the left 

IFG (Rapp and Lipka, 2010; Purcell et al., 2011a; Rapp and Dufor, 2011). Although such work 

indicates regional overlap of reading and spelling in the VOT cortex, in particular the VWFA, it 

is still not clear that the same neurons within the VWFA encode orthographic representations 

that are used to read a word that are also used spell that same exact word. In this chapter I 

address this question by employing a combined spelling and reading fMRI-Adaptation (FMRI-

A) design. This type of design has been commonly used to determine if there is selectivity at the 
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sub-voxel (i.e. neuronal level) specific stimulus features (Grill-Spector et al., 2006). Critically, 

this technique affords sufficiently high resolution to detect activity from different neuronal 

populations within the same brain region (Kourtzi and Kanwisher, 2001; Henson and Rugg, 

2003; Grill-Spector, 2006, 2006; Grill-Spector et al., 2006). Although several studies have 

investigated reading using fMRI-A (Dehaene et al., 2002; Cohen et al., 2004; Hagenbeek et al., 

2007), none have used this technique to also investigate whether there are shared orthographic 

representations that are accessed for both reading and spelling. I specifically describe two event-

related fMRI-A paradigms: an experimental Spelling/Reading study and a Repeating/Reading 

control study. This control study was required in order to ensure that any observed adaptation 

effects across spelling and reading were driven by orthography and not phonological or semantic 

processes. 

  First, our results confirmed the hypothesis that some of the same neurons in the VWFA used 

to read a word are used to spell that same word and that this effect is uniquely driven by 

orthography as opposed to semantics or phonological representations. Second, we examined 

areas surrounding the VWFA and found that areas lateral to it are also functionally relevant to 

orthographic processing; interestingly the spelling adaptation effects were more prominent in the 

region lateral to the VWFA as compared to the VWFA proper. Third, we identified regions in the 

left IFG and SMA that are also uniquely relevant to orthographic processes. These results 

indicate that there are populations of neurons within the left VWFA, IFG and SMA that are 

associated with the storage and/or retrieval of abstract orthographic representations used to both 

spell and read.  
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  In summary this body of work has added to the current literature of written production as 

well as our understanding of how the brain represents orthography. This was accomplished by 

first examining the body of literature associated with written production and confirming that the 

same regions often associated with reading are also associated with spelling. Next we examined 

direct overlap between spelling via a novel typing paradigm and reading. Finally we looked 

further into the functional relevance of these overlapping spelling and reading areas in order to 

test the hypothesis that the same orthography neuronal representations used to read a word are 

also called upon to spell that same word. In the following chapters, this work is expressed in 

more detail. 
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Chapter I 

 

Examining the central and peripheral processes of written word production 

through meta-analysis
c
 

 

Introduction 

 There are a number of reasons why it is important to understand the neural substrates of 

written language production. Communicating through written language is critically important to 

professional success and for effective functioning in everyday life (e.g., writing checks, keeping 

a calendar, taking messages, etc.). In this regard, its importance has only increased with the rise 

of electronic communication (e-mail, internet, texting, etc.). As a result, deficits of written 

communication have a very significant impact on the well-being of individuals who suffer from 

acquired and developmental dysgraphia. Understanding the neural substrates of written language 

production is important for developing accurate prognoses and effective remediation of these 

written language impairments. Furthermore, written language processing is an interesting domain 

from a basic neurobiological perspective. Written language is a relatively recent human 

invention, appearing approximately 5000 years ago and used by only a limited portion of the 

human population until very recently. As a result, it is unlikely to have had an impact on the 

human genome and, accordingly, there is unlikely to be a genetic blueprint for the specific neural 

circuitry of written language processing. Nonetheless, with instruction, most people learn to 

comprehend and produce written language with remarkable ease. Thus, written language offers 

                                                 
c
 This chapter was adapted from, Purcell JJ, Turkeltaub PE, Eden GF, Rapp B (2011b) Examining the central and 

peripheral processes of written word production through meta-analysis. Frontiers in psychology 2:239 
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an opportunity to investigate the brain's capacity to develop expertise in skills that are not 

specifically biologically predetermined.  

 While in the past two decades there has been a great deal of functional neuroimaging research 

directed at understanding the brain-basis of written language comprehension (reading), relatively 

little attention has been directed at investigating written language production (spelling and 

writing). Recently, however there has been an upswing in the number of functional 

neuroimaging investigations in this domain. The findings from these studies, along with those 

from the more traditional clinical literature examining correlations between lesions and deficits, 

have provided important insights into the neurobiology of written language production. The 

neuroimaging studies, quite naturally, differ with regard to a number of variables such as 

experimental and control tasks, neuroimaging modalities, etc. This heterogeneity, as well as the 

current critical mass of functional neuroimaging studies of spelling, makes this an appropriate 

moment to attempt to integrate findings across studies. In this paper, we report on our efforts to 

do so by carrying out a meta-analysis of existing Positron Emission Tomography (PET) and 

functional Magnetic Resonance Imaging (fMRI) studies of word spelling in alphabetic language 

involving adult participants. 

 Producing written words involves a number of interacting cognitive processes that have been 

described in various models of written language production (Roeltgen and Heilman, 1985; Rapp 

and Caramazza, 1997; Rapcsak et al., 2002; Hillis and Rapp, 2004). Although these cognitive 

processes are highly integrated, an important distinction is often made between central and 

peripheral components (see Figure 1). The different patterns of impairment that have been 

observed in cases of acquired dysgraphia subsequent to brain lesions have constituted the major 
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source of empirical support for the distinctions between central and peripheral processing 

components as well as for the more fine-grained distinctions described below and depicted in 

Figure 1. In addition, convergent evidence for many of these distinctions has been confirmed by 

behavioral studies of spelling and writing in neurologically healthy participants. While it is 

outside the scope of this paper to review these literatures, we refer the interested reader to 

various reviews (Ellis and Young, 1988; Burt and Fury, 2000; Will et al., 2006). 

 Spelling typically begins by hearing words (e.g., taking notes in a lecture, a message over the 

phone, etc.) or with internally generated word meanings (e.g. writing a letter, a grocery list, etc.). 

These auditory comprehension and semantic processes and mechanisms are not specific to 

spelling, yet serve as the basis for the subsequent retrieval or assembly of spellings. Spelling-

specific, central processes are usually identified as: orthographic long-term memory (the 

orthographic lexicon), phoneme-grapheme (PG) conversion, and orthographic working memory 

(the graphemic buffer). Orthographic long-term memory (O-LTM) is the store of the word 

spellings that an individual is familiar with. As indicated in Figure 1, information in O-LTM may 

be retrieved on the basis of a word's meaning or, according to some researchers, directly from a 

representation of the word's sound (Patterson, 1986). In addition to retrieval from O-LTM, word 

spellings may be assembled from a phonological stimulus via the PG conversion processes that 

apply learned information regarding the relationships between sounds and letters (or other sub-

lexical units) to generate plausible spellings for sound strings. For example, the sound stimulus 

"wuns" could result in the retrieval of the information O-N-C-E from O-LTM and/or in the 

assembly of a plausible spelling such as W-U-N-S-E from the PG conversion system. The letter 

representations assembled or retrieved are assumed to be abstract, lacking format-specific 
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information (such as shape, size, motor plan, etc.). The abstract letter strings are then processed 

by O-WM, a limited capacity system responsible for maintaining letter identity and order 

information active so that they can be selected for further processing by peripheral components 

(Rapp and Kong, 2002; Kan et al., 2006). These central processes interact with one another, with 

evidence specifically supporting bi-directional interactions between O-WM and O-LTM 

(McCloskey et al., 2006) and between O-LTM and PG conversion processes (Rapp et al., 2002). 

 In terms of peripheral processes, it is generally assumed that there are multiple stages 

involved in going from the abstract letters representations in O-WM to the correct ordering and 

execution of the effector-specific muscle movements required for expressing these letters. These 

peripheral processes generate written language in the major modalities of oral spelling, written 

spelling or typing. As of yet there is no strong consensus on the characterization of the multiple 

peripheral processes, and so we present a general overview of some of the basic components 

(Margolin, 1984; Ellis and Young, 1988; Rapp and Caramazza, 1997). 

 While we will not be concerned with oral spelling in this paper, (as there have been no 

functional neuroimaging studies of oral spelling), it is worth mentioning the peripheral processes 

that are involved in this spelling "format." On the basis of the information held in O-WM, the 

names of letters (e.g., /si/ /ei/ /ti/) are retrieved in their correct order from the phonological LTM 

store of words (the phonological lexicon). Subsequently, the phonetic and articulatory planning 

processes of speech are recruited for the spoken production of the letter names.  

 In the case of writing, the specific letter forms or allographs must first be selected (upper-

case, lower case, print, cursive, etc.). The mechanism responsible for converting the abstract 

letters held in O-WM to specific letter shapes is often referred to as Allographic or Letter-Shape 
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Conversion. Following Allographic Conversion, motor plans for producing the letter forms are 

then assembled by Graphic Motor Planning processes, specifying such things as the size and 

ordering of the strokes. Subsequently, Effector-Specific Motor Programming compiles 

instructions for the specific limb/s (e.g., right or left hand, foot, etc.) to be used in carrying out 

the motor actions. The programming and execution of effector-specific actions is subject to 

multi-modal feedback during execution (haptic, tactile, visual, etc.). In addition, some 

researchers have posited buffers/WM components that are associated with motor planning and 

programming components (Ellis and Young, 1988). Furthermore, the various motor planning 

processes necessarily interact with others responsible for certain spatial aspects of the writing 

process such as the coordination of the ego-centric and allo-centric reference frames required for 

producing the specific motor acts in the correct spatial locations.  

 In contrast to writing, typing requires the generation of a series of hand and finger motor 

commands in standard keyboard space in order to generate the letters held in O-WM. If we 

assume an experienced typist, motor plans may be stored and/or pre-compiled not only for 

individual letters but also for larger graphemic chunks, allowing for rapid production of letter 

sequences. Motor planning in typing is sensitive to the particular sequencing of letters, with the 

planning of the timing of hand movements for multiple letters typically occurring in parallel. As 

a result, the movements required to produce each letter are modulated by the immediately 

preceding and following context (sometimes referred to as co-articulation) (West and Sabban, 

1982; Salthouse, 1986a; Salthouse and Saults, 1987). The motor programs used in typing also 

require parameterization for such things as speed of typing, size of keyboard, etc. As is the case 

for writing, the motor planning and execution processes required for typing also interact with 
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processes that ensure the coordination of the spatial frames of reference required to move the 

hands and fingers in external keyboard space. 

 Handwriting and typing face a number of similar computational demands and, as a result, 

possibly share processing components. For example, motor sequences for both typing and 

handwriting have been shown to be similarly influenced (in terms of timing of strokes and 

pauses) by the types of grapheme units being produced (digraphs, double letters, syllable and 

morpheme boundaries) (Weingarten Nottbusch, G., Will, U. and Pechmann, 2004). Some 

investigators have even posited that handwriting and typing may share buffering or working 

memory components (Magrassi et al., 2010). For example, recent work has reported similar 

impairments to handwritten and typed production, but not oral spelling, subsequent to electrical 

stimulation to a restricted area of the superior parietal lobe (Magrassi et al., 2010). 

 Turning to the neural correlates of these central and peripheral components, findings from 

numerous studies of acquired dysgraphia subsequent to neural injury (typically stroke, but also 

surgical resection and progressive neurological disease) consistently indicate that the central 

processes of spelling are subserved by a network of regions including the left fusiform/inferior 

temporal, middle temporal, superior temporal, inferior frontal, angular, and supramarginal gyri 

(Beauvois and Derouesne, 1981; Shallice, 1981; Roeltgen and Heilman, 1984a; Kawahata et al., 

1988; Rapcsak and Beeson, 2004; Rapcsak et al., 2009; Tsapkini and Rapp, 2010). In the lesion-

based literature, peripheral processes have been most consistently associated with a left frontal-

parietal network including, but not limited to, the dorsal premotor cortex and superior parietal 

lobe (Exner, 1881; Ritaccio et al., 1992; Tohgi et al., 1995; Lubrano et al., 2004; Roux et al., 

2009). In addition, peripheral dysgraphias have been described that are associated with damage 
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to neural regions involved in general motor processing (not specifically in written language 

production) such as the motor cortex, cerebellum and various subcortical structures (e.g., 

caudate, putamen, and thalamus) (Tanridag and Kirshner, 1985; Pramstaller and Marsden, 1996; 

Denes et al., 2005; Fournier del Castillo et al., 2010). Finally, it is worth mentioning that spatial 

dysgraphias have been associated with some forms of spatial neglect, e.g., (Caramazza and 

Hillis, 1990). 

 Although the lesion literature has provided critical information regarding the necessary 

substrates for written language production, it is subject to the well-known challenges of large and 

uncontrolled lesions and concerns regarding functional reorganization. In particular, precise 

localizations are typically quite difficult. Thus, lesion studies are well-complemented by 

functional neuroimaging techniques in non-impaired, healthy individuals. This effort has been 

strengthened in recent years by numerous fMRI or PET studies that have examined all or some 

component processes of written language production. 

 In general, functional neuroimaging studies of written production can be grouped into two 

types; those that make use of tasks that involve only central processing and those that make use 

of tasks that combine both central and peripheral processing. For instance the "central-only" 

tasks are those that require subjects to access the spelling of a word, but which do not involve 

writing (or typing). The "central+peripheral" tasks, on the other hand, are those that require 

subjects to write or type words. In studies using central+peripheral tasks, central and peripheral 

processing components can sometimes be distinguished from one another depending on the 

additional experimental conditions employed and the specific contrasts they afford. We discuss 

these issues is more detail in the Methods section. 
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 With regard to central processes, the neuroimaging literature has generally supported the 

findings of the lesion literature that the left fusiform/inferior temporal gyrus, inferior frontal 

gyrus, and supramarginal gyrus are associated with the central processes of spelling. As would 

be expected, activations in these regions have been reported for tasks involving either only 

central processing (Booth et al., 2002a, 2004; Rapp and Lipka, 2010), or both central and 

peripheral processing (Beeson et al., 2003; Purcell et al., 2011a). Interestingly, the few 

neuroimaging studies that have examined both reading and spelling within the same study  have 

identified overlapping activations in both the left fusiform/inferior temporal gyrus and inferior 

frontal gyrus, suggesting that these substrates in particular are important for central processes 
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shared by both spelling and reading (Rapp and Lipka, 2010; Purcell et al., 2011a). In addition, 

the left supramarginal gyrus has also been associated with central processes (Petrides et al., 

1995; Booth et al., 2002a; Beeson et al., 2003; Purcell et al., 2011a). Specifically, it has primarily 

been associated with sub-lexical (PG conversion) processing. This association is supported by 

the observation of SMG activation in studies of Japanese Kana writing, which is thought to rely 

heavily on PG conversion processing (Katanoda et al., 2001; Sugihara et al., 2006).  

 One apparent contradiction between lesion and functional neuroimaging studies concerns the 

left angular gyrus. Although the lesion literature has long suggested it plays a role in central 

processes of written production, this region has not been consistently identified in the 

neuroimaging literature. While some studies have reported activation in this region (Booth et al., 

2002a, 2003), a number of others have not (Beeson et al., 2003; Purcell et al., 2011a). 

Furthermore, some of the latter studies have reported clusters in the intraparietal sulcus region 

superior and medial to the left angular (Beeson et al., 2003; Purcell et al., 2011a). Given the 

heterogeneity of these findings, the role of the posterior parietal cortex in written language 

production, and in particular with regard to the central processes, merits more careful scrutiny.  

 With regard to the peripheral components of written language production, in the 

neuroimaging literature these have primarily been associated with a left dorsal premotor/superior 

parietal network, as well as with activity in the cerebellum and sub-cortical structures such as the 

basal ganglia and thalamus (Menon and Desmond, 2001; Beeson et al., 2003; Sugihara et al., 

2006; Roux et al., 2009; Purcell et al., 2011a). The left dorsal premotor cortex in particular has 

been considered relevant to writing-specific processes involving the generation of graphemic 

motor commands (Menon and Desmond, 2001; Beeson et al., 2003). Although some of the 
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earlier neuroimaging work in this field suggested that the left dorsal premotor region was 

associated with the generation of handwriting-specific graphic motor commands (Beeson et al., 

2003), recent findings indicate that this general region also plays a role in the generation of 

graphic motor commands of typed production (Purcell et al., 2011a).  

 Although a qualitative narrative summary such as the one presented above is valuable, it does 

not allow for a precise localization of the shared activations reported across studies. Meta-

analytic methods allow us to address these challenges by quantitatively identifying brain 

locations that are consistently associated with tasks or cognitive functions of interest. Therefore 

we applied the Activation Likelihood Estimation (ALE) technique (GingerALE 2.1a3, 

BrainMap.org) to the study of written word production. The ALE technique is a widely used, 

validated, automated, quantitative method for a voxel-wise meta-analysis of neuroimaging foci 

which has been used in a range of cognitive domains such as reading (Turkeltaub et al., 2002), 

speech perception (Turkeltaub and Coslett, 2010), and  object naming (Price et al., 2005). 

 Briefly, the goal of the ALE approach is to estimate, for each voxel in a normalized brain, the 

likelihood that it corresponds to the peak of a significant cluster in a task/contrast of interest. The 

logic underlying the approach is that, although significant activations are reported as discrete X, 

Y, Z locations, there is uncertainty regarding their precise location. This uncertainty can be 

modeled as a 3-dimensional Gaussian probability density distribution around the activation peaks 

that have been reported for a study. By combining the probability distributions corresponding to 

all of the significant activation peaks from all of the contributing studies, and then applying 

appropriate statistical corrections and thresholds, the ALE algorithm estimates the likelihood that 

a voxel corresponds to a location of peak activity in the literature. This analysis yields "clusters" 
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of significant activation likelihood estimates that represent the spatial overlap of peak activity 

among the contributing studies. 

 In this paper, we report on the results of a series of meta-analyses. In the first, we applied the 

ALE algorithm to the findings of 11 written language production neuroimaging studies with a 

combined total of 17 separate contrasts. We then analyzed two subsets of the contrasts separately 

to identify central-only components of the spelling process and central+peripheral components. 

Finally, we compared the results of central+peripheral to central-only ALE analyses in order to 

identify neural substrates that are reliably associated with the peripheral processes of written 

production. In combination, this set of analyses allowed us to identify the brain regions that are 

most reliably associated with central and peripheral written language production processes in 

alphabetic writing. 

 

Methods 

 

Selection of studies 

 We searched Pubmed and Googlescholar online databases for studies associated with written 

language production using keywords "writing," "handwriting," "spelling," "orthographic," 

"fMRI," "PET," and "neuroimaging" in relevant combinations. Reference lists for appropriate 

publications were also searched for additional studies that could be included. Direct email 

communication with some researchers also provided additional data sets for analysis. 

 We included studies based on the following inclusion criteria: (1) the neuroimaging technique 

used was fMRI or PET; (2) subjects were neurologically healthy, right-handed adults; (3) 



 

22 

 

experiments required participants to generate orthographic lexical and/or sub-lexical 

representations; (4) studies involved an alphabetic written language; (5) no visual word or non-

word stimuli were presented during the task of interest (in order to allow us to more clearly 

distinguish spelling from reading processes); (6) results were reported in a stereotactic 3-

dimensional coordinate system; (7) the field of view covered the whole brain; (8) analyses were 

 not restricted to regions of interest; (9) a random-effects analysis was performed. 

 

Selection and categorization of contrasts 

 We assigned the selected studies to either central-only (C) or central and peripheral (C+P) 

categories. More precisely, we placed the selected contrasts into one of these two categories. 

This ensured that the meta-analyses would be based not simply on the characteristics of the 

experimental tasks, but rather on the cognitive processes that were "isolated" on the basis of the 

contrast performed. The C contrasts were those that predominantly isolated central processing 

components, whereas the C+P contrasts were those that included both central and substantive 

peripheral processes.  

 An example of a C contrast is the one reported in Rapp and Lipka (2011). In this study, the 

experimental task required subjects to view a letter, listen to an auditorily presented word and 

then respond with a button press if the visually presented letter was in the spelling of the 

auditorily presented word. This task requires recruitment of O-LTM, and possibly PG 

conversion, as well as O-WM, but does not engage peripheral spelling processes. The contrasting 

(baseline) task was a perceptual-motor control task that allowed for the visual, auditory, motor 

and decision components of the experimental task to be "subtracted out" in the contrast. An 
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example of a C+P contrast comes from Beeson et al. (2003). In this study, the experimental task 

required subjects to think of and handwrite words from a specific category (e.g., fruits) during a 

fixed time period. The baseline task was a circle-drawing task that served to exclude the most 

general peripheral motor aspects of handwriting, while retaining not only the central processes 

but also many of the writing-specific peripheral components. 

 Some of the studies that met the inclusion criteria for the meta-analysis included multiple 

contrasts. For example, the Beeson et al. (2003) study, in addition to a word writing task, 

included a circle-drawing task as well as an alphabet writing task. For the latter task, subjects had 

to write as much of the alphabet as possible during a limited time period (comparable to the time 

period for writing words). While the word writing vs. circle drawing contrast provided 

information regarding both central+peripheral processes, the word writing vs. alphabet writing 

contrast served to more specifically isolate central processes. In this way, some studies 

contributed multiple sets of contrasts and their corresponding results to the meta-analysis.  

 

ALE methods 

 The X, Y, Z coordinates of every significant peak (or sub-peak) for all eligible contrasts 

constituted the input to the meta-analysis. Coordinates that were reported in Talairach space 

(Talairach Tournoux, P., 1988) were converted to Montreal Neurological Institute (MNI) 

coordinates (Lancaster et al., 2007). The ALE meta-analysis was implemented using GingerALE 

2.1a3 (www.brainmap.org). A new ALE algorithm was employed which consists of 3 steps 

resulting in an ALE map that is unbiased by the number of foci or the number of contrasts 

included from each study (Turkeltaub et al., 2012).  
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 The 3 steps of the ALE analyses are as follows: 1) localization uncertainty is modeled for 

each focus of activity as a Gaussian, the width of which is determined from the number of 

subjects of the study (Eickhoff et al., 2009); 2) taking the union of the study-specific localization 

probabilities identified for each voxel yields the voxel-wise ALE value; 3) significance is tested 

using a random effects method with a null hypothesis that the location of activation in each study 

is independent of the others (Eickhoff et al., 2009). The ALE maps generated according to steps 

1-3 were thresholded with a False Discovery Rate of q>0.05 and clusters size >100mm3. For 

each of the resulting significant clusters, we additionally considered the number of studies that 

contributed to each. We did so by tallying the studies with foci within 2 standard deviations of 

localization uncertainty (see (Eickhoff et al., 2009)). In order to ensure that the reported results 

represented coherence across multiple experiments, we eliminated ALE clusters and peaks that 

were based on fewer than three different contrasts.  

 Three ALE analyses were carried out: the "All-Contrasts" analysis included all of the eligible 

contrasts, the "C-only" analysis included all eligible C contrasts and the "C+P" analysis included 

all of the eligible C+P contrasts. Additionally, we performed a subtraction analysis to identify 

locations where the C+P ALE values were significantly greater than C-only ALE values, thus 

providing a means for identifying regions associated with peripheral processing. This subtraction 

analysis simply subtracts two ALE maps generated from two different groups of studies. 

Significance is tested via a permutation method which reassigns the studies randomly into two 

groups of the same size as the original ones over 5000 iterations. The distribution of ALE values 

in these random ALE subtraction maps provides a null hypothesis for the significance test. 
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 Visualizations of the results were implemented with MRIcron, using the Colin brain template 

in MNI space (Evans et al., 1993). Surface renderings are maximum intensity projections with a 

search depth of 16 mm. Gyral anatomical labels were assigned based on the Automated 

Anatomical Labeling (AAL) atlas developed for SPM (Tzourio-Mazoyer et al., 2002). Brodmann 

Areas (BAs) were identified from the template developed for MRIcron. Activation likelihood 

peaks, which were found deep in the gray matter at the sulcus boundaries between two gyri, were 

assigned to the appropriate sulcus name. For instance, if the peak maximum probability label was 

in the superior parietal lobe and the corresponding cluster was located deep in the gray matter of 

the intraparietal sulcus (IPS) (which defines the boundary of the angular gyrus (AG) and the 

superior parietal lobe (SPL)), and then a label of SPL/IPS was used in the tables and in the text.  

 

Results 

 

Identification of eligible studies/contrasts 

 A total of 17 experimental contrasts were identified in 11 different publications which met our 

inclusion and exclusion criteria for the All Contrasts meta-analysis and together represented a 

total of 146 subjects. All but one study was conducted using fMRI and all employed block 

designs except for one which employed an event-related design (Cohen et al., 2004). Most 

studies were conducted with English  speaking  participants,  with  two  of  the  eleven  studies  
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Table 1: Meta-analysis Dataset 

Reference 
MRI/
PET 

Language N 
Experimental Condition   Control Condition(s) 

Contrast 
ID* 

Petrides, M. B., 
et al. (1995) PET English 11 

Handwriting: write  
spoken  words 

> 
Recall: subjects recall and say aloud  
previously memorized words  

1 C/P 

Booth, J. R., et 
al. (2002) 

MRI English 13 

Spelling: hear 3 words, 
determine if 3rd word 
has same spelling  rime 
as either of the 1st two 
(e.g. "hope", "colt", 
"soap") 

> 
Rhyming: hear 3 words,  determine if 
3rd word rhymes with either of 1st 
two (e.g. "has","last", "jazz") 

2a C 

> 
Tones: hear 3 tones, determine if 
pitch of the 3rd tone matches either 
of the 1st 2  

2b C 

Booth, J. R., et 
al. (2003) 

MRI English 15 
Spelling: Same as in 
Booth, et al. (2002) 

> 
Tones: Same as in Booth, J. R., et al. 
(2002) 3 C 

Beeson, P. S., et 
al. (2003) 

MRI English 12 

Generative 
handwriting:  think of 
and hand write words 
from  a given semantic 
category ( e.g. animals) 

> 
Drawing circles: draw continuous 
circles  

4a C/P 

> Writing alphabet: write alphabet  4b C 

> 
Generative spoken  naming: 
subvocalize names from given 
category ( e.g. animals) 

4c C/P 

Booth, J. R., et 
al. (2004) 

MRI English 16 
Spelling: Same as in 
Booth, et al. (2002) 

> 
Tones: Same as in Booth, J. R., et al. 
(2002) 

5 C 

Cohen, L., et al. 
(2004) 

MRI French 17 

Orthography task: 
determine if spelling of 
a spoken word has a 
descender (e.g. "p") 

> 
Phoneme detection  Task: determine 
if auditorily presented  word contains  
a prespecified phoneme  

6 C 

Cho, H.,  et al. 
(2009) / email 

MRI English 15 

Handwrite: write 
names of pictures 

> 
Checkerboard: look at visual 
checkerboard 

7a C/P 

  
> 

Copy Scribbles: copy images by 
circular, vertical, or horizontal 
drawing motions 

7b C/P 

  
> 

Spoken picture naming: subvocally 
name pictures 

7c C/P 

Roux, F. E., 
Dufor, O., et al. 
(2009) / email 

MRI French 12 

Handwriting: write  
spoken  words 

> 
Repeating: subvocally repeat  spoken 
words 

8a C/P 

  > Rest 8b C/P 

Purcell, J. J., et 
al. (2011a) 

MRI English 17 
Type:  type spoken 
words 

> 
Motor: hear word "motor" then type 
pre-practiced sequence, i.e. a;sldkfj  
on QWERTY keyboard 

9 C/P 

Rapp, B. & Lipka, 
K. (2010) 

MRI English 10 

Spelling: press button if 
visually presented  
letter is in the  spelling  
of a spoken word 

> 
Case verification: press button if  
visually presented letter is 
upper/lower case 

10 C 

Rapp, B. & 
Dufor, O. (2011) MRI English 8 

Handwriting: write  
spoken  words 

> 
Drawing circles: draw continuous 
circles  

11 C/P 

* The Study ID letters designate multiple tasks associated with a particular study. The C/P and C label denotes whether the task 
involved was either a Central/Peripheral (C/P) or Central only (C) task. 
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performed with French native speakers. The eligible contrasts with a brief description of the 

tasks, the number of subjects, the language and imaging modality are listed in Table 1. 

 

Analysis 1: All-Contrasts 

 As reported in Table 2 and Figure 2.A, the ALE analysis identified 16 significant clusters with 

their corresponding peaks, as well as 6 additional significant sub-peaks. The peaks correspond to 

the voxel with the highest ALE value within a cluster of significant ALE values. Sub-peaks are 

the non-maximal peaks within clusters that have higher ALE values than their surrounding 

voxels. It is important to emphasize that the results reported in the table and figure do not 

correspond to the activation maps that are typically reported in functional neuroimaging. Instead, 

all significant voxels identified by the ALE analysis correspond to locations where, considering 

the peak coordinates identified by the set of eligible studies, an activation peak is likely to occur. 

 The ALE locations identified in the first analysis were primarily in the left hemisphere. In the 

left frontal lobe, the analysis identified four ALE clusters with the peaks located in the left 

posterior inferior frontal gyrus, the superior frontal gyrus/sulcus, the supplementary motor area 

(SMA), and the fourth straddling the pre and post central gyri. In the parietal lobe there were 

three clusters: two were located in the superior parietal lobule and one in the supramarginal 

gyrus. In the left temporal lobe there was one cluster in the middle portion of the superior 

temporal gyrus/sulcus. In the occipitotemporal region there was one large cluster that included 

peaks in the inferior temporal gyrus as well as one in the mid fusiform gyrus. In addition to these 

cortical locations in the left hemisphere, sub-cortical ALE clusters were identified in the 
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thalamus and putamen. In the right hemisphere, there was a significant cluster in the insula, the 

posterior superior temporal gyrus/sulcus as well as three clusters in the right cerebellum. 

 

Analysis 2: Central (C)-Contrasts 

 For the C-contrasts analysis, a total of 7 contrasts were identified which met our inclusion and 

exclusion criteria (Table 1). These contrasts were derived from 6 different publications and 

represent a total of 83 subjects. 

  As reported in Table 3 and Figure 2.B, the C-contrasts ALE analysis identified 6 significant 

clusters with their corresponding peaks, and one additional sub-peak. All but one of the clusters 

was in the left hemisphere, and all were cortical. In the left frontal lobe there were two clusters: 

one large cluster in the posterior inferior frontal gyrus and another in the anterior cingulate 

cortex. In the parietal lobe there was a single cluster in the superior parietal lobule/intraparietal 

sulcus. In the temporal lobe there was one cluster in the left superior temporal gyrus/superior 

temporal sulcus. Finally, in the occipitotemporal area there was a large cluster in inferior 

temporal gyrus that extended into the fusiform gyrus. In the right hemisphere, only one ALE 

cluster was identified in the superior temporal gyrus/sulcus. 

 

Analysis 3: Central+Peripheral (C+P) Contrasts  

 For the C+P Contrasts analysis, a total of 10 experimental contrasts were identified which met 

our inclusion and exclusion criteria (Table 1). These contrasts were derived from 6 different 

papers and included a total of 75 subjects.  
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 As reported in Table 3 and Figure 2.C, the ALE analysis identified 8 significant clusters with 

their corresponding peaks, and 5 additional sub-peaks. Clusters were primarily in the left 

hemisphere, with only 3 right hemisphere clusters. In the left frontal lobe there was one cluster in 

the superior frontal gyrus/sulcus that extended into the supplementary motor area and middle  

  Table 2: Results for the All-Contrasts Written Production Meta-analysis 

    
      Extent   Peak MNI 

ALE 
Value  

Contrasts contributing 

    Location BA (mm
3
)   X Y Z (x10

-3
)  to peaks 

  Frontal                     

    Left IFG 9 3456   -46 16 18 19.3 2a, 3, 4b, 5 

      IFG 9 -   -44 6 28 15.0 2b, 9, 10, 11 

    Left SFG/ SFS 6 3720   -22 -8 54 20.2 4b, 8a, 9, 11 

      SMA 6 -   -4 -10 50 15.7 1, 4c, 7a, 11 

    Left SMA 6 1544   -4 22 46 20.3 2a, 4a, 4b, 5, 9 

    Left 
Precentral 
Gyrus 4 1120   -36 -24 60 15.2 

1, 7a, 7c, 8a, 8b 

      
Postcentral 
Gyrus 3 -   -30 -24 48 11.3 

4b, 7a, 7c 

    Right Insula 13 1144   42 24 -4 15.2 4a, 4b, 7b, 9 

      Insula 13 -   36 26 -8 13.6 4a, 4b, 5, 7b 

  Parietal                     

    Left SPL/IPS 7 1128   -32 -46 58 12.8 4c, 7a, 7c 

    Left SPL/IPS 7 2840   -30 -60 46 25.0 2a, 3, 4a, 4b, 9 

    Left SMG 40 704   -52 -32 34 14.4 1, 2b, 7c 

                        

  Temporal                     

    Left STG/STS 21 1512   -60 -12 -2 29.5 2a, 3, 5, 9, 11 

    Right STG/STS 22 728   52 -12 -6 17.3 2a, 3, 5, 11 

  Occipitotemporal                     

                        

    Left ITG 37 4024   -50 -60 -16 26.5 2a, 2b, 3, 4a, 4b, 7a, 9, 10 

      FG 37 -   -44 -56 -12 22.9 2b, 4a, 4b, 6, 7a, 7b, 9, 10 

      ITG 37 -   -42 -58 -6 20.3 2b, 4a, 6, 7a, 7b, 11 

  Sub-Cortical                     

                        

    Left Thalamus   744   -14 -10 10 13.0 7a, 7c, 11 

    Left Putamen   576   -24 -4 -2 15.6 4a, 7a, 7c 

  Cerebellum                     

    Right Cerebellum 552   14 -48 -24 16.3 1, 4c, 7a, 7c 

    Right Cerebellum 464   30 -68 -30 15.4 2a, 5, 7b 

    Right Cerebellum 448   8 -72 -18 11.8 7b, 9, 11 
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Table 3: Results for the Central and the Central/Peripheral ALE Meta-analyses         

    
    Extent   Peak MNI 

ALE 
Value  Contrasts contributing 

to peaks     Location (Brodmann Area) (mm
3
)   X Y Z (x10

-3
) 

Central Contrasts               

  Frontal               

    Left IFG (9) 2064   -46 16 18 18.8 2a, 3, 4b, 5 

    Left ACC (32) 920   -6 22 44 17.5 2a, 4b, 5 

  Parietal               

    Left SPL/IPS (7) 1872   -30 -62 44 17.9 2a, 3, 4b 

  Temporal               

    Left STG/STS (22) 976   -62 -12 -3 20.8 2a, 3, 5 

    Right STG/STS (22) 872   52 -12 -6 15.7 2a, 3, 5 

  Occipitotemporal               

    Left ITG (37) 2360   -52 -58 -16 18.6 2a, 2b, 3, 4b, 10 

      ITG (37) -   -46 -56 -12 16.5 2a, 2b, 3, 4b, 6, 10 

Central/Peripheral Contrasts               

  Frontal               

    Left SFG/ SFS (6) 3992   -22 -8 54 18.1 8a, 9, 11 

      SMA (6) -   -4 -10 50 15.7 1, 4c, 7a, 11 

      SMA (6) -   -14 -10 60 11.6 4a, 7a, 7c 

    Left Precentral Gyrus (3) 1552   -36 -24 60 15.2 1, 7a, 7c, 8a, 8b 

    Right Insula (13) 960   42 24 -4 12.5 4a, 7b, 9 

  Parietal               

    Left SPL (7) 3320   -28 -56 54 14.7 4a, 7a, 11 

      SPL/IPS (7) -   -30 -66 42 10.3 4a, 9, 11 

  Occipitotemporal               

    Left FG (37) 2128   -40 -52 -12 14.3 4a, 7a, 7b, 9 

      FG (37) -   -42 -56 -12 14.2 4a, 7a, 7b, 9 

  Sub-cortical               

    Left Putamen 920   -24 -4 -2 15.6 4a, 7a, 7c 

  Cerebellum               

    Right Cerebellum 1264   6 -64 -20 13.2 4a, 7a, 7c 

      Cerebellum     8 -72 -18 11.8 7b, 9, 11 

    Right Cerebellum 776   14 -48 -24 16.3 1, 4c, 7a, 7c 

 

frontal gyrus. Additionally, there was a cluster in the left precentral gyrus that extended 

posteriorly into the postcentral gyrus. In the parietal lobe there was a large cluster in the superior 
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parietal lobule/intraparietal sulcus. In the occipitotemporal region there was a large cluster within 

the fusiform gyrus. Subcortically, there was a cluster in the left putamen. In the right hemisphere, 

two clusters were identified in the cerebellum. 

 The subtraction analysis allowed us to identify locations that were significant for the C+P but 

not the C analysis. The results revealed three significant clusters with their corresponding peaks 

and 3 additional sub-peaks. One cluster was in the left precentral gyrus and extended into the 

superior frontal sulcus. A second cluster was just posterior to the first, but in the postcentral 

gyrus. The third cluster was in the left anterior intraparietal sulcus extending dorsally into the 

superior parietal lobule and ventrally into the supramarginal gyrus (BA 40). (Table 4, Figure 3)  

 

Table 4. Central/Peripheral (C/P) > Central (C ) Contrast ALE Meta-analysis   
        Extent Peak MNI Peak TAL 

Location (Brodmann Area) (mm3) X Y Z X Y Z 

C/P  >  C                    

  Frontal                 

    Left Precentral Gyrus (6) 256 -24 -11 64 -24 -17 60 

    Left SFG/SFS (6)   -26 -4 62 -26 -11 59 

  Parietal                 

    Left Postcentral Gyrus (3) 272 -39 -27 63 -38 -32 57 

    Left Postcentral Gyrus (3)   -34 -27 58 -33 -32 53 
    Left SPL/IPS (7) 1744 -36 -40 57 -35 -44 51 

    Left SPL/IPS (7)   -33 -46 53 -32 -49 47 
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Discussion 

 

 This study provides the first quantitative meta-analysis of functional neuroimaging studies of 

written word production. The analysis is based on eleven studies of alphabetic languages (total 

N=146) consisting of total of 17 experimental contrasts that had been designed to isolate the 

Central or Central+Peripheral processes of word spelling. Three ALE analyses were carried out. 

One involved the complete set of 17 contrasts; two others were applied to subsets of contrasts 

with the goal of distinguishing neural substrates supporting Central from Peripheral processes. In 

addition a subtraction analysis was performed in order to directly contrast the two subset 

analyses to identify areas associated specifically with peripheral processes of written word 

production.  

 The ALE analysis that considered the full set of 17 contrasts identified significant activation 

locations in a distributed set of primarily left hemisphere regions that have been previously 

associated with spelling such as the inferior frontal gyrus (IFG), superior frontal gyrus/superior 

frontal sulcus (SFG/SFS), superior parietal lobule/intraparietal sulcus (SPL/IPS), superior 

temporal gyrus/superior temporal sulcus (STG/STS), fusiform gyrus (FG), and inferior temporal 

gyrus (ITG). In addition to confirming reports from the existing lesion and functional 

neuroimaging literatures, this analysis provided the most likely specific location of each of these 

sites. Among the results there are two findings that are particularly noteworthy. We briefly 

mention them here and discuss them more fully below. First, the analysis revealed that the 

regions with the highest correspondences across studies were in the left FG/ITG (observed in 11 

of the 17 contrasts) and left IFG (observed in 8 of the 17 contrasts). Second, although the lesion 
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literature has traditionally identified the angular gyrus (AG) as a key site within the written word 

production network, the meta-analysis did not identify the AG as a consistent activation site. 

Instead, the analysis identified a region just superior and medial to the AG in the left posterior 

IPS.  

 Additional analyses allowed further clarification of the functional roles of the identified 

regions, in particular whether they were associated with central vs. peripheral written language 

processes. Areas most consistently involved with central processes were: the left FG/ITG, IFG, 

and posterior IPS. Peripheral processes, as identified through the subtraction of ALEs, were most 

robustly associated with foci within left SFG/SFS, precentral gyrus, postcentral gyrus and the 

SPL. We discuss these results in the sections below within the context of both the neuroimaging 

and lesion literatures on spelling (Figure 1); we also discuss these findings in relation to the 

reading literature when appropriate. This discussion highlights points of increasing convergence 

across the various literatures as well as identifies controversies and topics to be pursued in future 

research.  

 

The Central Processes of Spelling: Fusiform Gyrus/Inferior Temporal Gyrus 

 One of the most salient and robust findings of the All-Contrasts analysis is that the left 

FG/ITG region (with 3 separate MNI peaks at -50, -60, -16; -44, -56, -12; and -42, -58, -6) had 

one of the highest ALE values generated in the analysis, as well as the greatest number (11) of 

contributing contrasts. Thus, despite the very considerable diversity in experimental tasks and 

contrasts, this region was consistently identified as contributing to spelling, and more specifically 

to the central processes in spelling.  
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 In terms of cognitive processes, this region has been most frequently associated with 

Orthographic LTM. This is supported by a number of lesion studies (Rapp and Caramazza, 1997; 

Rapcsak and Beeson, 2004; Philipose et al., 2007; Tsapkini and Rapp, 2010) reporting that 

lesions to this area resulted in the behavioral profile expected from damage to the Orthographic 

LTM system. This profile includes difficulties in spelling lower frequency irregular words (i.e., 

words with atypical phoneme-graphemes, e.g. yacht), in the face of accurate spelling of regular 

words and pseudowords. Consistent with the association of this region with Orthographic LTM, 

recent fMRI studies have found lexical frequency effects in this region, with larger BOLD 

responses observed for low versus high frequency words (Rapp and Lipka, 2010; Rapp and 

Dufor, 2011). Thus, the lesion and neuroimaging spelling literatures are consistent in indicating 

that this region plays some role in Orthographic LTM. 

 In addition, from the time of the earliest investigations of written language, the left 

occipitotemporal cortex has been considered to be critical for reading words (Dejerine, 1892). 

Since then, numerous functional neuroimaging and lesion studies have confirmed the association 

of the left mid-fusiform gyrus (bordering on the ITG) with visual word processing in literate 

individuals (Chialant and Caramazza, 1998; Cohen et al., 2000, 2002; McCandliss et al., 2003; 

Kronbichler et al., 2004; Gaillard et al., 2006; Sheldon et al., 2008; Dehaene et al., 2010). These 

findings are also generally consistent with the visual object processing literature which includes 

the left occipitotemporal cortex as part of the ventral visual system of areas selective to common 

complex visual objects such as faces or body parts (Kanwisher et al., 1997; Schwarzlose et al., 

2005). While the specific role of this region in reading is debated (Price and Devlin, 2003), there 

is evidence, similar to that found for spelling, that this region is sensitive to the lexical frequency 
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of words (Kronbichler et al., 2004), and it has been designated by some investigators as the 

storage site of the orthographic word forms used in reading (Glezer et al., 2009a). 

 Although findings from the spelling and reading literatures suggests that both skills share 

neural substrates in the left occipitotemporal cortex, this claim is most clearly established by 

studies that examine both spelling and reading within the same individuals. In fact, four recent 

fMRI studies determined that there was overlapping activation for spelling and reading in the left 

FG/ITG (Cho et al., 2009; Rapp and Lipka, 2010; Purcell et al., 2011a; Rapp and Dufor, 2011). 

These functional neuroimaging findings are also supported by studies of acute and chronic 

lesions reporting that lesions or hypoperfusion to the left FG/ITG can impair both spelling and 

reading in a similar manner (Rapcsak and Beeson, 2004; Philipose et al., 2007; Tsapkini and 

Rapp, 2010).  

 In sum, the finding of overlap within the FG/ITG region for both reading and spelling in both 

lesion and neuroimaging literatures, as well as the sensitivity of the region to word frequency, 

are consistent with some role for this region in the Orthographic LTM system.  

 

The Central Processes of Spelling: Left Inferior Frontal Gyrus 

 The overall ALE analysis identified a high activation likelihood region within the left IFG 

(with MNI peaks at: -46, 16, 18 and -44, 6, 28) that was supported by 8 contrasts, making this 

region the second most consistently observed across studies. The peaks of this cluster are in the 

posterior part of the inferior frontal gyrus (opercularis), with the cluster extending into the 

precentral sulcus. This neuroanatomical region has been referred to by some researchers as the 
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Inferior Frontal Junction, IFJ (Brass and von Cramon, 2002; Brass et al., 2005; Derrfuss et al., 

2005a).’ 

 Damage to this area of the cortex is often associated with written and spoken language 

deficits, as this region is included in Broca's area. More specifically, with regard to acquired 

dysgraphia in acute stroke, hypoperfusion to the left IFG has been associated with impairments 

in accessing Orthographic LTM for spelling (Hillis et al., 2002, 2004). Also consistent with a 

role for this region in Orthographic LTM, Rapp and Dufor (2011) found the region to be 

sensitive to word frequency, showing stronger BOLD response to low vs. high frequency words. 

However, it should be noted that there are studies of chronic stroke associating damage to this 

region with deficits affecting PG conversion processes (Henry et al., 2007). 

 With regard to reading, like the FG/ITG region, the posterior IFG is often found to be active 

in studies of reading, e.g., (Fiez and Petersen, 1998; Price, 2000; Turkeltaub et al., 2002; Bolger 

et al., 2005). Furthermore, three of the neuroimaging studies that have considered both reading 

and spelling in the same individuals reported overlap between spelling and reading in this region 

(Rapp and Lipka, 2010; Purcell et al., 2011a; Rapp and Dufor, 2011). This latter finding suggests 

a role for this region in the central processes of spelling.  

 Specific interpretation of the functional role of the posterior IFG in spelling is complicated 

because activations in this general region are reported in a large number of studies across quite 

disparate skill domains. For example, Brass and von Cramon (2002) suggested that the IFJ is 

involved in cognitive control (see Rapp & Lipka, 2011 for discussion in the context of spelling). 

Worth noting is that even within the All-Contrasts meta-analysis, we found heterogeneity in this 

region with six of the contrasts contributing to this area coming from the Central-only group of 
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studies and only two from the Central+Peripheral group (although the contrasts in this latter 

group must also draw on central spelling processes). This heterogeneity may reflect the 

sensitivity of this region to the specific task demands and the particular features of the tasks used 

in the contrasts. One interpretation, which falls generally within a cognitive control account, is 

that activation in the left IFG for written language processing is not associated directly with 

Orthographic LTM, but rather with the coordination of activity in more posterior regions (i.e. in 

temporal or parietal cortex) that are, themselves, more directly involved in processing the stored 

representations of written language (Mesulam, 1998; Booth et al., 2002b; Bitan et al., 2005). 

This interpretation suggests that the left IFG/IFJ's participation in orthographic processing may 

primarily consist of its contribution to the processes of orthographic lexical selection and 

retrieval, rather than storage. This idea is supported by the findings in spoken word production 

studies which report that the IFJ/IFG region is associated with lexical selection in speaking 

(Thompson-Schill et al., 1997). This proposal is further elaborated by (Kan and Thompson-

Schill, 2004) who suggested that biased competition processes (Desimone and Duncan, 1995) 

draw on this neuroanatomical region when there is competition for selection in visual, lexical or 

conceptual domains. That is, while storage of orthographic forms may reside in FG/ITG regions, 

lexical selection and the resolution of competition at orthographic, lexical, conceptual and/or 

phonological levels, in spelling and reading, may rely on the left IFJ.    

 

The angular gyrus controversy 

 The left angular gyrus was one of the first regions associated with central processes of 

spelling and reading (Dejerine, 1892). The region has continued to be associated with literacy 
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and developmental dyslexia (Horwitz et al., 1998; Rumsey et al., 1999; Pugh et al., 2000b; 

Carreiras et al., 2009). The specific function of this region with regard to reading is unclear, 

however, with some researchers positing that it is part of a larger dorsal parietotemporal region 

which plays a role in grapheme-phoneme conversion in reading e.g., (Pugh et al., 2000a), or that 

it contributes to lexical processing associated with reading high frequency words e.g., (Joubert et 

al., 2004). The function of this region with regard to written production is also unclear. Although 

the left angular has continued to be associated with acquired dysgraphia, there is no clear 

consensus regarding its functional role in writing. For instance, some studies have linked 

impairments in irregular word spelling to the left angular gyrus suggesting it is involved in 

Orthographic LTM (Beauvois and Derouesne, 1981; Roeltgen and Heilman, 1984b), while others 

have found it to be associated with deficits to sub-lexical PG conversion spelling processes 

(Hillis et al., 2002; Sheldon et al., 2008).  

 Conflicting with the lesion literature findings, the left angular gyrus has not been clearly 

identified in functional neuroimaging studies of spelling. In particular, Beeson et al. (2003) 

specifically examined the functional activation in a left angular gyrus region of interest and 

found no significant activation for the group analysis, although individual subjects did show 

some significant effects (Beeson et al., 2003). Interestingly, the left AG has not been consistently 

identified in the neuroimaging literature of reading either (e.g.(Fiez and Petersen, 1998; 

Turkeltaub et al., 2002; Jobard et al., 2003). Consistent with these previous findings, the meta-

analysis did not identify any reliable activation peaks in the angular gyrus. This confirms that 

this region is not reliably identified in functional neuroimaging studies of written word 

production.  
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 It may be useful to consider these inconsistent reports in light of recent observations that 

activation in the left angular gyrus has been found in neuroimaging studies involving  conceptual 

or semantic processing  (Binder et al., 2009;Graves et al., 2009;Seghier et al., 2011). While 

spelling (as indicated in Figure 1) and reading both engage semantic processes, tasks involving 

spelling or reading which are not designed to focus the participant's attention on the semantic 

features of the words may not produce sufficiently consistent activation in semantically related 

areas, such as the angular gyrus, to be detected by experimental paradigms/analysis techniques 

employed. In sum, the inconsistently observed activation of the AG may be due to low and 

variable activation of semantic processing regions in neuroimaging studies involving spelling or 

reading tasks that are not put focused on semantic processing. 

 That said, the All-Contrasts analysis did identify a cluster in the posterior IPS, which is 

supported by 5 experimental contrasts and is located just superior and medial to the left angular 

gyrus, in the left posterior IPS (MNI peak: -30, -60, 46). It is important to point out that the 

posterior IPS is essentially the neuroanatomical demarcation between the superior parietal lobule 

and the angular gyrus and, therefore, that the IPS cluster that we report could be considered to be 

at the most superior edge of the AG. Importantly, a similar region was observed in both the C-

Contrasts and C+P Contrasts separately, suggesting that this region plays a role in central 

spelling processes.   

 If we consider cognitive processes that have been associated with the SPL/IPS region 

specifically, we find that damage to superior parietal cortex, entirely or largely sparing the 

angular gyrus, has been associated with spelling deficits, specifically ones affecting 

Orthographic-WM (Miceli et al., 2004; Buchwald and Rapp, 2009). In particular, one of the 
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individuals described by Buchwald and Rapp (2009) had a lesion restricted to the parietal lobe 

anterior to the AG. Furthermore, also consistent with a role for this region in Orthographic WM 

is the finding reported by Rapp & Dufor (2011) of sensitivity of the BOLD response in this area 

to word length in written word production.  

 One way to reconcile the current body of functional neuroimaging and the lesion findings 

implicating the AG is to assume that the IPS region is, in fact, the critical region for spelling, and 

that lesions to the left AG may have also damaged the posterior IPS (e.g., due to the close 

proximity of these regions) or connections to the IPS. Still another interpretation is that lesions 

which have previously been associated with the left angular gyrus have actually affected a 

portion of the left inferior temporal lobe or fusiform gyrus that was important for written 

spelling. This possibility has been suggested in lesion studies examining deficits in spelling 

(Rapcsak and Beeson, 2004) as well as reading (Epelbaum et al., 2008). One final possibility is 

that the angular gyrus serves to modulate activity in areas related to orthographic processing, and 

that it may not be detectable via classic functional neuroimaging measures utilized in the studies 

considered in this meta-analysis, but instead can be observed via anatomical or functional 

connectivity measures. This is supported by recent work which reported gray matter increases in 

the bilateral angular gyrus as well as white matter increases in the splenium of the corpus 

callosum (which serves to functionally connect the bilateral angular gyri) that were associated 

with learning to read and write as an adult (Carreiras et al., 2009). These varied interpretations 

indicate that much further research is needed in order to more clearly discern the relevance of the 

angular gyrus to written spelling.  
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Other perisylvian regions: SMG and STG/STS 

 The remaining left hemisphere cortical sites that were identified in the All Contrasts analysis 

and that were not attributed to peripheral processes are the mid left STG/STS (MNI peak: -60, -

12, -2) and the supramarginal gyrus (SMG) (MNI peak: -52, -32, 34). Lesions to either the left 

STG/STS or SMG have typically led to impaired written word production by affecting 

phonological processing thought to be associated with the PG conversion system. This type of 

impairment results in difficulties in pseudoword spelling, with relatively more intact spelling of 

both regular and irregular familiar words (Henry et al., 2007); also see (Philipose et al., 2007) for 

parallel deficits in spelling and reading pseudowords subsequent to damage to BA40. 

Furthermore, the left SMG has been directly implicated in functional neuroimaging studies of 

Japanese Kana writing (a phonetic written language system) which is thought to rely heavily on 

PG conversion (Katanoda et al., 2001; Sugihara et al., 2006). Analogous studies in an alphabetic 

language such as English would involve pseudoword writing, but to date no such neuroimaging 

study has been performed.  

 With specific regard to the STG/STS sites, it is worth noting that this was the one cortical area 

in which bilateral activation was observed. Activation in these sites (especially the right 

hemisphere location) were supported largely by the specific contrasts used by Booth et al. 

(2002a, 2003b, 2004) involving a task that required subjects to compare the rime spelling of 

three different auditory words This task, unlike many of the others examined, involved 

considerable phonological processing and phonological working memory. In this regard it is 

worth noting that the mid to posterior STG/STS region has been associated in both lesion and 

neuroimaging studies with phonological processing and phonological deficits (Turkeltaub and 
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Coslett, 2010). Given this, it may not be surprising that this area is involved in PG conversion 

processes. The similarity and likely close topographic proximity of regions implicated in PG 

conversion and phonological processes more generally, underscores the importance for future 

work to be specifically directed at distinguishing spelling-specific from more general 

phonological processes e.g., (Rapcsak et al., 2009).  

 

The Peripheral Processes of Spelling 

 A subtraction of the ALE maps of the Central from the Central+Peripheral contrasts was 

designed to reveal the locations most likely to have peak activations associated with the 

peripheral processes of spelling: those processes that are involved with the format-specific 

production of spelling knowledge (see Figure 1). It is worth making two points before 

continuing. First, for almost all of the contrasts we considered, there were control conditions 

designed to "subtract out" the most peripheral aspects of the motor responses produced in these 

tasks, with the goal of more clearly identifying spelling-specific peripheral processes. Although 

these contrast conditions may have been more or less successful in accomplishing this goal, it is 

for this reason that we will not focus on identifying or discussing general motor processes and 

substrates. Second, although there are empirical and computational reasons to assume that there 

are multiple components involved in the peripheral aspects of spelling (as depicted in Figure 1 

and discussed in the Introduction), relatively little work has been carried out to differentiate them 

or their neural substrates. Thus, the discussion of the results in this section will be far more 

limited than was the discussion of the central processes of spelling. 
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 The regions identified as being primarily associated with peripheral processes were: the left 

precentral gyrus and SFG/SFS, the left postcentral gyrus and left SPL/IPS. In addition, there 

were other motor related regions, such as the left supplementary motor area (SMA) and the right 

cerebellum, that were significant in the All-Contrasts meta-analysis and were supported by 

contrasts that involved handwriting or typing output (some of which did not include motor 

baselines). All of these areas have been implicated in the lesion literature as being important for 

writing. Some have been linked specifically to writing such as the left SFG/SFS and the 

SPL/IPS, while others have been associated with motor processes more generally, such as the left 

SMA, left postcentral gyrus and the right cerebellum (see (Gerloff et al., 1997) for discussion 

regarding the SMA). In subsequent sections we focus our discussion on the left SFG/SFS and the 

SPL/IPS.  

 

The Precentral Gyrus and Superior Frontal Gyrus/Sulcus  

 The subtraction analysis designed to identify peripheral writing substrates identified a high 

ALE region centered in the left precentral gyrus (MNI peak: -24, -11, 64) and extending 

anteriorly into the SFG/SFS (MNI peak: -26 -4 62).  

 In the lesion literature, the conversion of graphemic representations to motor commands has 

been associated with a region in the left posterior middle frontal gyrus and SFG (BA6), often 

referred to in the clinical neuroscience literature as Exner's area. For handwriting, this region has 

primarily been associated with the translation of orthographic representations into letter shapes 

(i.e., allographic processing) (Exner, 1881; Ritaccio et al., 1992; Tohgi et al., 1995; Lubrano et 

al., 2004). Interestingly, a recent fMRI study of Japanese Kana handwriting identified a peak in 
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the left SFS (MNI peak: -28, -9, 54) (Sugihara et al., 2006)  that is within 7mm of the SFS peak 

identified in our Central+Peripheral meta-analysis (MNI peak: -22, -8, 54). These results suggest 

that this region may be associated with processes common to both alphabetic and syllabic writing 

systems such as Kana. Additionally, upon further examination of the SFG/SFS peak from the 

Central+Peripheral analysis from Table 3, we find that this peak was associated with two 

handwriting tasks and one keyboard typing study, thus suggesting that it may play a role in the 

conversion of graphemic representations to motor commands regardless of whether the word is 

handwritten or typed. Based on these findings it seems that, although the left SFG/SFS is 

consistently associated with written motor production, the specific functional role of this region 

in the conversion of graphemes to motor commands needs to be examined further with regard to 

whether or not there is specificity for output modality (i.e. handwriting or typing).  

 Another possibility regarding the function of the precentral/SFG/SFS region is that it plays a 

critical role in Orthographic WM. This was proposed in a recent fMRI study comparing 

activations from the spelling of longer as compared to shorter words (matched for writing times 

and motor output) which reported length dependent activation in both the left SFS and SPL 

(Rapp and Dufor, 2011). These authors argued that not only was the SFS finding indicative of 

Orthographic WM functions for this frontal region, but that this claim would explain the findings 

that the area is recruited for spelling across modalities of output (handwriting and typing), as 

both output formats should rely on a common Orthographic WM system. Reporting findings 

consistent with this proposal, (Cloutman et al., 2009) carried out a study of individuals in the 

first 48 hours after left hemisphere stroke onset, with one group showing clear signs of 

graphemic buffer impairment while the other had graphemic buffer sparing. They found that, 
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among other regions, the left premotor cortex was reliably associated with graphemic buffer 

damage. 

 The inconsistency that the Rapp and Dufor (2011) proposal creates is that Orthographic WM 

is considered to be a component of central spelling, yet it was identified by the meta-analysis as 

being especially associated with peripheral processes. However, it is important to note that 

Orthographic WM is situated at the interface between central and peripheral processing and may 

actually interact with peripheral component processes in a manner which may make it difficult to 

distinguish between central and peripheral processes that are in the same or neighboring regions. 

Further work will need to be done to better characterize the functional role of the left SFS with 

regard to its role in Orthographic WM as compared to the more peripheral processes of written 

production. In addition, if there turns out to be a reliable relationship between Orthographic WM 

and the posterior SPL/IPS regions (as suggested in an earlier section), the specific roles of the 

frontal and parietal areas in Orthographic WM will also need to be examined. In that regard it is 

interesting to note that there have been several proposals that there are multiple cognitive 

components of Orthographic WM, much like the multi-component view of other WM systems 

(see (Rapp and Kong, 2002; Kan et al., 2006). Presumably, different components of 

Orthographic WM would draw on different neural substrates and may explain the sensitivity of 

both SFS and SPL to the length of words being spelled. 

 

Superior Parietal Lobule (SPL) 

 Aside from the generation of graphemic motor commands, writing requires the generation of 

the correct sequences of motor commands. The left SPL in particular has been associated with 
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sequence production in written language. For instance, damage to the left SPL has been 

associated with apraxic agraphia, a disorder characterized by deficits in the generation of correct 

sequences of movements required for handwriting . In support of these findings we identified a 

left anterior SPL/IPS cluster which was shown to be associated with the peripheral but not 

central processes of written production (MNI peak: -36, -40, 57). This peak is notably anterior to 

the one identified in the Central contrasts analysis (MNI peak: -30, -62, 44) which suggests that 

there may be a distinction between certain peripheral processes that draw on the more anterior 

SPL and central processes (e.g., Orthographic WM) that make use of the more posterior SPL/IPS 

region. 

 The left SPL has also been associated with the learning and generation of complex motor 

sequences (Haaland et al., 2004) as well as with the integration of the body-schema with allo- 

and ego-centric frames of reference (Neggers et al., 2006). Other work has shown that the left 

SPL, in particular the region including the IPS, is topographically organized such that the more 

anterior portion is associated with the coordination of body movements in space (e.g., grasping 

and pointing) and the more posterior regions are associated with calculation and eye saccades 

(Simon et al., 2002). Understanding the relationship amongst the cognitive requirements of 

writing and these other tasks and, in turn, the specific neural substrates that support these 

cognitive processes, will be an important research direction. 
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Figures and Figure Legends 

 

Figure 2. On the left are ALE meta-analysis results projected on a standard rendered template 

brain and on the right are the corresponding axial slices from z -26 to +64 in 10mm increments. 

(A) All-Contrasts meta-analysis included all of the tasks referenced in Table 1. (B) Central-

Contrasts meta-analysis included only the tasks that involved central, but not peripheral written 

production processes. (C) Central+Peripheral Contrast meta-analysis included all of the tasks that 

involved both central and peripheral written production processes.  
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Figure 3. On the left are ALE Meta-analysis results projected on a standard rendered template 

brain and on the right are the corresponding axial slices from z -26 to +64 in 10mm increments. 

In red are the clusters corresponding to the Central-Contrast analysis. These clusters correspond 

to the central processes of written word production. In blue are the clusters identified in the 

(Central+Peripheral) > Central contrast analysis. These clusters correspond to peripheral 

processes of written production. 
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Chapter II 

A Combined fMRI Study of Typed Spelling and Reading
d
 

 

Introduction 

 

 The act of writing involves the conversion of ideas to the written word. This method of 

expression permeates nearly every aspect of modern society and is flexible in the sense that it 

can be carried out via innumerable output modalities ranging from organizing simple objects into 

letters and words, to cursive handwriting, or to typing on a keyboard. What are the neural 

substrates that underlie this pervasive and dynamic cognitive process? Psycholinguistic models 

have long attempted to discern the various cognitive components of written spelling and thus 

provide a foundation upon which to explore its neural basis. Written spelling is generally 

considered to begin with central processing involving semantics, which is followed by the 

retrieval of lexical and/or sub-lexical representations that are transiently stored in a working 

memory system called the graphemic buffer (Roeltgen and Heilman, 1985; Caramazza and 

Miceli, 1990; Rapp and Hillis, 2002). These more central processes are followed by peripheral 

components involving the generation of modality specific motor plans. For handwriting these 

motor commands are associated with the production of specific allographs (i.e. the various forms 

that a letter can take such as upper/lower case or cursive/print font) which requires the generation 

                                                 
d
 Adapted from, Purcell JJ, Napoliello EM, Eden GF (2011a) A combined fMRI study of typed 

spelling and reading. Neuroimage 55:750–762. 
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of allographic motor plans that are specific to the letter shape to be formed  (Rapp and Hillis, 

2002; Menichelli et al., 2008). Keyboard typing, on the other hand, involves the generation of 

motor command that are not directly related to the letter shape but instead involves the pairing of 

fingers to keys on a standard keyboard (Salthouse, 1986b). Interestingly, the more central 

cognitive components of spelling appear to be the similar to those of reading except in the 

reverse functional order. For instance, whereas spelling-to-dictation first invokes semantic and/or 

sub-lexical processing of an auditory word form which is then converted to an orthographic word 

form and then written, reading-out-loud entails an orthographic word form to be recognized, 

processed semantically and/or sub-lexically, converted to an auditory word form, and then 

spoken. Although the function of these components may be different for each task, they may rely 

on common phonological, orthographic, and semantic representations and thus shared neural 

substrates (Hillis and Rapp, 2004; Philipose et al., 2007). These descriptions of the cognitive 

architecture underlying written spelling provide a theoretical foundation upon which to explore 

the brain basis of written spelling via neuroimaging techniques.  

 Although numerous neuropsychological studies have explored the cognitive components and, 

to a limited extent, the neurobiological basis of writing, only a few neuroimaging studies have 

attempted to examine the functional anatomy of written spelling in non-impaired individuals. In 

recent years some fMRI studies have attempted to answer this question by employing a 

handwriting task (Beeson et al., 2003) as well as tasks which require participants to either 

indicate whether a specific letter is present in an auditorily presented word (Rapp and Lipka, 

2010) or whether two auditorily presented words are spelled similarly (Booth et al., 2002a). No 

study has used keyboard typing to examine the brain basis of written spelling, which is surprising 



 

51 

 

considering its relevance in today's society as a common form of writing. In the proceeding 

introduction we will explore typing vis-a-vis the known neurobiological basis of writing and 

discuss how previous work guides predictions for the brain basis of typed spelling.   

 It has long been known that keyboard typing is an efficient form of written expression that 

involves the pairing of single key presses to individual letters on a standard keyboard space 

(Salthouse, 1986b). By comparison, handwriting requires the formation of individual letters as 

the word is written. Hence, typing does not require the formation of the specific letter shapes 

such as upper/lower case or cursive/print motor commands, i.e. allographic processing, whereas 

handwriting does (Rapcsak et al., 2002). In terms of exploring the brain basis of handwritten 

spelling it therefore becomes critical to account for the act of forming letters, specifically, studies 

which have demonstrated that drawing (or merely viewing) single letters, independent of 

spelling, can activate areas associated with written spelling such as the left premotor and 

occipitotemporal cortex (Longcamp et al., 2003, 2005; James et al., 2005; James and Gauthier, 

2006). Although previous neuroimaging studies of handwriting have employed appropriate tasks 

to control for allographic processing (Beeson et al., 2003), the use of typed spelling excludes the 

need to control for these processes altogether and therefore is uniquely suited to examine the 

neural substrates of written spelling in an even more controlled manner. Therefore, exploring the 

brain basis of typed spelling will not only provide insight into this highly relevant (and to date 

unexplored) form of spelling, but provides a unique opportunity to examine a written spelling 

modality that does not require allographic processing.   

 At the same time, typing and handwriting share many critical cognitive processes. At the 

more peripheral output processing stage both typing and handwriting require the conversion of 
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graphemes to manual motor commands. The neural representation of this particular process is 

thought to reside in a region of the left premotor cortex just anterior to the hand primary motor 

area termed Exner's area. This region has long been associated with the generation of graphemic-

motor commands required for normal handwriting (Exner, 1881; Ritaccio et al., 1992; Lubrano 

et al., 2004; Roux et al., 2009). Interestingly, a recent study reported that a lesion in the 

proximity of this region led to a typing impairment (dystypia) in addition to a transient 

impairment in handwriting (Otsuki et al., 2002). This suggests that a portion of this area could be 

associated with a common process involved in both handwriting and typing. For instance, it 

could be associated with graphemic buffer processing, which is shared across handwriting and 

typing; or it could be associated with the conversion of grapheme-to-motor sequences following 

to allographic processing. Additionally, the left superior parietal lobe is associated with 

peripheral component processing as demonstrated by lesions in this area leading to impaired 

generation of accurate movement sequences during written expression, known as  apractic 

agraphia , as well as impairment in the generation of correct typed motor sequences (Boyle and 

Canter, 1987). The association of this left frontal-parietal network with written spelling is also 

supported by neuroimaging studies of handwriting (Katanoda et al., 2001; Menon and Desmond, 

2001; Beeson et al., 2003; Sugihara et al., 2006), as well as one study involving the production of 

motor sequences on a QWERTY keyboard (Gordon et al., 1998). In general, these studies 

suggest that typed spelling is associated with a left hemisphere frontal-parietal network. 

 At the more central processing stages of written language it has been suggested that both 

spelling and reading share processes that involve the retrieval and storage of lexical and sub-

lexical representations. Support for this idea comes from the behavioral literature which suggests 
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that reading and spelling abilities are correlated in typically-developing children and that 

developmental reading impairments tend to be associated with poor spelling (Henderson et al., 

1980; Morris and J. Perney, 1984; Ehri and Wilce, 1987; Stevenson et al., 1987; Warnke, 1999; 

Schulte-Korne, 2001; Berninger et al., 2002). Further, spelling accuracy for words predicts the 

priming effects on those same words during a lexical decision task, suggesting that reading and 

spelling may actually share lexical representations (Burt and Tate, 2002). 

 Not surprisingly, some of the same regions associated with lexical processing in written 

spelling have also been associated with reading. In particular, lesions to the left occipitotemporal 

cortex have been associated with impaired lexical access during written spelling (Rapcsak and 

Beeson, 2004; Philipose et al., 2007; Tsapkini and Rapp, 2010) as well as reading (Dejerine, 

1892; Hillis et al., 2005; Gaillard et al., 2006; Philipose et al., 2007). One region in particular in 

the left occipitotemporal cortex termed the Visual Word Form Area (VWFA) has consistently 

been identified in neuroimaging studies of reading (Cohen et al., 2002; Cohen and Dehaene, 

2004; Glezer et al., 2009a; Dehaene and Cohen, 2011; Szwed et al., 2011). Interestingly, 

activation in or around the VWFA has also been identified in neuroimaging studies that have 

involved various spelling tasks such as handwritten spelling (Beeson et al., 2003), a task that 

required subjects to determine if an auditorily presented word contained a given letter (Rapp and 

Lipka, 2010), and a task that required subjects to compare the spelling of two auditorily 

presented words e.g. (Booth et al., 2002a). Along with the left occipitotemporal cortex, lesions in 

the posterior portion of the left inferior parietal lobe, including the angular gyrus, have long been 

associated with deficits in lexical access during both writing and reading (Dejerine, 1892; 

Beauvois and Derouesne, 1981; Roeltgen and Heilman, 1984b). In the area of developmental 
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reading disability, cerebral blood flow level in the left angular gyrus was shown to correlate with 

reading skill in dyslexic adults (Rumsey et al., 1999). However, neuroimaging studies in normal 

readers have not found the expected association of the left angular gyrus with reading (Fiez and 

Petersen, 1998; Turkeltaub et al., 2002; Jobard et al., 2003) or handwritten spelling (Beeson et 

al., 2003). Taken together, the occipitotemporal cortex has been associated with lexical 

processing for both reading and spelling whereas this relationship for the posterior parietal cortex 

exists with a lesser degree of certainty.   

 Sub-lexical processes that underlie spelling and reading have also been associated with 

common brain regions. In particular, left perisylvian cortex lesions that include either the 

supramarginal gyrus (SMG) or inferior frontal gyrus (IFG) have been associated with impaired 

pseudoword spelling (Shallice, 1981; Roeltgen et al., 1983; Henry et al., 2007) as well as 

pseudoword reading (Philipose et al., 2007). It is uncertain, however, the extent to which these 

lesion-induced impairments are specific to written language as opposed to more general 

phonological deficits (Rapcsak et al., 2009). Neuroimaging studies that have involved a more 

specific exploration of these sub-lexical processes also support the idea that perisylvian regions 

including the left SMG and IFG play a significant role phoneme-grapheme mapping in spelling 

(Katanoda et al., 2001; Sugihara et al., 2006) and reading (Pugh et al., 1996; Cabeza and Nyberg, 

2000; Xu et al., 2001). Overall, both lesion and neuroimaging work suggests that sub-lexical 

processing would be associated with perisylvian regions including the left SMG and IFG.  

 The main goal of this study was to use fMRI to examine the brain basis of spelling via 

keyboard typing. Additionally, we explored the degree to which spelling shares neural resources 

with reading, as well as the degree to which spelling and reading demonstrate dissociable 
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patterns of activation. This approach allows for a better characterization of the neural substrates 

that underlie the more central processes associated with spelling as well as reading. In order to 

accomplish this we employed a novel written spelling task that involved typing auditory words 

on an MRI compatible QWERTY keyboard. We also conducted a separate reading experiment in 

order to make direct comparisons between brain activation associated with these two tasks.   

 

Methods 

 

Participants 

 Seventeen (7 male and 10 female) right-handed, healthy adults (Mean age = 23.2; Range = 

18-27 years) participated in the experiment. Right-handedness was determined using the 

Edinburgh Handedness Inventory (Oldfield, 1971). All participants were monolingual English 

speakers with no history of neurological or learning disorders. Standard neuropsychological tests 

for reading and spelling (Woodcock et al., 2001) were administered in order to ensure that none 

of the participants had below normal reading or spelling abilities (i.e. each subject had a standard 

reading score of  > 85 on either test). Participants were also required to have normal or corrected-

to-normal vision, and be able to type on an American QWERTY keyboard at a word per minute 

(WPM) rate of at least 50 without looking at their hands. This minimum WPM rate was assessed 

using a standard typing test program (MaxTypeLITE, 2006). All participants were recruited from 

the graduate and undergraduate population at Georgetown University. Experimental procedures 

were approved by Georgetown University's Institutional Review Board and written informed 

consent was obtained from all subjects prior to the experiment. 
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Stimuli 

 Two word lists of 40 items each were obtained from the CELEX Lexical Database (Baayen et 

al., 1993), one for the spelling experiment and the other for the reading experiment. For each list 

an equal number of 3, 4, 5, and 6 letter nouns were used. None of the words were homophones 

(e.g. bear/bare). Words from each list were matched on numerous linguistic parameters including 

word frequency, orthographic neighborhood count, number of syllables, age of acquisition rating 

and imageability. Word frequency and orthographic neighborhood count were obtained from the 

MCWord Orthographic Database (Medler and Binder, 2005); ages of acquisition and 

imageability ratings were obtained from the MRC database (Coltheart, 1981). 

 Auditory words for the spelling task were obtained from (Linguistic Data Consortium, 1999); 

the words had a mean duration of 550 ms with a duration range between 292 and 745 ms Each 

audio file was processed in MATLAB (The Mathworks, MA) in order to standardize the root 

mean square amplitude and addend varied periods of silence to the beginning of each audio file 

to ensure each audio file was 750 ms in duration. Visual word images for the reading test were 

developed using MATLAB (The Mathworks, MA) to eliminate background variations and to 

standardize image size to approximately a 2x4 visual angle. Stimuli were presented using 

Presentation software (Neurobehavioral Systems, Inc. Albany, CA). 

 

 

Experimental Design 
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 Subjects participated in separate spelling and reading fMRI experimental runs conducted in a 

single session. A summary description of each experiment is presented in Figure 1. 

  

Spelling Experiment:  

 We presented pseudorandomly ordered 30sec blocks of stimuli which consisted of a spelling 

task, a motor control task, or a fixation cross resting condition. No block was followed directly 

by a block of the same type. For the spelling and motor task condition blocks, 10 auditory stimuli 

were presented for 750 ms with 2250 ms silent intervals between each. A fixation was present 

throughout the task period. During the spelling condition subjects were instructed to type the 

different auditorily presented words on an MRI compatible keyboard (Mag Design and 

Engineering). The percentage of keypresses on a QWERTY keyboard required by the right and 

left hand was calculated for each word (e.g. the word 'camp' requires 50% usage from both the 

right and left hand) and equated to ensure that there was no bias in hand use across the entire list. 

Specifically, the left hand was required for the spelling experiment word list on average for 

50.9% (SD=18.5%) of the keypresses and the right hand was required on average 49.1% 

(SD=18.5%) of the keypresses. During the motor control task subjects were presented with 10 

consecutive auditory presentations of the word "motor" and would type a pre-learned motor 

sequence (learned just prior to the scan session) that involved 4 alternating finger movements 

from each hand, e.g. "JFKDLS;A" as typed on the QWERTY keyboard. Subjects were verbally 

instructed to respond to the auditory stimuli as quickly as possible while minimizing errors and 

unnecessary movements; subjects were also informed not to correct any mistakes that were 
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made. A fixation cross was constantly present during the fixation blocks. Subjects were 

instructed to maintain their eyes on the cross during both the fixation and task blocks.  

 

Reading Experiment:  

 This experiment was adapted from a paradigm developed by Cohen et al. (Cohen et al., 2002). 

We presented pseudorandomly ordered 30sec blocks of visual words, checkerboards, or a 

fixation cross resting condition. Blocks were ordered so that no block was followed directly by a 

block of the same condition. For the word and checkerboard conditions, 10 visual stimuli were 

presented for 2250 ms, with a 750 ms fixation interval between each. For the word condition, 

subjects covertly read each word. In order to ensure that participants read each word, they were 

informed that there would be a short recognition memory task immediately after the scan. For the 

checkerboard control condition subjects were instructed to attend to all stimuli. Finally, as for the 

spelling condition above, the fixation cross was constantly present during the fixation blocks. For 

both experiments, there were a total of 4 blocks per condition.  

 Immediately after the scan, a recognition memory test was administered to the subject while 

still in the scanner. An excel spreadsheet with a list of 50 words was presented to the subjects; 

half of the words were "old" (i.e. presented during the reading experiment") and half of the 

words were "new" (i.e. not presented during the reading or spelling experiment). Subjects 

responded by typing the "y" or "n" key in the cell adjacent to each word.  

 

 

MRI Data Acquisition 
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MRI practice session 

 Each participant was required to perform a keyboard typing task while lying in a mock MRI 

scanner in order to ensure that they could perform the task prior to participation in the actual 

experiment. For this the participant wore headphones and a typical QWERTY keyboard with an 

extended cord was placed on their waist. An angled mirror placed above their head allowed them 

to view a computer screen positioned at the rear of the mock scanner. Participants were 

instructed to keep their hands on the home keys when at rest; home keys were identifiable to the 

touch by a small tab on the keys corresponding to the index fingers ("j" and "f"). Participants 

first performed the same typing test (MaxTypeLITE, 2006) performed in an earlier session on a 

standard computer in order to ensure that typing ability was retained while in a supine position. 

Subjects then practiced the spelling experiment for the fMRI scan (different stimuli were used in 

the practice and fMRI sessions).  

 

MRI Acquisition  

 After screening for metal objects, the participants were securely positioned in a 3.0 Tesla 

Siemens Trio scanner. Great care was taken to ensure subjects were in a comfortable typing 

position prior to the start of the scanning session. The MRI compatible keyboard was attached to 

a small plastic tray and positioned on the participants waist; foam padding was placed under the 

subject's arms to add comfort if requested. Visual stimuli were projected onto a rear screen with 

a LCD projector and viewed through an angled mirror. Auditory stimuli were heard binaurally 

through electrostatic MRI compatible noise-cancellation headphones (STAX). Head movement 
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was minimized by small foam cushions placed on the sides of the participant's head. Two 

continuous-acquisition functional EPI sequences, one each for the reading and spelling 

experiments, were acquired using a 12-channel head coil with the following parameters: flip 

angle = 90, TR = 2000 ms, TE = 30 ms, FOV = 205 mm, 64 by 64 matrix, 37 axial slices 

(thickness = 3, no gap; in-plane resolution = 3.2 x 3.2 mm. Each run had a total of 192 volumes 

(60 volumes each for the experimental and control conditions and 72 volumes for the fixation 

rest condition) and scan time of 6min, 24sec. We also acquired 3D T1-weighted MPRAGE 

images with the following parameters: TR/TE 1600/4.38 ms, FOV=256, 160 axial slices; 

effective resolution of 1 mm3 with a scan time of 4 min 28 sec.  

 

Data Analysis 

 

Behavioral Data Analysis 

 Behavioral data obtained from the spelling experiment were processed in MATLAB (The 

Mathworks, MA). Accurate trials were defined as those for which subjects produced the correct 

key-press sequence for a given word. Since we were primarily interested in spelling errors as 

opposed to typing errors, - which could involve a slip in a keypress such that the adjacent key is 

pressed or if the subject's hands were temporarily shifted laterally to the right or left while lying 

in the scanner - we did not consider keypresses that were either one to the right or left of the 

correct key to be incorrect (e.g. for the letter 's', responses such as 'a' or 'd' were considered 

correct). Reaction time was measured as the time from the end of the stimulus presentation (i.e. 

750 ms after the start of the trial) to the start of the first keypress. Response duration was 
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measured as the time from the end of the stimulus presentation to the final keypress for a give 

word. Inter-key-interval (IKI) was calculated to yield the average response time difference 

between consecutive keypresses for each trial involving a motor sequence response. 

 

Behavioral data from the post scan word recognition memory test was recorded in analyzed in 

Microsoft Excel.  The proportion of hits and false alarms were used to calculate the sensitivity 

index or d-prime (d') for each subject. The d' is an unbiased estimate of the sensitivity of the 

new/old comparison and is calculated by comparing the normalized hit rate to that of the 

normalized false alarm rate. This measure was calculated to confirm that each participant 

performed at above chance level (i.e. d' > 0), which would suggest that they did not ignore the 

visual word stimuli during the reading experiment.  

 

MRI Data Analysis  

 All preprocessing and statistical analysis of the fMRI data was performed using the software 

package SPM5. The anatomical MPRAGE was normalized to a standard Neurological Institute 

(MNI) reference anatomical template brain (Evans et al., 1993). After discarding the first 4 

functional scans of each EPI acquisition, we corrected for head motion by realignment of each 

scan to the first image, co-registering the functional scans with the MPRAGE anatomical scan, 

and then normalizing them via the same warping parameters used to normalize the MPRAGE 

scan. The images were then resliced to 2x2x2 mm and smoothed with an isotropic 6.4 mm 

Gaussian kernel.   
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 In order to ensure that the fMRI data was not confounded by excessive head motion, we 

applied criteria for inclusions of functional data based on the motion parameters obtained during 

the realignment of each functional scan. Entire runs were included only if their overall motion in 

the vector sum of the x, y, and z direction movement was less than one voxel (3.2 mm). 

Individual scans were excluded if the vector sum motion in the x, y, and z dimensions exceeded 

2 mm compared to the prior scan. No runs or scans had to be discarded.  

 

Generation of task-specific within-groups maps: 

 A whole-brain statistical analysis was performed separately for the reading and spelling 

experiments in each subject. We first performed a temporal filtering with a high pass filter 

(128sec) as well as applied an autoregressive (AR 1) model to account for serial correlations 

(Della-Maggiore et al., 2002). We then modeled the hemodynamic activity for each experimental 

condition in the reading experiment (reading, checkerboard, and fixation) and the spelling 

experiment (spelling, motor, and fixation) with the standard hemodynamic response function 

(HRF). We further obtained a global average signal across every time point and after verifying 

that there were no correlations of the global signal with the experimental conditions, applied 

global scaling by adding the global signal into the regression model (Aguirre et al., 1998). In 

order to account for confounds due stimulus timed movement we also included the 6 motion 

parameters (roll, pitch, yaw, x, y, z) from this experiment into the regression model for each 

experiment. Additionally we included reaction time and inter-key-interval behavioral data for the 

spelling experiment as regressors of no interest. These regressors were calculated by obtaining 

the average behavioral response over the course of individual spelling and motor blocks 
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(regardless of accuracy) and assigning this average to every timepoint in the corresponding 

spelling or motor blocks. Adding these regressors controls for at least some of the variability in 

activation due to variability reaction time and inter-key-interval responses both within and across 

the spelling and motor conditions. 

 The contrast images from both the reading and spelling experiments from each subject were 

then input into a second-level random effects analysis to allow for population level inferences 

(Penny and Holmes, 2003). An uncorrected threshold of p<0.0001 was applied for each contrast 

of interest and only clusters with a minimum of 30 contiguous voxels and that had a cluster-level 

corrected p<0.05 were reported. Cluster extent thresholds were obtained from the CorrClusTh.m 

program (Thomas Nichols; http://www.sph.umich.edu/~nichols/JohnsGems5.html), which 

reports the statistically appropriate size threshold for identifying cluster-level corrected clusters 

at an alpha level of p<0.05 based on the number of voxels in the data, smoothness of the data, 

and uncorrected threshold used (i.e. p<0.001). Anatomical localization of the statistical maps was 

determined by superimposing t-maps on a normalized structural image averaged across all 

subjects and referencing them to the SPM Anatomy Toolbox Atlas (Eickhoff et al., 2005) as well 

as the Anatomical Automatic Labeling atlas developed for MNI space (Tzourio-Mazoyer et al., 

2002). Visual inspection and activation maps were carried out by way of the SPM viewing 

program xjview (http://www.alivelearn.net/xjview8/). Clusters peaks are reported in both MNI 

and Talairach (TAL) coordinates (Talairach Tournoux, P., 1988). 

 Areas of activation associated with spelling were identified by examining the Spell>Motor 

contrast. In order to exclude clusters in which typed spelling activation was negative in relation 

to the baseline fixation condition, we applied a mask generated via a Spell>Fix contrast at a low 
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threshold of p<0.05 uncorrected to the activation maps generated in the Spell>Motor contrast. 

Areas of activation associated with reading were identified by performing a Read>Checker 

contrast. In order to excluded clusters in which reading activation was negative in relation to the 

baseline fixation condition, we applied a mask of the Reading>Fix contrast at a low threshold of 

p<0.05 uncorrected.  

 Spatial co-localization between spelling and reading: We then identified regions that were 

significantly active for both the spelling and reading conditions by performing a conjunction 

analysis using the statistical maps generated in the prior analyses. Specifically, we attempted to 

identify clusters that were significantly active for both the Spell>Motor and Reading>Checker 

contrasts. The same masks applied in each of the Spelling and Reading experiments separately 

were combined into a single map and  further applied to the conjunction map in order to ensure 

that the spelling and reading activation were both greater than their respective fixation baselines. 

This conjunction of spelling and reading can be interpreted as a logical AND operation (Friston 

et al., 2005). We additionally performed a Region of Interest (ROI) analysis on the data from this 

conjunction analysis in order to further test our hypotheses of co-localization in the left 

occipitotemporal and parietal cortices. Four different ROIs we identified by using the WFU 

pickatlas (Maldjian et al., 2003); these included the bilateral occipitotemporal cortex (combining 

only the inferior temporal and fusiform gyri), superior parietal lobe, angular gyrus, and 

supramarginal gyrus.  

 No cluster-level corrected clusters were identified at an initial uncorrected threshold of 

p<0.0001 for either the conjunction whole-brain or ROI analyses, therefore in order to further 

explore these data a more lenient uncorrected threshold of p<0.001 was employed for each 
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analysis. Cluster extent thresholds were identified via the aforementioned CorrClusTh.m 

program and only clusters that surpassed a cluster-level corrected p<0.05 were reported for each 

analyses.  

 

Differences between spelling and reading:  

 Although there are numerous differences between the tasks associated with spelling and 

reading (i.e. one involves viewing visual words and the other involves execution of a complex 

motor response), a direct comparison of the spelling and reading activation maps afforded us an 

opportunity to further explore and interpret the findings from the aforementioned statistical 

comparisons. We performed a direct contrast between spelling and reading by first generating 

direct contrasts between the Spell>Motor and Read>Checker conditions during the 1st level 

single subject analysis (e.g. (Spell>Motor) > (Read>Checker)), and then entered these contrasts 

into a 2nd-level one-way t-test.  

 

Behavioral Results 

 

Spelling: Behavioral Results 

For the spelling experiment the mean spelling accuracy (after adjusting for instances when the 

subject mistakenly shifted their finger to the left or right) was 86% with a range from 77 to 97%. 

Even without the adjustment, accuracy levels were still relatively high with a mean of 81% and a 

range of 65 to 97%. The mean reaction time for correct trials on spelling task was on 358 ms (SD 

= 92 ms) with an average IKI of 164 ms (SD = 6 ms) and total response duration of 916 ms (SD 
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= 165 ms). These results indicate that participants 

could perform the spelling task with relatively high 

accuracy levels within approximately a second after 

stimulus presentation.  

 Participants had no difficulty performing the motor 

task; mean accuracy level was 98% (SD = 2%). The 

mean reaction time for correct trials on motor task was 

on -37 ms (SD = 29 ms); it should be noted that the 

reaction time was calculated from the end of the 

auditory presentation which was 750 ms from the start 

of each trial. This indicates that for the motor task 

subjects on average responded 37 ms prior to the end 

of the auditory presentation of the word "motor." 

Additionally, the average IKI was 164 ms (SD = 6 ms) and total response duration was 1190 ms 

(SD = 89 ms) for the motor task. That is, participants performed the motor task with high 

accuracy and within just over a second after the stimulus presentation. Because there was no 

need for a decision about the auditory stimulus (i.e. "motor”) they tended to respond prior to the 

end of the stimulus presentation. 

 Because this non-linguistic motor task was employed to control for the auditory input and 

motor output that are irrelevant to spelling, a direct comparison of the behavioral performances 

was conducted to ensure minimal differences between the motor and the spelling task. Critically, 

participants did not demonstrate a significant difference in the IKI when comparing the motor 

Table 1. Behavioral performance on 

Reading experiment post-scan recognition 

memory test. 

Subject Hit False Alarm d-prime 

1 88% 12% 2.35 

2 NA NA NA 

3 32% 0% 4.73 

4 60% 0% 5.45 

5 44% 12% 1.02 

6 52% 8% 1.46 

7 36% 8% 1.05 

8 76% 4% 2.46 

9 64% 4% 2.11 

10 44% 12% 1.02 

11 84% 4% 2.75 

12 68% 8% 1.87 

13 72% 24% 1.29 

14 60% 4% 2.00 

15 52% 8% 1.46 

16 64% 32% 0.83 

17 100% 72% 4.62 

Mean 62% 13% 2.28 

Min 32% 0% 0.83 

Max 100% 72% 5.45 
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with the spelling condition, as determined via a paired t-test; t (16) = 1.71, p = 0.12. Participants 

did however demonstrate significantly faster reaction times for the motor as compared to the 

spelling task (paired t-test: t (16) = 10.59, p = 1.22e-8). A direct comparison of the response 

duration was not performed because this comparison is also inherent to the IKI measure and the 

number of keypresses is not comparable across the tasks (i.e. average 4 keypresses for the 

spelling task and 8 for the motor control task). These results suggest that although the spelling 

and motor tasks were equated on IKI performance, the motor task involved reaction times that 

were significantly faster than in the spelling task. In order to control for this behavioral 

difference in the generation of statistical maps for the spell>motor tasks, these measures were 

added as regressors of no interest in the multiple-regression model. 

 

Reading: Behavioral Results 

We obtained responses from the reading experiment post scan recognition memory test for 16 

out of the 17 subjects (data from one subject was coded incorrectly and had to be discarded). The 

average percent accuracy was 62% with a range of 32% to 100%. Although accuracy provides a 

valuable measure of recognition memory, the d' provides a more sensitive measure of whether 

subjects could discriminate between words that were and were not presented, because it 

incorporates both the hit and false alarm rate. The average d' was calculated to be 2.3 with a 

range of 0.8 to 5.6. Behavioral performance from each subject is presented in Table 1. These 

post-scan results indicate that each subject performed at an above chance level (d' > 0), 

suggesting that these subjects attending to the written words while in the scanner and therefore 

no fMRI data was excluded. 
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fMRI Results 

 

Spelling: task-specific within-group maps 

Regions that demonstrated greater activation for the spelling task as compared to the motor task 

are reported in Figure 2.A and Table 2. An uncorrected threshold of p<0.0001 was used for this 

contrast and only clusters surpassing a cluster-level correction of p<0.05 are reported.  The 

results from this map reveal a predominance of left hemisphere clusters associated with typed 

spelling. We identified a number of left hemisphere frontal cortex regions including inferior 

frontal gyrus (BA 44/45), insular cortex (BA 13), superior/middle frontal gyrus (BA 6), 

supplementary motor area (BA 6), as well as anterior cingulate gyrus (BA 24). The only region 

identified in the right hemisphere was located in the frontal lobe in insular cortex (BA 13). In 

parietal cortex we found left supramarginal gyrus (BA 40) and posterior intraparietal sulcus 

extending to portions of the superior parietal lobe and middle occipital gyrus. In the temporal and 

occipitotemporal cortex, task-related signal change for spelling was observed in left hemisphere 

superior temporal gyrus (BA 22), which extended into the middle temporal gyrus (BA21). 

Additionally, we identified left fusiform gyrus (BA 37) activation, which extended laterally into 

the inferior temporal gyrus and posteriorly into the left inferior occipital gyrus (BA 19). Finally, 

a region in the right cerebellum, specifically the more medial portion of lobe VI, was found. 
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Table 2. List of anatomical regions, volumes, maximal z-values, and peak coordinates for the Spell>Motor, 

Read>Checker, and Conjunction of Spell>Motor & Read>Checker contrasts. N=17 (p<0.05 corrected) 

Anatomical Region (Estimated Brodmann area) 
voxels Zmax 

  

MNI Coordinates 

  
 

      x y z 
 

Spell>Motor [inclusive mask of Spell>Fix (p<0.05, uncorr.)]         
 

Frontal L Inferior Frontal Gyrus (BA 44) 1412 6.9 -46 6 30 
 

 
L Insula (BA 13) 

  
-32 22 -2 

 

 
R Insula (BA 13) 88 4.9 42 22 2 

 

 
L Supplementary Motor Area (BA 6) 331 5.6 0 20 46 

 

 
L Anterior Cingulate (BA 24) 75 5.6 0 8 26 

 

 
L Superior Frontal Gyrus (BA 6) 197 4.7 -22 -6 52 

 

 
L Middle Frontal Gyrus (BA 6) 

 
4.4 -26 4 56 

 
         Parietal L Supramarginal Gyrus (BA 40) 178 4.9 -36 -46 50 

 

 
L Superior Parietal Lobule (BA 7) 584 5.2 -28 -60 46 

 
         Temporal L Superior Temporal Sulcus (BA22/21) 81 4.9 -62 -20 0 

 
         Occipitotemporal L Fusiform Gyrus (BA 37) 183 5.2 -44 -50 -16 

 

 
L Inferior Occipital Gyrus (BA 19) 

 
5.2 -46 -64 -14 

 
         Cerebellum R Cerebellum 56 5.7 10 -74 -22 

 
         Read>Checker [inclusive mask of Read>Checker (p<0.05, uncorr.)] 

 

 
L Inferior Frontal Gyrus (BA 44) 76 5.2 -46 10 6 

 

 
L Inferior Frontal Gyrus (BA 44) 

 
4.2 -42 12 28 

 
Frontal L Inferior Frontal Gyrus (BA 45) 37 5.3 -54 28 0 

 

 
L Inferior Frontal Gyrus (BA 45) 39 4.5 -44 26 10 

 

 
L Middle Frontal Gyrus (BA 9) 57 4.2 -36 20 32 

 

 
L Supplementary Motor Area (BA 6) 139 5.7 -4 4 54 

 

 
R Middle Frontal Gyrus (BA 10) 33 4.5 30 48 20 

 
         Temporal R Middle Temporal Gyrus (BA 21) 33 4.4 46 -36 0 

 
         
Occipitotemporal L Fusiform Gyrus (BA 37) 86 5.3 -40 -56 -14 

 
         Conjunction Spell>Motor & Read>Checker [inclusive masks of Spell>Fix and Read>Fix (p<0.05, uncorr.)] 

 
Frontal L Inferior Frontal Gyrus (BA 44) 97 3.7 -42 12 30 
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Reading: task-specific within-group maps  

Additionally, we identified regions in left middle frontal gyrus (BA 9), supplementary motor 

area (BA 6) and fusiform gyrus (BA 37). In the right hemisphere activity was observed in the 

middle frontal (BA 9) and middle temporal gyri (BA 21). 

 

Spatial co-localization between spelling and reading: 

 As indicated in Figure 2.C and Table 2, the only region that demonstrated a conjunction of 

effects across both spelling and reading was found in the left inferior frontal gyrus (BA 44) (MNI 

peak = -42 12 30; TAL peak = -40 7 31). Although these findings confirmed part of our initial 

hypothesis that spelling and reading would be co-localized in the left inferior frontal gyrus, it did 

not confirm our hypothesis that they would be co-localized in the left parietal and 

occipitotemporal cortex. In order to further explore these hypotheses we performed an additional 

ROI analysis of the inferior temporal/fusiform gyri, superior parietal lobe, supramarginal gyrus, 

and angular gyrus, bilaterally. A relatively liberal uncorrected threshold of p<0.001 was applied 

and only a cluster-level correction of p<0.05 is reported. While this more focused ROI analysis 

also did not reveal any conjunction of effects for spelling and reading in the parietal cortex ROIs, 

there was a significant conjunction of effects in the left inferior temporal/fusiform gyrus ROI 

(MNI peak = -46 -56 -14; TAL peak = -44 -52 -14). These results are shown in Figure 3.  

 

Differences between spelling and reading: 

Regions that demonstrated greater activation for the spelling task (Spell>Motor) as compared to 

the reading task (Read>Checker) are reported in Figure 4.A/B and Table 3. An uncorrected 
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threshold of p<0.0001 was used for each contrast and only clusters surpassing a cluster-level 

correction of p<0.05 were explored. Interestingly, the results from this map revealed a similar 

map to that identified in the Spell>Motor map (Figure 1.A and Table 2). Specifically, the results 

reveal a number of frontal regions, including the left inferior frontal gyrus (BA 44), superior 

frontal gyrus (BA 6), and middle frontal gyrus (BA 6). They also revealed an area in left superior 

parietal cortex, which extended from the anterior to the posterior portion of the intraparietal 

sulcus, and numerous smaller right superior parietal cortex regions around BA 1, 2 and 7. We 

also observed left superior temporal gyrus (BA 22) extending into the superior temporal sulcus. 

Finally, spelling compared to reading resulted in more activity in the left inferior temporal gyrus 

(BA 37) (MNI peak = -48 -64 -6; TAL peak = -46 -61 -8). Note that this region is just lateral and 

superior (Euclidean distance of 11 mm3) to the peak of the conjunction analysis between spelling 

and reading shown in Figure 3 (MNI peak = -46 -56 -14; TAL peak = -44 -52 -14). To more 

clearly illustrate the spatial distributions of our findings in the left ventral visual stream, Figure 5 

provides a visual representation of this region along with the area identified for spelling in the 

within-group analysis and the conjunction analysis for spelling and reading. Regions that 

demonstrated greater activation for the reading task (Read>Checker) as compared to the spelling 

task (Spell>Motor) are reported in Table 3. The only regions that demonstrated greater activation 

during reading relative to spelling were in the left middle cingulate gyrus and bilateral cuneus 

(BA 18).  
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Table 3. List of anatomical regions, volumes, maximal z-values, and peak coordinates for the (Spell>Motor) 

> (Read>Checker) contrasts as well as the (Read>Checker) > (Spell>Motor) contrasts. N=17 (p<0.05 

corrected) 

Anatomical Region (Estimated Brodmann area) 
voxels Zmax 

 

MNI Coordinates 

  

      x y z 

(Spell>Motor) > (Read>Checker)     
   

Frontal L Inferior Frontal Gyrus (BA 44) 223 6.3 -48 6 28 

 
L Superior Frontal Gyrus (BA 6) 81 4.5 -22 -4 50 

 
L Middle Frontal Gyrus (BA 6) 

 
4.1 -24 4 56 

        Parietal R Superior Parietal Lobule (BA 7) 72 4.3 30 -64 38 

 
R Post-central gyrus (BA 2) 34 4.1 36 -46 56 

 
R Post-central gyrus (BA 1) 

 
4.1 42 -38 62 

 
L Superior Parietal Lobule 1391 6.2 -20 -64 56 

 
R Superior Parietal Lobule (BA 7) 210 5.4 22 -62 56 

        Temporal L Superior Temporal Gyrus (BA 22) 32 4.3 -52 -18 6 

        Occipitotemporal L Inferior Temporal Gyrus (BA 37) 72 5.1 -48 -64 -6 

        
(Read>Checker) > (Spell>Motor)  

     
Frontal L Middle Cingulate Gyrus 132 5.0 -2 -8 44 

        Occipital L Cuneus (BA 18) 67 5.3 -12 -94 22 

  R Cuneus (BA 18) 116 5.1 12 -86 32 

 

 

Discussion 

 

 To our knowledge, this is the first fMRI study to use keyboard typing to study the brain basis 

of spelling. In support of our predictions, typed spelling was associated with numerous left 

hemisphere regions previously implicated in spelling in both the imaging and lesion literature 

including the left inferior frontal gyrus, superior/middle frontal gyrus, inferior/superior parietal 

lobe and occipitotemporal cortex (Beeson et al., 2003; Hillis and Rapp, 2004; Rapcsak and 

Beeson, 2004; Sugihara et al., 2006; Cloutman et al., 2009; Roux et al., 2009). It was further 

determined that a subset of these left hemisphere regions involved in spelling were also 
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associated with reading, including the left inferior frontal gyrus and, using an ROI analysis, the 

left occipitotemporal cortex. Direct comparisons between activation associated with spelling 

versus reading revealed numerous regions that demonstrated greater activation for the spelling 

compared to the reading task, but few regions for the inverse comparison. Specifically, an area 

with a significant preference for spelling was identified in the inferior temporal gyrus, located 

just lateral to the left mid-fusiform gyrus, which in turn was characterized by a shared response 

to both spelling and reading (as revealed by the conjunction analysis). Together these results 

provide an interesting picture of shared neuronal representation for spelling and reading in the 

medial portion of the left occipitotemporal cortex (typically associated with the VWFA), with a 

functional specialization for spelling located lateral and superior from there. All of these results 

are examined in more detail in the following discussion.  

 

Inferior Frontal Gyrus and Insular Cortex 

 In the inferior frontal gyrus we identified a large amount of activation associated with typed 

spelling, including the left BA 44/45 and bilateral insular cortex. The portion of the left IFG, 

including the pars opercularis (BA 44), is of particular interest because it has often been 

associated with phonological processing of written language (Fiez, 1997; Poldrack et al., 1999; 

Jobard et al., 2003; Fiez et al., 2006). Interestingly, we not only observed activation in the left 

IFG (BA 44) for spelling, but also found that a portion of this region was conjointly active with 

reading. These results suggest that the activation identified in the left IFG (BA 44) may be 

associated with phonological and/or orthographic demands involved in both spelling and reading 

(Beeson et al., 2003). Results from a more recent fMRI determined that both the left mid-
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fusiform (BA 37) and IFG (BA 44) were associated with spelling knowledge for low greater than 

high frequency words as well as reading words (Rapp and Lipka, 2010). This suggests that the 

left IFG (BA 44) may play a specific role in orthographic specific processing. This conclusion is 

further supported by a lesion study which examined a large cohort of patients 24 hours after the 

onset of a left hemisphere stroke; specifically they determined that damage to the left BA 44/45 

was associated with impaired access to orthographic representations (Hillis et al., 2002). 

 We also identified a portion of the left BA 44 which demonstrated greater activation in the 

Spell>Motor contrast as compared to the Read>Checker contrast. This difference between 

spelling and reading in BA 44 could be associated with the unique phonological demands 

required for spelling such as the requisite holding of a short term phonological representation in 

memory prior to spelling. This interpretation is supported by the observation of bilateral anterior 

insula activation that was not also observed in the reading task which in previous studies has 

been associated with various auditory processing demands (Bamiou et al., 2003).   

 Although both typed spelling and reading activated the left BA 45 there was a lack of co-

localization in this region; this suggests that this region may be involved in task demands 

specific to each task. Some work suggests that the more ventral left IFG including BA 45 

activation identified in the typed spelling task could be associated with more general semantic 

processing (Fiez, 1997; Poldrack et al., 1999). This interpretation is not directly supported by the 

results of our study though; if the left BA 45 was purely involved in semantic processing we 

would expect it to be conjointly active during both the spelling and the reading tasks. Another 

interpretation is that portions of the left IFG activation are not necessarily associated with 

processing phonological, lexical or semantic representations per se, but instead is involved in the 
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coordination of task dependent activity in posterior areas associated with representations used for 

either spelling or reading (Mesulam, 1998; Booth et al., 2002a; Bitan et al., 2005). This 

interpretation would support the claim that the clusters of activation identified in the left IFG 

could be predominantly task dependent, which would explain the minimal overlap of activation 

in this region across both spelling and reading tasks as compared to the extent of activation due 

to each task separately. Further work will be required to parse apart the nature of activation in 

this general area regarding how it is involved in processing representations as well as purely task 

dependent activation. 

 In general, these results indicate that typed spelling relies on inferior frontal regions 

previously associated with the phonological processing, and at least a portion of the left IFG (BA 

44) is also active for reading.   

 

Superior/Middle Frontal Gyrus 

 We also identified activation associated with typed spelling in the left superior/middle frontal 

gyrus. Importantly, this cluster appears to be near a region termed Exner's area which has long 

been associated with handwritten spelling, particularly allographic processing required in the 

generation of motor commands specific to the various shapes and sizes of handwritten letters 

(e.g. upper or lower case) (Exner, 1881; Ritaccio et al., 1992; Matsuo et al., 2003; Lubrano et al., 

2004; Roux et al., 2009). For this reason, it was intriguing to identify activation in this same 

general location during a typed spelling task which does not require any allographic processing. 

As a way to compare our typed spelling results to that of handwritten spelling we compared the 

location of the peak activation from our superior/middle frontal gyrus cluster to that of Exner's 
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area clusters identified in a few recent studies that involved handwriting of whole words. The 

first used both intra-operative recording sessions and fMRI to identify a region in the left 

superior/middle frontal gyrus that corresponded to the functional requirements of Exner's area 

(Roux et al., 2009). We calculated the Euclidean distance between the peak of our cluster (MNI 

peak = -22 -6 52) to that of two separate Exner's area cluster peaks identified in the Roux et al. 

study; these peaks were obtained from separate groups of right hand subjects (MNI peak = -26 -8 

45) and left hand subjects (MNI peak = -26 -4 50) subjects. The results of this calculation 

identified a distance of approximately 8 and 5 mm between the peak of our cluster and those in 

the right and left hand groups respectively. We further compared our findings to those from an 

fMRI study involving handwriting of Japanese phonograms which attributed a cluster in the left 

superior frontal gyrus (MNI peak = -24 -9 51) to be associated with Exner's area (Sugihara et al., 

2006), and which had only a 4 mm Euclidean distance from our peak. Finally, we examined the 

Exner's area cluster identified in an fMRI study involving generative handwriting (peak MNI = -

30 -4 58) (Beeson et al., 2003), and found it has a Euclidean distance of 10 mm from the peak 

reported in our study. In general, these findings indicate that the focus of activation associated 

with typed spelling in this study is approximately within 1 cm distance from previous reports of 

activation around Exner's area. Based on these results it can be inferred that the region identified 

in this study may be associated with partially common or at least adjacent neuronal populations 

to that of Exner's area.  

 Admittedly, one possibility is that the activation focus in the left middle/superior frontal gyri 

is due to behavioral differences across the spelling and motor control task. Although the IKI was 

equated for across both tasks, there were significant reaction time differences such that 
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participants responded much faster for the motor task as compared to the spelling task. In order 

to account for the possible interpretation that this area is merely associated with either 

modulating reaction time or IKI rate we added both of these behavioral measures as regressors of 

no interest into the first-level analysis. This analysis accounted for at least some of the variability 

in the signal due to the behavioral profiles associated with the spelling and motor tasks; therefore 

we do not feel that activation in this area is due purely to behavioral differences. Another 

possibility is that activation in this region is associated with differences in the motor output 

between the spelling and motor tasks. For instance, the spelling task involved on average four 

consecutive keypresses, whereas the motor task involved eight. Although the motor requirements 

are not equated, it should be noted that the motoric output demands associated with the motor 

task are greater than that for the spelling task and therefore any activation associated purely with 

number of sequential keypresses should not be present in spelling>motor contrast map. In sum, 

although we cannot completely rule out the possibility that performance differences are driving 

the activation reported in this premotor region, the use of regressors in the analysis and the 

greater motor requirements necessary to perform the motor task, make this unlikely. 

 Based on the constraints of our task and the findings that this cluster of activation is within 

one centimeter of previous reports of Exner's area, we favor an interpretation that this region is 

relevant to typed spelling processes that might be common to both keyboard typing and 

handwriting. This finding is partially supported by a previous study which reported that a lesion 

to the left middle frontal gyrus led to a transient handwriting deficit alongside a more persistent 

and selective deficit in keyboard typing (Otsuki et al., 2002). Two possible functional roles are 

that it could be associated with graphemic buffer processing, which is involved in the temporary 
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storage of graphemic representations prior to the formation of written motor commands and 

therefore relies on the same populations of neurons independent of whether the word is 

handwritten or typed. Likewise, this area could be associated with the conversion of graphemic 

representations to manual motor sequences for handwriting and typing in a modality dependent 

manner (i.e. post-allographic processing). It would be possible to explore these interpretations 

with further experiments that examine whether there are dissociable sub-populations of neurons 

in this area that are associated with typing and handwriting respectively. Although further work 

is required to directly compare the handwritten and typed spelling, these results suggest that a 

portion of the left superior/middle frontal gyrus may be an important region for written spelling 

regardless of whether it is handwritten or typed.  

 

Parietal Cortex 

 The activation map associated with typed spelling supports long standing notions that the left 

parietal cortex is important for written production (Roeltgen and Heilman, 1985; Alexander et 

al., 1992; Menon and Desmond, 2001). In particular, typed spelling activation was identified in 

both the posterior and anterior portions of the left parietal cortex including portions of both the 

supramarginal gyrus (SMG) and superior parietal lobe (SPL). In the more anterior parietal lobe 

we observed typed spelling activation in the left SMG, which fits with previous studies 

indicating that lesions to the left SMG have been associated with impairment in the sub-lexical 

processing demands of spelling as measured by selective deficits in pseudoword spelling 

(Shallice, 1981; Roeltgen and Heilman, 1984b; Henry et al., 2007). This is supported by 

neuroimaging studies which find that the left SMG is associated with phoneme-grapheme 
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mapping used to spell Japanese phonograms (Katanoda et al., 2001; Sugihara et al., 2006). It was 

interesting to find that there was no conjoint activation in the left SMG for spelling and reading 

given a recent lesion study which reported that the left SMG is critical for real/pseudoword 

spelling and reading (Philipose et al., 2007). One interpretation is that typed spelling may rely on 

the left SMG due to its inherent reliance on the conversion of auditory words to their written 

form, and that a similar finding may be found in a reading that involved a comparatively 

reciprocal task of reading a word out loud as opposed to covert reading. 

 In the more posterior parietal lobe we identified SPL (BA 7) activation that extended along 

the intraparietal sulcus and into the middle occipital gyrus. Previous studies have reported that 

lesions to the left SPL led to deficits in the generation of correct sequence of movements 

required for handwriting (Alexander et al., 1992; Sakurai et al., 2007), and that the left SPL has 

also been observed in fMRI studies of handwriting (Menon and Desmond, 2001; Beeson et al., 

2003; Sugihara et al., 2006). Although no lesion studies have specifically implicated the left SPL 

in typed spelling, one previous fMRI study which examined the production of typing motor 

sequences indicated a reliance on the SPL (Gordon et al., 1998). This suggests that the left SPL 

activation identified in our study could be associated with the generation of bimanual motor 

sequences involved in typing. An additional interpretation of activation in this area is based on 

reports which claim that lesions to the left angular gyrus (AG) impair irregular word spelling, 

which suggests that it is critical to output orthographic lexical processing (Beauvois and 

Derouesne, 1981; Roeltgen and Heilman, 1984b). Although we did not observe AG activation, 

one possibility is that a portion of the left IPS is functionally relevant to lexical processing which 

underlies both spelling and reading, and that the bulk of lesion literature which supports the 
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claim that the left AG is associated with lexical processing may not have the resolution to 

dissociate left posterior IPS from AG. Further study is required to determine the specific 

functionality of the left IPS/SPL and surrounding cortex in written spelling.    

 It is important to note that contra to our prediction, we did not observe overlapping activation 

for spelling and reading in the left parietal cortex, regardless of whether we employed anatomical 

ROIs focal the superior parietal lobe, supramarginal gyrus, or angular gyrus. Although initially 

unexpected, it should be noted that the reading task employed did not activate the parietal cortex 

and that this is consistent with findings from previous work which employed a similar reading 

paradigm i.e. (Cohen et al., 2002). We interpret this null finding as being due to differences in 

task-dependent activation, such that if we employed a reading task that involved more 

demanding phonological and/or semantic processing (as opposed to just covert reading) such as 

utilized in other studies that examined the neural substrates of spelling/reading e.g. (Booth et al., 

2002a), we would observe more overlap of activation across spelling and reading in the parietal 

cortex, particularly the inferior parietal lobe. Further studies need to be carried out which 

modulate the reading task phonological/semantic demands and then assess the degree to which 

this modulates activation overlap with spelling in order to confirm this.  

 

Left Occipitotemporal Cortex 

 Many studies have reported that lesions to the left occipitotemporal cortex region are 

associated with spelling impairments (Rapp and Caramazza, 1997; Rapcsak and Beeson, 2004; 

Hillis et al., 2005; Tsapkini and Rapp, 2010). Specifically, lesions to this region have been 

associated with phonologically plausible errors in irregular word spelling, which suggests that it 
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plays a critical role in output orthographic lexical processing (Rapcsak and Beeson, 2004). These 

findings are also supported by neuroimaging studies which require word spelling knowledge 

(Booth et al., 2002a; Beeson et al., 2003; Rapp and Lipka, 2010). In confirmation of this 

previous work, we identified a typed spelling cluster in the left fusiform (BA 37) (MNI peak = -

44 -50 -16) which extended laterally into the inferior temporal gyrus and posteriorly into the left 

inferior occipital gyrus (BA 19). Although the left occipitotemporal cortex has previously been 

associated with spelling, classically this region has been associated with reading, in particular,  

the left mid-fusiform gyrus region known as the Visual Word Form Area due to its selective 

response properties to reading visual words (Cohen et al., 2002; McCandliss et al., 2003; Cohen 

and Dehaene, 2004; Dehaene and Cohen, 2011). The relevance of the VWFA to reading has been 

established by studies documenting that left occipitotemporal cortex lesions can lead to pure 

alexia (Dejerine, 1892; Chialant and Caramazza, 1998; Gaillard et al., 2006) as well as 

neuroimaging studies which have found activation in this region during reading tasks (Cohen et 

al., 2002; Turkeltaub et al., 2002; Kronbichler et al., 2004; Baker et al., 2007; Szwed et al., 

2011). Not surprisingly we observed activation associated with reading in the left fusiform gyrus 

(MNI peak = -40 -56 -14), which is close to previously reported coordinates of the VWFA based 

on the review of numerous reading experiments (MNI average peak = -43 -55 -17) (Cohen et al., 

2002).  

 Previous studies of spelling, as well as the identification of a typed spelling activation in the 

left occipitotemporal cortex, suggested that there would be significant co-localization of spelling 

and reading activation in this region. Although we did not initially identify conjoint activation in 

this region via a whole-brain analysis (Figure 2.C) we did identify a cluster of conjoint activation 
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across both reading and spelling after an ROI analysis (Figure 3). In order to further explore the 

functional relevance of the left occipitotemporal cortex in spelling and reading we also 

performed a contrast between the spelling and reading tasks. Interestingly, there was 

significantly greater activation associated with the spelling task as compared to the reading task 

in the left inferior temporal gyrus (indicated by the red circles in Figure 4). This cluster (MNI 

peak = -48 -64 -6) was just lateral/superior by 8mm to the cluster associated with the conjunction 

of both spelling and reading (MNI peak = -46 -56 -14). In turn, both of these clusters were just 

lateral to the region associated with only reading as can be seen Figure 5.A. Figure 5 also shows 

the average percent signal change across subjects in these regions and demonstrates that within 

the region typically termed the VWFA there is no significant difference between activation 

levels associated with spelling and reading, but in a region just lateral to the VWFA in the 

inferior temporal gyrus there is significantly greater activation associated with spelling as 

compared to reading. 

 These results complement previous studies which suggest that the left occipitotemporal 

cortex, including the VWFA, could be a heterogeneous structure that has functionally dissociable 

regions which may be involved in more than just visual word processing but also auditory and 

even somatosensory word processing (Buchel et al., 1998; Moore and Price, 1999; Buckner et 

al., 2000; Giraud and Price, 2001; Price and Devlin, 2003). In particular, these results fit with a 

study involving both unimodal and multimodal auditory and visual word processing which 

determined that medial aspects of the left occipitotemporal cortex are associated with unimodal 

visual word processing and that more lateral aspects are associated with multimodal 

visual/auditory word processing (Cohen et al., 2004). Based on this work, one interpretation is 
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that spelling may call upon more lateral multimodal regions of the visual word form system in 

order to convert an auditory word from to its orthographic form as compared to reading, which 

does not require the same degree of multimodal processing. Additionally, other work suggests 

that a portion of the lateral inferior temporal lobe may be associated with single letter processing. 

One such study found activation in a lateral inferior temporal gyrus after attending to individual 

visual letter stimuli as compared to attending to colors or non-linguistic symbolic stimuli 

(Flowers et al., 2004). Another such study identified lateral left inferior temporal gyrus activation 

that was associated with a with a single letter working memory task in an adult population and 

further reported that activation originating from this same region in a pediatric population was 

correlated with scores on a standardized spelling test (Libertus et al., 2009). Based on these 

previous studies this more lateral inferior temporal region may be associated with multimodal 

processing and/or single letter processing that in some way is relevant to spelling.  Although the 

exact function of this region is unknown, these data support the claim that spelling may call upon 

a more spelling-specific region in a portion of the inferior temporal gyrus that is just lateral and 

superior to that of the VWFA. 

 A recent study by Rapp and Lipka (2010) also identified overlapping of activation across 

spelling and reading in the left occipitotemporal cortex using a different spelling task (Rapp and 

Lipka, 2010). Specifically, this group employed a reading task that is similar to the one used in 

this study, but a spelling task that required subjects to press a button if an auditory word contains 

a specific letter and did not involve the written expression of the word (Rapp and Lipka, 2010). 

Our results complement theirs in that we identified overlapping activation in both the left IFG 

and fusiform gyrus; in addition our results fit with theirs in that we also observed that the 
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activation associated with spelling tended to be more lateral to that of the activation associated 

with reading. Unlike in Rapp and Lipka (2010) though, we identified dissociable activation 

patterns across typed spelling and reading in the left inferior temporal gyrus. This discrepancy 

could be either because Rapp and Lipka did not perform a direct comparison between spelling 

and reading, or that typed spelling may rely more heavily on this inferior temporal gyrus region 

compared to the spelling task employed in their study (i.e. press a button if an auditory word 

contained a specific letter) due to potentially greater demands on the spelling system when a 

word is actively spelled during the experiment. Further work is needed to clarify the degree to 

which there is task dependent spelling activation in the left occipitotemporal cortex. 

 Overall, these results support the view that a portion of the left BA 37 is associated with 

orthographic representations that are common to reading and spelling, although further work is 

required to characterize the heterogeneity of this region as it relates to shared and dissociable 

processing shared across spelling and reading. 

 

Medial Prefrontal Cortex 

 Typed spelling was also associated with activation in medial frontal regions including the left 

anterior cingulate cortex (ACC) and left supplementary motor area (SMA). The anterior 

cingulate activation was not surprising considering its long standing association with task 

dependent processing, in particular tasks that involve the monitoring of potential errors (Carter et 

al., 1999). Typed spelling inherently involves the monitoring of errors as the word is typed, 

which during our experiment may have been particularly demanding considering the lack of 

visual confirmation that a word was typed correctly. The left SMA activation could be associated 
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with sequence processing associated the production of learned word-specific keypress sequences 

specific to typing as suggested by previous work, which finds that temporary lesions to this 

region lead to impairments in the production of a complex sequence of movements (Gerloff et 

al., 1997). One other possible interpretation though is that typed spelling involves the generation 

of the phonological sequence associated with producing a word (Alario et al., 2006). 

Interestingly, there was also left SMA activation that was associated with reading, but it was not 

co-localized with typed spelling. These results are consistent with previous studies of reading 

(Fiez and Petersen, 1998) and suggest that typed spelling and reading may call upon differential 

portions of the left SMA in order to carry out their respective tasks. Overall, the medial frontal 

cortex is a heterogeneous structure that may be associated with multiple different functions 

relevant to typed spelling such error monitoring and/or sequence level processing that may 

involve finger keypresses or even be phonological in nature.  
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 Figures and Figure Legends 

 

 

 

Figure 1. Designs for the spelling and reading experiments. Both experiments used an fMRI 

block design that involved three different types of conditions presented pseudorandomly in 4 

blocks of 30 second duration each. Both experiments had a Fixation condition which involved 

fixating on a cross in the center of the screen (Fix). A. The spelling experiment involved either 

hearing a word and then typing it (Spell) or a control condition which involved hearing the word 

"motor" and then performing a pre-practiced keypress motor sequence (Motor). B. The reading 

experiment involved reading visual words (Read) or a control condition involving attending to 

visual checkerboards (Checker). 
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Figure 2. Whole brain contrast maps for the spelling and reading experiments. Each was 

projected on a standard rendered SPM template brain. Only clusters surpassing a corrected 

cluster-threshold of p<0.05 are shown. (A) Map of clusters for the Spell>Motor contrast with an 

inclusive mask of the Spell>Fix contrast (p<0.05, uncorrected). (B) Map of clusters for the 

Read>Checker contrast with an inclusive mask of the Read>Fix contrast (p<0.05, uncorrected). 

(C) A conjunction of effects for both the Spell>Motor and Read>Checker contrasts with an 

inclusive mask of the Spell>Fix and Read>Fix contrasts (p<0.05 uncorrected) for each. The red 

 

A.  Spell > Motor 

B.  Read > Checker 

C.  Conjunction of Spell > Motor & Read 
> Checker

Left Right Dorsal Posterior 

N=17 
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circles identify a single cluster in the inferior frontal gyrus (BA 44) that demonstrated a 

significant overlap across spelling and reading in this whole brain analysis. 

 

 

 

 

Figure 3. Region of interest conjunction analysis in the occipitotemporal cortex. This analysis 

involved a conjunction of the Spell>Motor and Read>Checker contrasts with an inclusive mask 

of the Spell>Fix and Read>Fix contrasts (p<0.05 uncorrected for each). The region of interest 

included the bilateral inferior temporal and fusiform gyri. A Z-score color scale is shown in the 

lower right corner. The only cluster that surpassed a corrected threshold of p<0.05 was in the left 

mid-fusiform (BA 37) with peak Z-score of 4.0, peak MNI coordinates of -46 -56 -14, peak TAL 

coordinates of -44 -52 -14, and volume of 52 voxels. 
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Figure 4. Whole brain contrast maps directly comparing the activations underlying spelling 

versus reading. A contrast of the (Spell>Motor) > (Read>Checker) was performed (the opposite 

contrast is not show, but described in the text). Only clusters surpassing a corrected cluster-

threshold of p<0.05 are shown. (A) Whole brain cluster map projected on a standard rendered 

SPM template brain. (B) Slice cluster map focused on the left occipitotemporal cortex. The red 

circles identify a cluster in the left inferior temporal gyrus (BA 37) that is a both lateral and 

superior to the VWFA with peak Z-score of 5.1, peak MNI coordinates of -48 -64 -6, peak TAL 

coordinates of -46 -61 -8 and volume of 72 voxels. A Z-score color scale is shown in the lower 

right corner. 
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Figure 5. Summary of the spelling and reading results obtained for the left occipitotemporal 

cortex. Included in this summary are the clusters associated with the (Spell>Motor) > 

(Read>Checker), (Spell>Motor) & (Read>Checker), and the Read>Checker contrasts. In order to 

facilitate a direct comparison, each map was generated within the ITG/FG ROI with an 

uncorrected threshold of p<0.001 (i.e. same statistical constraints used in Figure 3).Only clusters 

surpassing a corrected cluster-threshold of p<0.05 are shown. (A) Red corresponds to a cluster 

from the (Spell>Motor) > (Read>Checker) contrast. Yellow corresponds to the same cluster 

presented in Figure 3 showing the conjunction of Spell>Motor & Read>Checker activation. 

Green corresponds to the cluster of Read>Checker masked by Read>Fix (p<0.05, uncorrected). 

(B) Percent signal change values from each of the three clusters. Although there were no 

significant differences between activation associated with spelling and reading in the left mid-

fusiform gyrus (i.e. the VWFA), there was a significant difference in the left inferior temporal 

gyrus just lateral/superior to this area (p<0.0001, corresponding to ***). 
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Chapter III 

Shared Neuronal Representations for Spelling and Reading 

 

Introduction 

 

Reading and writing are highly important skills for communicating and storing ideas in 

modern society especially owing to the expanding prevalence of electronic forms of 

communication via email, word processing, texting, chatting, etc. For these reasons it is of great 

interest to examine how the brain supports the representations which underlie written language.  

Generally speaking, spelling and reading are very different cognitive tasks. Specifically, 

reading involves the visual perception of letter strings as graphemes and words, which are 

mapped to stored orthographic lexical and/or sub-lexical representations, and then translated into 

phonological and semantic representations (Ellis and Young, 1988; Coslett, 2000; Hillis and 

Tuffiash, 2002). Spelling, on the other hand, involves recoding semantic or phonological 

representations into letters via the orthographic lexical or sub-lexical representations which are 

temporarily stored as graphemic representations in working memory (i.e. graphemic buffer) prior 

to being translated into motor commands for specific output modalities (e.g. handwriting, typing) 

(Roeltgen and Heilman, 1985; Ellis and Young, 1988; Caramazza and Miceli, 1990; Rapcsak et 

al., 2002; Rapp and Hillis, 2002). Clearly, reading and spelling rely on at least some of the same 

representations underlying meaning (lexical semantic) as well as word sounds (phonological 

lexicon) considering these form the basis for spoken language processes. What is not so clear 
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from these models is whether reading and spelling rely on the same orthographic representations 

and processes.  

A central question pertaining to the nature of orthography representations is whether the 

neural circuitry underlying reading and spelling accommodate different orthographic 

representations or whether the same representations serve a dual purpose. As discussed in (Rapp 

and Lipka, 2010) there are two competing possible models for how orthography is represented in 

the brain for both spelling and reading. One is that reading and spelling rely on the same 

orthographic lexicon (and sub-lexical representations) such that they are essentially mirror 

cognitive processes that only differ with regards to direction and peripheral processes (i.e. visual 

object processing for reading and fine motor coordination for spelling). The other is that spelling 

and reading rely on different orthographic lexical and sub-lexical representations and therefore 

the underlying neuronal representations for input and output orthographic processes are 

fundamentally different.  

 

Behavioral Evidence 

Studies focused on the development of literacy skills in educational settings present one 

line of evidence that spelling and reading may rely on common underlying neural 

representations. For example, a study by Berninger and colleagues in children attending grades 

1-6 determined that spelling predicted reading performance and vice versa across all grade levels 

(Berninger et al., 2002). Examples of spelling and reading interacting during development have 

already been observed in kindergarten where more effective reading was observed for words that 

children were trained to spell (Ehri and Wilce, 1987). It should be noted that although skilled 
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spelling and reading appear to develop together, there have also been reports that they develop at 

different rates such that reading skills may develop prior to that of more general orthographic 

processing skills in grade school e.g. (Deacon et al., 2011). Still, this work provides solid 

evidence that reading and spelling skills develop in an interrelated manner. 

These findings can be observed in adult literates as well. In particular, studies have 

whether there are behavioral correspondences for the same word across different reading and 

spelling tasks. For example, adults are slower and less accurate at making lexical decisions or 

making orthographic judgments for words that are spelled incorrectly (Holmes and Carruthers, 

1998; Burt and Tate, 2002). Additionally, a repetition priming study determined that for words 

that had to be spelled by adults (absent visual feedback), there was primed performance on the 

same words on a reading task (Monsell and Coltheart, 1987). This work provides a valuable look 

into behavioral patterns associated with spelling and reading and infers that literacy skill lead to 

the development of common orthographic representations. 

Along with the research on typically developing individuals, there is support for shared 

processing of reading and spelling in the developmental dyslexia and dysgraphia literature. In 

general, individuals with developmental dyslexia and dysgraphia have demonstrated similar 

behavioral impairments in reading and spelling, as reported by single-case studies (Goulandris 

and Snowling, 1991; Hanley et al., 1992; Valdois, 1996) as well as group studies (Joshi and 

Aaron, 1991; Curtin et al., 2001). Both report that the behavioral patterns associated with reading 

and spelling appeared to mirror each other. In particular, one study reported that a group of fifth 

grade children with surface dyslexia and dysgraphia demonstrated similar performance profiles 

in reading and spelling of the same words (i.e. they were good at reading words they spelled 
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correctly, and impaired at reading words they tended to spell incorrectly) (Angelelli et al., 2011), 

thus supporting the claim that impairments in both spelling and reading not only develop 

together, but actually involve common underlying orthographic representations that are used by 

both tasks.  

Further evidence that spelling and reading rely on common orthographic representations 

can also be observed in the behavioral patterns of individuals with acquired dyslexia and 

dysgraphia. Generally speaking, cases of patients with brain lesions who demonstrate 

dissociations between impairments in spelling and reading (i.e. reading is unimpaired but 

spelling is impaired) would support an independent components model, whereas cases of patients 

with common reading and spelling impairments (particularly for the same sets of words) would 

support a shared component model. In support of the shared model, many studies have reported 

that similar spelling and reading error patterns can be observed in the same patients, suggesting 

that some aspect of orthographic representations are shared across tasks (Behrmann and Bub, 

1992; Rapcsak and Beeson, 2004; Tsapkini and Rapp, 2010). Yet, in support of the independent 

model, numerous studies have reported on patients who have alexia without agraphia e.g. 

(Cumming et al., 1970; Beauvois and Derouesne, 1981; Friedman, 1982; Behrmann et al., 1990; 

Cohen et al., 1991; Chialant and Caramazza, 1998), as well as agraphia without alexia, which 

was selective to lexical-orthographic output representations of spelling but without any measured 

impairment in reading (Hillis et al., 2004).  

Although the behavioral and lesion literature reviewed to this point supports common 

orthographic processes that underlie both tasks, this evidence does not fully adjudicate whether 

there are common or independent orthographic representations which underlie spelling and 
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reading at the neuronal level. It is possible that other tasks strategies are being called upon which 

could just lead to correlated behavior across spelling and reading yet different underlying 

neuronal resources. Also, in the aforementioned lesion studies, without factoring in lesion 

location and deficits not related to orthographic processing, it is hard to be certain that common 

orthographic representations are impacted by the same lesion. Therefore, more refined 

assessment of common neuronal representations underlying spelling and reading is required, 

which involves directly examining the underlying neural substrates of written language 

processing. 

 

Brain basis of Spelling and Reading 

In general, reading has been associated with a left hemisphere set of regions including the 

superior/middle temporal gyri (posterior and middle regions), supramarginal gyrus, 

fusiform/inferior temporal gyri, extrastriate occipital cortex, and IFG (for reviews of the lesion 

literature see (Coslett, 2000; Hillis et al., 2001; Hillis and Tuffiash, 2002) for review 

neuroimaging literature see (Jobard et al., 2003; Turkeltaub et al., 2003; Mechelli et al., 2005)). 

One region of particular relevance is the left ventral occipitotemporal cortex, which has 

consistently been identified as being necessary for orthographic lexical access during reading and 

is considered to be associated with orthographic input processes for reading (Dejerine, 1892; 

Cohen et al., 2003; McCandliss et al., 2003). In particular, a region in the left mid-fusiform gyrus 

has been often associated with whole word reading and has been termed the visual word form 

area (VWFA) (McCandliss et al., 2003; Cohen and Dehaene, 2004; Gaillard et al., 2006; Baker 

et al., 2007). Furthermore, this region has been characterized as being part of a larger visual word 
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form system (VWFS) that extends along the anterior-posterior axis of the occipitotemporal 

cortex (Cohen et al., 2002; McCandliss et al., 2003; Vinckier et al., 2007; Dehaene and Cohen, 

2011). This has led to the proposal that the neuronal representations of the written word which 

are found in the VWFS are organized in a hierarchical manner along the posterior to anterior axis 

of the ventral visual stream, such that the more posterior regions are selectively responsive to 

letters and bigrams whereas the more anterior regions are selective to quadragrams and whole 

words (Vinckier et al., 2007). Further work has also shown that there are neurons in the VWFA 

that are selectively tuned to whole words (Glezer et al., 2009a; Schurz et al., 2010), thus 

providing support for the idea that this is a critical site for orthographic lexical input processes 

used for reading. Due to its relevance to orthographic processing in reading, the VWFA is a 

prime candidate region which may be selective to orthographic representations that are utilized 

by both reading and spelling tasks.  

It is therefore not unexpected that the left occipitotemporal cortex has also been 

associated with spelling e.g. (Rapcsak and Beeson, 2004), along with other left hemisphere 

regions including the middle/superior frontal gyrus (BA 6) and superior parietal lobe (BA 7), 

angular gyrus (BA 39), supramarginal gyrus (BA 40), and inferior frontal gyrus (BA 44/45), 

superior temporal sulcus (BA 22). A review of the lesion literature has been provided by 

(Roeltgen and Heilman, 1985; Rapcsak et al., 2002; Hillis and Rapp, 2004). A review of the  

neuroimaging literature was conducted as part of the meta-analysis report in Chapter 2 (Purcell et 

al., 2011b) and of note is that this meta-analysis itself revealed that the left occipitotemporal 

cortex was the most consistently identified region across all of the included neuroimaging studies 

of spelling.  
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Several neuroimaging studies have specifically asked the question of whether spelling 

and reading share neural substrates within the same study. For example, a clinical study found 

that a group of patients with lesions to the left BA 37/20 exhibited both reading and spelling 

impairments (Rapcsak and Beeson, 2004). In agreement with this work a recent study reported 

that hypoperfusion of the left BA 40 and BA 37 was consistently associated with impairments in 

spelling and reading real words and pseudowords (Philipose et al., 2007). A more recent study 

provided an extensive report on an individual who had a surgical resection of the left anterior 

fusiform gyrus which led to diminished mapping between orthography and semantics for both 

spelling and reading while leaving visual object and phonological processing intact (Tsapkini 

and Rapp, 2010).  

These findings are supported and extended by neuroimaging studies which have directly 

examined the overlap of spelling and reading related activity in neurologically intact subjects 

(Rapp and Lipka, 2010; Purcell et al., 2011a; Rapp and Dufor, 2011). Some of this work has 

measured spelling by utilizing a task which requires subjects to know the spelling of a word (i.e. 

press a button if a specific letter is in an auditory word)(Rapp and Lipka, 2010), while other 

studies have explicitly examined the overlap of reading with a spelling task that involved written 

expression via keyboard typing (Purcell et al., 2011a). Interestingly, the findings from these 

studies indicate that both the left occipitotemporal cortex and inferior frontal gyrus are utilized to 

both spell and read.  

 

Motivation 
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Although both the lesion and neuroimaging literature suggest that spelling and reading 

rely on common neural resources in the left occipitotemporal cortex as well as the left IFG, it is 

still unknown if the neurons in these regions encode orthographic representations that are 

actually shared for spelling and reading. In both the lesion and neuroimaging literature neuronal 

populations that encode orthographic lexical representations for reading and spelling could be 

adjacent or mixed together, not actually the same neurons. Therefore, an association or 

dissociation via lesion or neuroimaging literature is not enough to resolve the debate of shared or 

independent orthographic representations. No study to date has clearly demonstrated that the 

same populations of neurons which code for orthographic representations of a given word is 

called upon while reading or spelling that same word. In the present study we address the 

question of shared vs. independent orthographic representations by way of a set of fMRI 

adaptation paradigms designed to examine the neural basis of orthographic representations 

commonly used for both reading and spelling. In addition to providing evidence in support of the 

shared or independent orthographic components hypotheses, this work provides a unique 

perspective exploration of the functional relevance of the VWFS to orthographic processing.  

We employed an fMRI-adaptation (fMRI-A) experiment that involved both spelling and 

reading. FMRIA is a valuable tool for determining if common populations of neurons are 

selective to a specific stimulus or task features and involves observing significantly less neuronal 

activity in a region when a common stimulus feature is presented more than once (Grill-Spector 

and Malach, 2001; Kourtzi and Kanwisher, 2001; Henson and Rugg, 2003; Grill-Spector, 2006; 

Grill-Spector et al., 2006). Here we utilized this technique to determine whether there are shared 

orthographic features at the neuronal level that are used for both reading and spelling. We also 
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included a control experiment that involved verbally repeating an auditory word and reading to 

allow us to control for phonological, semantic, and attentional effects that may be driving the 

adaptation response in the spelling/reading experiment. We constrained our inquiry to specific 

regions of the brain. Specifically, the VWFA and surrounding areas were identified via an 

independent “functional localizer scan” during which our subjects performed an independent 

reading task and a spelling task. Within these regions we tested the hypothesis that there would 

be cross spelling-reading adaptation effects that are not driven by phonological, semantic, or 

attention processes. Our results confirmed the hypothesis that some of the VWFA contains 

populations of neurons used to read a word are used to spell that same word and that these effects 

or unique to orthographic, not phonological or semantic processes. We also identified regions in 

the left inferior frontal junction (IFJ) and supplementary SMA that are also relevant to 

orthographic processes.  

 

Methods 

 

Participants 

Sixteen (6 male and 10 female) right-handed, healthy adults (Mean age = 23.2; Range = 

18-27 years) participated in the experiment. Right-handedness was determined using the 

Edinburgh Handedness Inventory (Oldfield, 1971). All participants were monolingual English 

speakers with no history of neurological or learning disorders. Standard neuropsychological tests 

for reading and spelling (Woodcock et al., 2001) were administered in order to ensure that none 

of the participants had below normal reading or spelling abilities (i.e. each subject had a standard 
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reading score of > 85 on either test). Participants were also required to have normal or corrected-

to-normal vision, and be able to type on an American QWERTY keyboard at a 50 word per 

minute (WPM) rate without looking at their hands. This minimum WPM rate was assessed using 

a standard typing test program (MaxTypeLITE, 2006). All participants were recruited from the 

graduate and undergraduate population at Georgetown University. Experimental procedures were 

approved by Georgetown University’s Institutional Review Board and written informed consent 

was obtained from all subjects prior to the experiment. 

 

Experimental Design 

 

Event-Related fMRI-Adaptation Experimental Designs 

Each subject participated in a separate Spelling/Reading experimental session and a 

Repeat/Reading control session. These two sessions employed continuous-carry over event-

related fMRI-A designs (Aguirre, 2007). The order of these sessions was counterbalanced across 

subjects. For each experiment either word list 1 or 2 was used. For half of the subjects the 

Spelling/Reading experiment utilized word list 1 and word list 2 for the other half; the 

Repeating/Reading experiment employed the complementary list. A summary description of the 

Spelling/Reading experimental design is presented in Figure 1; the same design was employed 

for the separate Repeating/Reading control design. 

The Spelling/Reading fMRI-Adaptation experiment consisted of a series of spelling and 

reading trials. During “spell” trials an auditory word was presented for at most 750ms after 

which participants were instructed to spell the word by typing it on the MRI compatible 
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keyboard (Mag Design and Engineering). Participants could not see what they were typing. 

During “read” trials participants were instructed to covertly read a visual word which replaced 

the fixation for 750ms. Participants were further instructed to perform an odd-ball semantic task 

on both the spelling and reading trials. If the stimulus was of the semantic category, "body part" 

(e.g. hand), subjects were instructed to press the space bar after typing the word for spell trials or 

after viewing the word for read trials. Targets were present on 16% of the trials. This task 

ensures that subjects processed the semantics of each word regardless of trial type (i.e. read or 

spell). Target trials were excluded from the fMRI data analysis because their response is not 

equitable to non-target trials (Dehaene et al., 2001). Participants were explicitly instructed not to 

press a button for any read trials that were not in the semantic category. This was to ensure that 

observed interactions across spelling and reading would not be due to common response profiles 

on the keyboard. When not typing, subjects were instructed to keep their fingers on the "home 

keys" (i.e. ASDFJKL;) which were identifiable to the touch by small rough tabs. Half of the 

visual stimuli were presented in capital letters and the other half in lower case. This is consistent 

with previous visual word fMRI-A paradigms and ensures that any observed adaptation effects 

are specific to orthography and not to low-level visual features of the word (Cohen et al., 2002). 

There were four separate runs for the experiment. Within each run, trials of interest were ordered 

with the following constraints: (1) half involved the same word as presented in the previous trial 

and half involved a different word; (2) half involved spelling and half involved reading; (3) half 

were followed by a trial of the same type (e.g. spell followed by a spell trial) and the other half 

were followed by a trial of a different type (e.g. spell followed by a read trial). Trials were sorted 

into 8 conditions based on the previous trial as summarized in Table 1(b). From here onwards, 
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conditions will be labeled with an upper and lower case word separated by a hyphen (e.g. spell-

READ), where the upper case word refers to the current trial, the lower case word refers to the 

just-previous trial. For example, a trial that involves reading, but is preceded by a spelling trial of 

the same word will be referred to as “spell-READ same” trial. Trials were separated by a jittered 

time interval of 5, 7, or 9 seconds; interval frequency was counterbalanced across all conditions. 

For each run there were 72 trials of interest, 15 (not analyzed) target trials and 8 (not analyzed) 

non-target trials which follow a target trial. Across all 4 runs this produced 36 trials per 

condition. Adaptation effects were on a current trial based on the just previous trial for all 

conditions. This was achieved by applying a continuous carry-over fMRI-A design which 

dictates that each trial type follows every other trial type an equal number of times (i.e. 

probability of the next condition is equated across conditions) (Strange et al., 2000). This 

counterbalance scheme was developed in MATLAB (The Mathworks, MA). 

The Repeat-Read fMRI-Adaptation experiment had the same design as the Spell-Read 

experiment. From the participant’s perspective however, it differed in that instead of spelling 

auditory words, subjects were instructed to repeat the word quietly, with minimal mouth 

movements into an MRI compatible microphone. Subjects were also instructed to place their 

fingers on the space bar and only use it to respond to the semantic “body part” category trials. 

 

fMRI Adaptation Experiment Stimuli 

A total of 404 words were obtained from the CELEX Lexical Database (Baayen et al., 

1993). All of the words were at least 1.25 times more likely to be a noun than a verb and none of 

the words were homophones (e.g. bear/bare). This larger list was partitioned into two separate 
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lists of 180 words that were labeled List 1 and 2; each list had an equal number of 4, 5, and 6 

letter words. The remaining 44 words belonged to the semantic category “body part” (e.g. brain). 

Words from List 1 and 2 were matched on word frequency, consistency, syllable number, 

auditory word duration, and approximate left/right hand use required while typing, see Table 1.  

Word frequencies were 

obtained from the MCWord 

Orthographic Database (Medler 

and Binder, 2005). Consistency 

measures were calculated from 

the phoneme-grapheme positional 

probability mappings reported in 

(Hanna et al., 1966). In order to 

calculate this measure, the 

positional probability of a 

mapping between a given phoneme and grapheme was calculated for each syllable in each word; 

the average syllabic probability was then calculated.  For some of the trials participants were 

required to type the word. Considering that activation patterns in motor regions can be 

influenced by the amount of keypresses used by the right or left hand we calculated the average 

percentage of keypresses on a QWERTY keyboard required by each hand for each word (e.g. the 

word ‘camp’ requires 50% usage from both the right and left hand).  

Spoken and visual image files were obtained for each word used in these experiments. 

Spoken words for the spelling task and the repeating task were obtained from the (Linguistic 

Table 1. Word List Parameters    

  List 1 List 2 
Semantic 

List 

Word Count 180 180 44 

Frequency 67 (63) 66 (60) 77 (114) 

Consistency 57 (16) 56 (15) 55 (21) 

Syllable # 1.5 (0.5) 1.5 (0.5) 1.2 (0.5) 

Duration(msec) 539 (118) 554 (119) 571 (119) 

% Right Hand 

Use 
42% (17%) 43% (20%) 49% (22%) 

Means for Frequency, Consistency Duration, and % Right 

hand use with standard deviations in parentheses 
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Data Consortium, 1999). Each audio file was processed in MATLAB (The Mathworks, MA)   in 

order to measure the duration of the spoken word, standardize the root mean square amplitude, 

and addend varied periods of silence to the beginning of each audio file in order to ensure each 

audio file was 750 ms in duration. Visual word images for the reading test were developed using 

MATLAB (The Mathworks, MA) to eliminate background variations and to standardize image 

size to approximately a 2x4º visual angle. Stimuli were presented using Presentation software 

(Neurobehavioral Systems, Inc.). ANOVAs were run on frequency, duration, and % right hand 

usage parameters of each list of words. There was no main effect difference for frequency, 

syllable number, duration or hand use across all three lists of words. 

 

Block Design: Region of Interest determined by “Localizer Scans” 

Details regarding the experimental design and data for these experiments are reported in 

Purcell et al. (2011a) and in Appendix A.1. The same subjects that participated in Purcell et al 

(2011a) also participated in the fMRI-Adaptation experiments discussed in this paper. Here we 

provide only a brief description of the separate Spelling and Reading Block Design Experiments, 

which for the purpose of the current study were used to localize regions of interest.  

For the Spelling Block Design experiment we presented 30sec blocks of auditory stimuli 

which consisted of either a spelling task or a motor control task. A visual fixation cross was 

present throughout the experiment. Blocks of silence were used as the baseline condition. For the 

spelling and motor condition blocks, 10 auditory stimuli were presented for 750 ms with 2250 

ms silent intervals between each. During the spelling condition subjects were instructed to type 

the different auditorily presented words. During the motor control task subjects were presented 
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with  10 consecutive auditory presentations of the word "motor" and would type a pre-learned 

motor sequence (learned just prior to the scan session) that involved four alternating finger 

movements from each hand, e.g. "JFKDLS;A" as typed on the QWERTY keyboard. Subjects 

were instructed to maintain their eyes on the cross during both the fixation and task blocks.  

For the Reading Block Design experiment we presented 30sec blocks of visual words, 

checkerboards, or a fixation cross resting condition. For the word and checkerboard conditions, 

10 visual stimuli were presented for 2250 ms, with a 750 ms fixation interval between each. For 

the word condition, subjects covertly read each word. For the checkerboard control condition 

subjects were instructed to attend to all stimuli. For both experiments, there were a total of four 

blocks per condition.  

 

MRI Data Acquisition 

 

MRI practice session 

Each participant was required to perform a keyboard typing task while lying in a mock 

MRI scanner in order to ensure that they could perform the task prior to participation in the 

actual experiment. See (Purcell et al., 2011a) for more details.  

 

MRI Acquisition  

After screening for metal objects, the participants were securely positioned in a 3.0 Tesla 

Siemens Trio scanner. Great care was taken to ensure subjects were in a comfortable typing 

position prior to the start of the scanning session. The MRI compatible keyboard was attached to 
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a small plastic tray and positioned on the participants waist; foam padding was placed under the 

subject’s arms to add comfort if requested. Visual stimuli were projected onto a rear screen with 

a LCD projector and viewed through an angled mirror. Auditory stimuli were presented 

binaurally through electrostatic MRI-compatible noise-cancellation headphones (STAX). Head 

movement was minimized by small foam cushions placed on the sides of the participant’s head. 

Participants were asked to fixate on a central cross throughout the paradigm. Four continuous-

acquisition functional EPI sequences were acquired for the Spelling/Reading experiment as well 

as the Repeating/Reading control. These data were acquired using a 12-channel head coil with 

the following parameters: flip angle = 90°, TR = 2000 ms, TE = 30ms, FOV = 205 mm, 64 by 64 

matrix, 37 axial slices (thickness = 3 mm, no gap; in-plane resolution = 3.2 x 3.2 mm². Each run 

(four for the Spelling/Reading and four for the Repeating/Reading) had a total of 348 volumes 

and scan time of 11min, 36sec. We also acquired 3D T1-weighted MPRAGE images with the 

following parameters: TR/TE 1600ms/4.38ms, FOV=256, 160 axial slices; effective resolution 

of 1 mm
3
 with a scan time of 4min 28sec.  

 

Behavioral Data Analysis 

 

Behavioral data obtained from the Spell-Read experiment and Repeat-Read experiments 

were processed in MATLAB (The Mathworks, MA). Accuracy, reaction time, inter-key-interval 

(IKI) and response duration data were obtained for the spelling trials in the Spelling/Reading 

experiment. Accurate trials were defined as those for which subjects produced the correct key-

press sequence for a given word. Since our primary interest was in spelling errors as opposed to 
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typing errors, we did not consider keypresses that were either one to the right or left of the 

correct key to be incorrect (e.g. for the letter ‘s’, responses such as ‘a’ or ‘d’ were considered 

correct). All other incorrect spelling trials were excluded from further analysis. Reaction time 

was measured as the time from the end of the stimulus presentation to the start of the first 

keypress. IKI was measured as the average difference in response times for adjacent keypresses 

across all keypresses in a given word. Response duration was measured as the time from the end 

of the stimulus presentation to the final keypress. We tested for behavioral Adaptation Effects by 

performing a within-subject 2x2 repeated-measures ANOVA on the accuracy, reaction time, and 

inter-key-interval data, followed by post-hoc paired t-tests, (p = 0.05, two-tailed) comparing the 

Different and Same trials for the Within (spelling-spelling) and Across (reading-spelling) 

conditions. 

Accurate semantic trials were defined as those for which subjects accurately pressed the 

space bar when they heard or saw a “body part” word.  Initial accuracy was obtained for all trials 

and then separately for the reading trials and spelling trials in the Spelling/Reading experiment; 

this was also performed for the reading and repeating trials in the Repeating/Reading control. If 

performance was below 60% on any given experimental run for either the auditory (i.e. spelling 

or repeating trials) or visual trials then that run was excluded from further analysis. No runs were 

excluded based on these criteria. 

 

MRI Data Analysis 

 

MRI Data Pre-processing  
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All preprocessing and statistical analysis of the fMRI data was performed using the 

software package SPM5. The anatomical MPRAGE was normalized to a standard Neurological 

Institute (MNI) reference anatomical template brain (Collins et al. 1998). After discarding the 

first functional scan of each of the EPI acquisitions, we corrected for head motion by realignment 

of each scan to the first image, co-registering the functional scans with the MPRAGE anatomical 

scan, and then slice timing correcting the data by phase shifting the data in each slice to the 

middle slice acquisition. We then normalized all of the data via the same warping parameters 

used to normalize the MPRAGE scan. The images were then resliced to 2x2x2 mm³ and 

smoothed with an isotropic 6.4 mm Gaussian kernel.   

In order to ensure that the fMRI data was not confounded by excessive head motion, we 

applied criteria for inclusions of functional data based on the motion parameters obtained during 

the realignment of each functional scan. Runs were excluded if their overall motion in the vector 

sum of the x, y, and z direction movement was greater than one voxel (3 mm) or if more than 

25% of the time points had scan-to-scan movement below a pre-designated threshold (0.2mm). A 

total of three runs from three separate participants were excluded for the Read-Spell experiment 

and a total of one run from was excluded for the Read-Repeat experiment.  

 

Identifying Subject Specific Regions of Interest (ROIs) 

Independent regions of interest (ROIs) were obtained from each subject by using data 

from the separate spelling and reading block design localizer experiments. Details regarding the 

statistical analysis for these data are reported in Chapter 2, Purcell et al. (2011a).  
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A whole-brain statistical analysis was performed separately for the Reading and Spelling 

block design experiments in each subject. We did this by modelling the hemodynamic activity 

for each experimental condition described in Appendix A.1 in the reading experiment (reading, 

checkerboard, and fixation) and the spelling experiment (spelling, motor, and fixation) with the 

standard hemodynamic response function (HRF). The contrast images from both the reading and 

spelling experiments from each subject were also input into a second-level random effects 

analysis (Penny and Holmes 2006). These group data helped to locate individual ROIs and 

provided a group level mask that was used to examine adaptation effects in other spelling and 

reading related regions. 

In order to identify the VWFA we located the peak Read>Fix (uncorrected threshold 

p<0.0001), masked inclusively by the Read>Checker contrast (uncorrected p=0.05) response in 

the average group data (MNI: -41 -58 -15). We then identified a VWFA peak in each subject 

with the Read>Fix (uncorrected threshold p<0.001) response closest to this group average peak. 

The average peak location across subject-specific VWFA peaks was (MNI: -41 -58 -15) and fits 

well with previous reports of the location of the VWFA (e.g., MNI: -43 -55 -17 as reported in 

Cohen et al. 2002). 

We also identified peaks in the Visual Word Form System (VWFS) that were anterior 

and posterior to the VWFA. We used a similar method to that of identifying the VWFA peaks, 

with the exception that we did not use the Reading>Checker mask because no group clusters 

anterior or posterior to the VWFA were identified when this mask was employed. In order to 

identify the VWFS peaks, we located the peak Read>Fix (uncorrected threshold p<0.0001) 

response in the average subject data, anterior (MNI: -38 -46 -12) and posterior (MNI: -42 -70 -
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18) to the VWFA. We then identified a VWFS peak in each subject with the Read>Fix 

(uncorrected threshold p<0.001) response closest to this group average peak. The average peak 

location across subject-specific anterior VWFS was (MNI: -36 -47 -19) and for the posterior 

VWFS was (MNI: -42 -72 -13).  

In addition to identifying peaks in the left occipitotemporal cortex associated with 

reading, we also identified a peak associated with spelling. It should be noted that we did not 

utilize a fixation baseline to obtain these ROIs because with the Spell>Fix contrast we did not 

identify any peaks in the occipitotemporal in the group average map, whereas we did for the 

Spell>Motor contrast. This is likely due to the well-known observation that attention to one 

stimulus modality (i.e. auditory) leads to the suppression of activation in regions specialized for 

another modality (i.e. visual), e.g. (Mozolic et al., 2008). Therefore the auditory control (i.e. the 

Motor task) is more appropriate as compared to the visual Fixation baseline with regards to 

localizing spelling related activation in the occipitotemporal cortex. Importantly, as reported 

previously with these data, the Spell>Motor contrast led to activation that overlapped with 

reading in the left VWFA, but also extended lateral into the inferior temporal lobe (Purcell et al., 

2011a). For this reason we identified lateral spelling peaks in each subject by first locating the 

lateral most sub-peak from the average Spell>Motor response (MNI: -54 -64 -12). Then for each 

subject we identified the peak Spell>Motor response closest to this peak. The average peak 

location across subject-specific VWFA peaks was (MNI: -51 -60 -11). These ROIs will be 

referred to as “lateral-VWFS spelling areas.” We calculated the distance for each of these lateral-

VWFS spelling area peaks from the VWFA peaks and found that they were approximately 

10mm lateral, 3mm posterior and 4 mm superior to their respective VWFA peaks and none were 
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within 5mm Euclidian distance of their respective VWFA. This conformed that we were 

examining lateral-VWFS spelling area peaks that were dissociable from the VWFA peaks.  

A 4mm diameter sphere was generated from each peak and used to examine adaptation 

effects from the event-related studies. A full list of subject-specific peaks is reported in 

Appendix A.2.  

 

Identifying a Functional Mask of Reading and Spelling Related Regions 

We also performed a voxel-wise analysis of the adaptation data within regions that are 

functionally relevant to either reading or spelling. An inclusive functional mask was obtained 

from the independent functional Reading and Spelling Localizer scans (Purcell et al., 2011a). 

This functional mask included a combined mask of the Spell>Motor and Read>Fixation at an 

uncorrected voxelwise threshold of p<0.001 (cluster level FWE corrected p<0.05). This mask 

allows for a more constrained analysis of adaptation effects in the whole brain in the following 

manner: it provides a control for non-spelling related motor output associated with typing via an 

independent mask and it constrains the interpretation by only examining adaptation effects in 

regions which demonstrate an average Blood Oxygenation Level Dependent (BOLD) response to 

either spelling or reading via a set of independent functional scans acquired in the same group of 

subjects. This functional mask is presented in Appendix A.3. 

 

Event-Related fMRI-Adaptation Analysis  
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Statistical analyses were performed separately for the Spelling/Reading experiment and 

Repeating/Reading control study in each subject. We first performed a temporal filtering with a 

high pass filter (128 sec) as well as applied an autoregressive (AR 1) model to account for serial 

correlations (Della-Maggiore et al. 2002). We then modeled the response associated with each 

experimental condition in the Spelling/Reading experiment and the Repeating/Reading 

experiment with the standard hemodynamic response function (HRF). We also included the 

global signal into the regression model (Aguirre et al. 1998). In order to account for confounds 

due stimulus timed movement we also included the 6 motion parameters (roll, pitch, yaw, x, y, z) 

from this experiment into the regression model for each experiment. We also included response 

time as a regressor of no interest in the Spelling/Reading and Repeating/Reading experiment data 

analyses because response time has been shown to modulate the activation associated with 

language tasks e.g. (Binder et al., 2005; Graves et al., 2009). We performed ROI analyses and 

voxel-wise analyses on these data: it should be noted that whereas for the ROI analysis we 

extracted the average signal across a pre-defined set of voxels (e.g. sphere in the VWFA), for the 

voxel-wise analysis we analyzed signal from each voxel within a pre-defined set of voxels (i.e. 

regions associated with reading or spelling via an independent localizer scans). 

In order to obtain the ROI data we utilized the SPM5 toolbox MarsBar (Brett et al., 

2002). A Finite Impulse Response (FIR) functional analysis was performed on the non-smoothed 

data from each ROI in each subject. BOLD response plots were obtained for each condition as 

well as a measure for the average peak BOLD response from 4-7 sec. post stimulus onset. These 

data were averaged across subjects and statistics were analyzed in (SPSS, Inc., 2009). 



 

113 

 

In order to identify group level adaptation effects via a voxel-wise analysis we first 

performed a contrast of the different>same conditions for each condition type in the 

Spelling/Reading and Repeating/Reading experiments in each subject separately. These subject 

specific contrasts were then input into a second-level random effects analysis to allow for 

population level inferences of adaptation effects (Penny and Holmes 2006). As mentioned 

previously, this voxel-wise analysis was limited to voxels within the inclusive mask obtained 

from the independent Spelling localizer and Reading localizer scans (see Appendix A.3). We 

tested for adaptation effects in all of the different/same conditions reported in Figure 1(B).  

We also performed conjunction analyses on the observed adaptation effects in order to 

look for regions associated with orthographic-specific processes. The conjunction analysis in 

SPM5 is defined as a logical AND operation (Friston et al., 2005). First, we performed a 

conjunction analysis with the spelling (spell-SPELL) and reading (read-READ) adaptation 

effects in order to identify those regions which were commonly sensitive to both tasks. Next, we 

performed a conjunction analysis of regions associated with the spell-READ condition as well as 

the reading and spelling conditions (read-READ and spell-SPELL). This allowed us to examine 

regions that were commonly associated with orthographic processes in all three critical 

conditions. In order to confirm these effects were not driven purely by semantic or phonological 

processes, we also applied an exclusive mask of the repeat-READ condition at a conservative 

threshold of p<0.1.  

A corrected FDR threshold was applied to each adaptation effect contrast and only 

clusters with a minimum of 10 contiguous voxels are reported. Anatomical localization of the 

statistical maps was determined by overlapping t-maps on a normalized structural image 
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averaged across all subjects and referencing them to the SPM Anatomy Toolbox Atlas (Eickhoff 

et al., 2005). Visualizations of the results were implemented with MRIcron and SPM5 using the 

Colin brain template in MNI space (Evans et al., 1993). Surface renderings are maximum 

intensity projections with a search depth of 16 mm. Gyral anatomical labels were assigned based 

on the Automated Anatomical Labeling (AAL) atlas developed for SPM (Tzourio-Mazoyer et 

al., 2002). Brodmann’s Areas (BAs) were identified from the template developed for MRIcron.  

 

Results 

 

Behavioral Results 

 

fMRI Adaptation Experiment: Semantic Oddball Task Results 

Semantic oddball task performance for the Spell-Read Experiment was 86% (Range = 

72-97%) and for the Repeat-Read Experiment was 87% (Range =72-98%). There was no 

significant difference between performance on the spelling and reading trials in the 

Spelling/Reading experiment. Additionally, there were no significant differences between the 

performances on the repeating and reading trials in the Repeat-Read experiments, see Appendix 

A.4.  

 

fMRI Adaptation Experiment: Spelling Task Behavioral Results 

For the Spelling/Reading experiment the mean spelling accuracy after adjusting for 

instances when the subject mistakenly shifted their finger to the left or right was 86% (Range = 
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62- 94%). Without this adjustment, accuracy levels were still relatively high with a mean of 80% 

(Range = 37-94%). All remaining incorrect trials were excluded from further analysis; this left 

approximately 31 trials on average remaining for each of Spell conditions. The mean overall 

reaction time for correct trials on spelling task was on 532 ms (SD = 188 ms) with an average 

overall response duration of 1467 ms (SD = 331 ms). These results indicate that participants 

could perform the spelling task with relatively high accuracy levels with sufficiently fast 

response durations to fit within the temporal sampling rate of the event-related fMRI designs (i.e. 

2 sec).  

Accuracy, response time and inter-key-interval were assessed for the spell-SPELL and 

read-SPELL conditions defined in Figure 1(B). Repeated measures ANOVA revealed that there 

was a main adaptation effect for reaction time across the same and different conditions (F (1, 15) 

= 68.8, p < 0.0001). Post-hoc t-tests revealed that the spell-SPELL Adaptation Effects (p < 

0.0001) and read-SPELL Adaptation Effects (p = 0.004) and the results from the ANOVA reveal 

that there was a significant interaction between the adaptation effects observed in the spell-

SPELL and read-SPELL conditions (F (1, 15) = 8.96, p = 0.009). These data are presented in 

Figure 2(A). Repeated measures 2x2 ANOVA revealed that there was no main adaptation effect 

for accuracy (F (1, 15) = 0.024, p = 0.878) and no interaction (F (1, 15) = 0.720, p = 0.410). 

Repeated measures 2x2 ANOVA revealed that there was a trend towards a main adaptation 

effect for inter-key-interval (F (1, 15) = 0.4.268, p = 0.057) with no interaction between the 

spell-SPELL and read-SPELL conditions (F (1, 15) = 0.006, p = 0.942); post-hoc paired t-tests 

revealed that there were in fact no significant adaptation effects for the spell-SPELL (p = 0.075) 
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or read-SPELL (p = 0.223) conditions. Accuracy and inter-key-interval data are presented in 

Appendix A.5 (A) and (B) respectively. 

 

fMRI Adaptation Experiment: Repetition Task Behavioral Results 

For the Repeating experiment the mean repeating accuracy was 93% (Range = 74%-

100%). There were approximately 34 trials on average remaining for each of repeat conditions. 

The mean overall voice onset time for correct trials on repeating task was 1102 ms (SD = 83 ms). 

These results indicate that participants could perform the repeating task with high accuracy 

levels. It should be noted that this particular task was not difficult and any errors are likely due to 

either subject fatigue in the scanner or insufficient loudness of response to be detected by the in 

scanner microphone. 

Accuracy and voice onset time were assessed for the repeat-REPEAT and read-REPEAT 

conditions defined in Figure 1(B). Repeated measures ANOVA revealed that there was a main 

adaptation effect for reaction time across the same and different conditions (F (1, 15) = 20.74, p 

< 0.0001) but no interaction (F (1, 15) = 2.72, p = 0.12). Post-hoc t-tests revealed that the repeat-

REPEAT Adaptation Effects (p < 0.001) and read-REPEAT Adaptation Effects (p = 0.05). These 

data are presented in Figure 2(B). Repeated measures 2x2 ANOVA revealed that there was no 

main adaptation effect for accuracy (F (1, 15) = 0.39, p = 0.542) and no interaction (F (1, 15) = 

0.06, p = 0.814). These data are presented in Appendix A.6. 
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Region of Interest Analysis: fMRI-Adaptation Results 

 

We first examined the adaptation effects in the subject-specific functionally defined 

VWFA ROIs. These data are presented in Figure 2. BOLD responses were obtained from each 

condition defined in Table 1(b) and are plotted in figure 3(A). In order to perform statistics on 

these data, the peak BOLD responses (4-7 sec) for each condition were obtained. All of these 

data were entered into a 2x2x2x2 ANOVA for experiment type (Spelling/Reading and 

Repeating/Reading), presentation modality (auditory/visual), modality type (within/across 

modality), and sequence (same/different), in order to confirm a main effect for adaptation. This 

analysis revealed that there was a main adaptation effect (F (1, 15) = 56.08, p < 0.0001). We then 

performed planned post-hoc tests for adaptation effects in each set of different/same condition 

pairs. We did this by calculating the (different > same) contrast for each condition in each 

subject, averaging them and then performing one-way t-tests on each condition in order to test 

for significant (alpha=0.05, 2-tailed) adaptation effects. For this difference measure a positive 

response is considered an adaptation effect and a negative response is considered an adaptation 

enhancement effect. The read-READ condition data from the Spelling/Reading and 

Repeating/Reading designs were averaged together (per subject) for data presentation and 

statistical analysis. As reported in figure 3(B) and Appendix A.7(B), there was a significant 

adaptation effect for the read-READ (p=0.000005), spell-SPELL (p=0.006), spell-READ 

(p=0.003), but critically not for the repeat-READ (p=0.8) condition. In addition we observed a 

significant adaptation effect for the repeat-REPEAT (p=0.01). We did not observe any 

significant adaptation effects for the read-SPELL (p=0.5), or read-REPEAT (p=0.3) conditions. 



 

118 

 

It should be noted that although we did not observe effects in the read-SPELL condition, 

our hypothesis that there are orthographic specific neuronal responses in the VWFA, still holds 

true considering that we observed an adaptation effect in the spell-READ condition. In the read-

SPELL condition subjects just-previously (within the span of 5-9 seconds) read the word and 

therefore likely do not rely on the same orthographic retrieval mechanisms as compared spelling 

a word that has not been read previously within the context of the experiment. 

Next we looked for adaptation effects in the subject-specific regions posterior and 

anterior to the VWFA. For the posterior-VWFA region our initial 2x2x2x2 ANOVA did not 

reveal a main effect for adaptation (F (1, 15) = 2.8, p=0.12)), therefore we did not perform any 

post-hoc t-tests; see Appendix A.7(C). For the anterior-VWFA regions we did observe a main 

effect for adaptation (F (1, 15) = 21.9, p<0.0001)) which was followed by a series of planned 

post-hoc paired t-tests. As reported in Appendix A.7(A), there was a significant adaptation effect 

for the read-READ (p=0.0003), a trend towards significance for spell-READ (p=0.098), and a 

trend towards significance for the spell-SPELL (p=0.051) condition, but not the repeat-READ 

(p=0.15) condition. In addition, we observed a significant adaptation effect for the repeat-

REPEAT (p=0.03). We did not observe any significant adaptation effects for the read-SPELL 

(p=0.5), or read-REPEAT (p=0.13) conditions.  

Finally, we looked for adaptation effects in the subject-specific region lateral to the 

VWFA as defined by the spelling localizer. Our initial 2x2x2x2 ANOVA did not reveal a main 

effect for adaptation (F (1, 15) = 26.3, p<0.0001), which was followed by a series of planned 

post-hoc paired t-tests. As reported in figure 4, there was a significant adaptation effect for the 

read-READ (p=0.01), spell-SPELL (p=0.0005), and spell-READ (p=0.048) condition, but 



 

119 

 

critically not the repeat-READ (p=0.3) condition. In addition we observed a trend towards 

significant adaptation effect for the repeat-REPEAT (p=0.058). We did not observe any 

significant adaptation effects for the read-SPELL (p=0.88), or read-REPEAT (p=0.64) 

conditions. 

 

Voxel-wise Analysis: fMRI Adaptation Results 

 

Within Condition Adaptation Effects 

 We examined adaptation effects for the within conditions (i.e. read-READ, spell-SPELL, 

and repeat-REPEAT) within regions masked by the independent functional localizer for spelling 

and reading as described above (see Appendix A1. and Appendix A.3). Here we only discuss the 

reading and spelling findings; the repeating results are reported further in the supplementary data 

and reported in Appendix A.8-9. 

Regions that demonstrated subject-specific adaptation effects for spelling were identified 

with the spell-SPELL different > spell-SPELL same contrast and are identified in Figure 5(A) 

and Table 2. These findings revealed a predominantly left hemisphere set of clusters associated 

with typed spelling. In particular we identified a number of frontal cortex regions in the left 

inferior frontal gyrus (BA 45/ 9) and supplementary motor area (BA 6). We identified a large left 

hemisphere parietal cluster of activation that extended along the posterior to anterior intraparietal 

sulcus, including portions of both the supramarginal gyrus, superior parietal lobe, and angular 

gyrus. In the temporal lobe we identified bilateral activation in the superior temporal sulcus 

region including a larger cluster in the left hemisphere as well as a left middle temporal gyrus  
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Table 2. List of peak coordinates for the read-READ, spell-SPELL, and Conjunction of 
read-READ & spell-SPELL adaptation effects (AEs). N=16 (p<0.05, FDR corrected) 

Anatomical Region (Estimated Brodmann area) voxels Zmax MNI Coordinates 

            x y z 

Spelling AEs (spell-SPELL Different > spell-SPELL Same) 
  

 

 
Frontal L IFG (BA 9) 910 5.7 -40 2 30 

 
 

L IFG (BA 45) 
 

4.6 -46 34 6 

 
 

L IFG (BA 45) 
 

4.4 -42 22 18 

 
 

L SMA (BA 6) 187 4.5 0 14 46 

 
 

L SMA (BA 6) 
 

3.8 0 12 56 

 
 

L SMA (BA 6) 125 4.9 -26 -8 54 

         

 
Parietal L IPS/SPL (BA 7) 717 4.6 -28 -64 50 

 
 

L IPS/SPL (BA 7) 
 

4.4 -32 -50 60 

 
 

L AG/IPS (BA 39) 
 

4.3 -28 -62 36 

         

 
Temporal L MTG (BA 21) 33 5.5 -56 -4 -10 

 
 

L STG/STS (BA 22) 92 4.8 -60 -28 2 

 
 

R STG/STS (BA 22) 53 5.2 56 -4 -8 

         

 
Occipitotemporal L ITG/OS (BA 37) 245 5.6 -52 -62 -16 

         

 
Cerebellum L 

  
2.9 -42 -70 -24 

 
 

R 
 

26 2.9 8 -78 -22 

Reading AEs (read-READ Different > read-READ Same)         

 
Frontal L IFG (BA 9) 440 5.9 -48 4 34 

 
 

L IFG (BA 45) 
 

4.4 -42 22 18 

 
 

L Insula (BA 13) 230 4.9 -32 18 8 

 
 

L IFG (BA 47) 
 

4.5 -32 26 2 

 
 

L MFG (BA 6) 25 4.1 -22 -4 50 

 
 

L SMA (BA 6) 245 6.4 -4 10 50 

         

 
Parietal L SPL/IPS (BA 7) 89 3.7 -24 -70 52 

 
 

L SPL/IPS (BA 7) 
 

3.2 -28 -62 44 

 
 

L Precuneus (BA 19) 31 2.8 -28 -74 36 

         

 
Occipitotemporal L ITG/OS (BA 37) 216 5.0 -48 -60 -16 

         

 
Cerebellum L 

  
3.3 -42 -58 -26 

Conjunction Reading AEs & Spelling AEs      

 
Frontal L IFG (BA 9) 406 4.8 -42 2 32 

 
 

L IFG (BA 45) 
 

4.4 -42 22 18 

 
 

L Precentral Gyrus (BA 6) 
 

4.1 -48 0 38 

 
 

L SMA (BA 6) 146 4.5 0 14 46 

 
 

L SMA (BA 6) 
 

3.8 0 12 56 

         

 
Parietal L SPL/IPS (BA 7) 65 3.1 -22 -68 52 

 
 

L SPL/IPS (BA 7) 
 

3.1 -28 -62 42 

           Occipitotemporal L ITG/OS (BA 37) 95 4.7 -48 -60 -16 

*Note: MNI-Montreal Neurological Institute coordinate system; SPL-Superior Parietal Lobe; IFG-
Inferior Frontal Gyrus; STG-Superior Temporal Lobe; IPS-Intraparietal Sulcus; ITG-inferior 
temporal gyrus; AG-Angular Gyrus; SMA-Supplementary Motor Area; MTG-Middle Temporal 
Gyrus; MFG-Middle Frontal Gyrus; OS-occipitotemporal sulcus 
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cluster. We also found a cluster in the left inferior temporal lobe hemisphere regions in the left 

middle temporal gyrus (BA 22) and inferior temporal gyrus (BA 37) as well as bilateral clusters 

in the cerebellum. 

Regions that demonstrated adaptation effects for reading were identified with the read-

READ different > read-READ same contrast and are reported in Figure 5(B) and Table 2. We 

identified four clusters in the left frontal cortex including the inferior frontal cortex (BA 45/9), 

Insula/IFG (BA 13/47), middle frontal gyrus (BA6), and supplementary motor area (BA 6).  We 

also observed a cluster in the left inferior temporal gyrus (BA 37) which extended into 

occipitotemporal sulcus. Additionally, we identified a sub-cortical cluster in the left putamen. In 

the right hemisphere we observed right frontal cortex clusters in the anterior cingulate cortex 

(BA 32), inferior frontal gyrus (BA 45) and middle frontal gyrus (BA 9). 

 

fMRI Adaptation Experiment: Conjunction of Spelling and Reading Adaptation Effects 

We examined adaptation effects within regions masked by the independent functional 

localizer for spelling and reading as described above (see Appendix A.1 and Appendix A.3). 

Regions that demonstrated a conjunction of adaptation effects for reading (read-READ different 

> read-READ same) and spelling (spell-SPELL different > spell-SPELL same) are reported in 

Figure 5(C) and Table 2. This map was associated with four clusters in the left hemisphere. The 

largest cluster resided in the inferior frontal gyrus at the intersection of BA45, BA9, and 

precentral gyrus (BA6). We also identified a cluster in the left supplementary motor area (BA 6). 

In the left parietal cortex we identified a cluster in the posterior intraparietal sulcus. In addition 
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we observed a single cluster in the left inferior temporal gyrus (BA 37) which extended into 

occipitotemporal sulcus.  

 

fMRI Adaptation Experiment: Across Adaptation Effects 

 We examined adaptation effects for the across conditions (i.e. spell-READ, read-SPELL, 

repeat-READ, and read-REPEAT) within regions masked by the independent functional 

localizer for spelling and reading as described above see Appendix A.1 and Appendix A.3). For 

the spell-READ conditions we identified adaptation effects (spell-READ different > spell-READ 

same) in a primarily left hemisphere set of regions; these are reported in Figure 6(A) and Table 

3. In the frontal cortex we identified clusters in the left supplementary motor area (BA 6) which 

extended into the anterior cingulate cortex (BA 32), left inferior frontal gyrus (BA 9), and a left 

middle frontal gyrus (BA 6) cluster. In the parietal cortex we identified a cluster in the 

supramarginal gyrus which extended into the intraparietal sulcus and superior parietal lobe. 

Finally, there was a cluster in the right cerebellum.  

 

fMRI Adaptation Experiment: Conjunction read-READ, spell-SPELL, & spell-READ  

In order to test our hypothesis that there are other regions besides the VWFA, which 

demonstrate an adaptation effect associated with orthographic processing, we performed a 

conjunction analysis for the adaptation effects from the read-READ, spell-SPELL, & spell-

READ conditions. As with the other contrasts, this was performed within regions masked by the 

independent functional localizer for spelling and reading as described above see Appendix A.1 
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Table 3. List of peak coordinates for spell-READ Adaptation Effects (AEs) N=16 
(FDR corrected, p<0.05). 

Anatomical Region (Estimated 
Brodmann's area) 

voxels Zmax   
MNI 

Coordinates 
  

    x y z 

Frontal L ACC (BA 32) 205 5.25 -6 8 52 

 
L SMA (BA 6) 

 
4.54 -2 2 62 

 

L SMA (BA 6) 
 

4.31 -4 18 40 

 
L IFG (BA 9) 265 4.28 -40 6 28 

 

L IFG (BA 9) 
 

3.28 -54 12 32 

 

L MFG (BA 6) 100 3.71 -30 -8 60 

        Parietal L SMG/IPS (BA 40) 157 4.51 -38 -40 56 

 
L SPL (BA 7) 

 
3.03 -30 -50 64 

        Cerebellum R 
 

15 3.77 28 -68 -24 

*Note: MNI-Montreal Neurological Institute coordinate system; ACC-anterior cingulate cortex; 
SPL-Superior Parietal Lobe; IFG-Inferior Frontal Gyrus; IPS-Intraparietal Sulcus; SMA-
Supplementary Motor Area; MFG-Middle Frontal Gyrus 

 

and Appendix A.3). In order to ensure that these regions were driven by orthographic processes 

and not phonological or semantic processes, we applied a highly restrictive exclusionary mask of 

adaptation effects for the repeat-READ conditions (uncorrected p<0.1). As indicated in Figure 

7.B and Table 4, this map was associated with three clusters in the left hemisphere. The largest 

cluster resided in the left inferior frontal gyrus at the intersection of the left BA45, BA9, and 

precentral gyrus (BA6). This region has previously been called the inferior frontal junction (IFJ) 

(Derrfuss et al., 2005b). We also identified a cluster in the left supplementary motor area (BA 6). 

We did not identify any significant adaptation effects for the read-SPELL, repeat-READ, 

or read-REPEAT conditions. 
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Table 4. List of anatomical regions, volumes, maximal z-values, and peak coordinates 
for the conjunction of read-READ, spell-SPELL, & spell-READ Adaptation Effects 
(AEs) masked exclusively by the repeat-READ AE (p<0.1). N=16 (p<0.05, FDR 
corrected) 

Anatomical Region (Estimated 
Brodmann's area) 

volume 
(voxels) 

Zmax  MNI Coordinates 

  x y z 

Frontal L IFG (BA 9) 56 4.1 -42 6 30 

 
L SMA (BA 6) 56 4.1 -4 10 48 

  L SMA (BA 6)   3.6 -2 10 56 

*Note: MNI-Montreal Neurological Institute coordinate system; IFG-Inferior Frontal Gyrus; IPS-
Intraparietal Sulcus; SMA-Supplementary Motor Area 

 

 

Discussion 

 

In this study we tested the hypothesis that the same neurons within the VWFA that 

encode orthographic features used to spell a word are also used to read that same word. We 

employed an fMRI-Adaptation experiment with the goal to examine adaptation effects across 

spelling auditory words and reading visually presented words. Using functionally defined regions 

of interest (ROIs), we confirmed our hypothesis that the VWFA, as well as a region lateral to it, 

contains populations of neurons which encode common orthographic features to spelling and 

reading and which were not driven purely by phonological or semantic processes. Next, we 

examined other brain regions associated with orthographic processing common to spelling and 

reading. First, we observed a conjunction of adaptation effects for spelling and reading in a set of 

regions typically associated with both reading (read-READ) and spelling (spell-SPELL) 

including the left IFG, ITG/FG, SMA, posterior IPS and ITG; these results fit with previous 

studies which have examined average BOLD response to reading and spelling (Rapp and Lipka, 
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2010; Purcell et al., 2011a; Rapp and Dufor, 2011). In order to identify regions specifically 

associated with orthographic processes, we then performed a conjunction of effects for the 

reading, spelling, and spell-READ condition adaptation effects while masking out adaptation 

effects for the repeat-READ condition. This analysis revealed that the left IFJ and SMA are 

associated with orthographic processing. In general, our findings support the idea that the left 

VWFA, IFJ, and SMA (BA 6) comprise a network of regions which are called upon in the 

selection, retrieval or storage of abstract orthographic representations used to either spell or read 

a word. These data lead to more specific questions pertaining to the specific cognitive functions 

underlying each of these regions which are discussed below. 

 

Left Occipitotemporal Cortex 

 The left occipitotemporal cortex has long been thought to be important for normal written 

language function. The first of such studies was reported by Dejerine in 1892 which described a 

selective impairment in reading due to left occipitotemporal cortex lesion (Dejerine, 1892). Since 

this time a large number of lesion and neuroimaging studies has consistently found that this 

region is important for reading e.g. (Kawahata et al., 1988; Cohen et al., 2003; Hillis et al., 2005; 

Gaillard et al., 2006), in particular the VWFA in the left mid-fusiform gyrus which has been 

demonstrated as being selective written word stimuli (McCandliss et al., 2003; Cohen and 

Dehaene, 2004; Dehaene et al., 2005; Baker et al., 2007; Dehaene and Cohen, 2011). Although 

some work has suggested that this region is only selective to sub-lexical components of the 

written word (Binder et al., 2006; Vinckier et al., 2007), numerous studies have found that the 

functional properties in this region demonstrate a selectivity to orthographic lexical processing. 
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For instance, the functional activation in this area demonstrates a length effect for pseudowords 

but not for real words, which is a clear indication that it is sensitive to the lexical properties of a 

word (Schurz et al., 2010) and that tuning properties of the neurons within the VWFA are highly 

selective to whole words as compared to pseudowords that are one letter different (Glezer et al., 

2009a). Such work suggest that although there are neurons within this region that are specific to 

orthographic lexical processing this area plays a role in both lexical and sub-lexical 

representations for reading.  This work supports the claim that the left VWFA is a key region 

associated with the orthographic lexicon. 

More recently, this region has been associated with impairments of spelling (Philipose et 

al., 2007), specifically with phonologically plausible errors in irregular word spelling, which 

suggests that it is important orthographic output lexical processing (Rapcsak and Beeson, 2004). 

In particular, (Tsapkini and Rapp, 2010) reported on a subject who had a lesion to the left 

anterior fusiform gyrus and who demonstrated selective impairments in both reading and spelling 

(of low frequency words). In addition, recent brain imaging studies have found that there are 

overlapping patterns of activation for spelling and reading in this region within the same group 

of subjects (Rapp and Lipka, 2010; Purcell et al., 2011a; Rapp and Dufor, 2011).  

Although these previous studies support the idea that reading and spelling utilize a 

common region, they do not confirm that they share common neuronal populations. For this 

reason, we explicitly tested the hypothesis that the same neurons within the VWFA are used to 

spelling and read. Within the VWFA proper we identified adaptation effects for the reading 

(read-READ), spelling (spell-SPELL), and importantly, in the across spell-READ condition, 

which indicates that the neurons called upon to spell a word for the first time in the experiment, 
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contributed to an adapted BOLD response when the word was then read. Because we did not 

observe an effect for the repeat-READ condition, we conclude that this was primarily driven by 

shared orthographic features for spelling and reading, as opposed to other factors such as 

phonology. These data therefore support the idea that there are neurons within this region which 

are integral to the orthographic input and output lexicon, thus containing orthographic neural 

representations that are abstract in nature and invariant to task (i.e. reading or spelling). This 

finding was further supported by the constrained whole brain conjunction analysis involving both 

spelling and reading adaptation effects, which demonstrated a significant  conjunction of 

adaptation effects near the left occipitotemporal sulcus (MNI: -48 -60 -16), close to the previous 

reports of the average VWFA location (MNI: -43 -55 -17 (Cohen et al. 2002) as well as a 

significant effect for the spell-READ condition when masked exclusively by the repeat-READ 

condition.  

These findings extend what is currently known about the functional relevance of the 

VWFA. Studies have reported that it is selective to written words while reading (Cohen et al., 

2000; Baker et al., 2007; Kronbichler et al., 2007; Szwed et al., 2011), dependent on literacy 

(Dehaene et al., 2010), has neurons that are invariant to size, position and (Dehaene et al., 2001), 

has neurons that are tuned to whole words (Glezer et al., 2009b), and is sensitive the frequency 

effects in reading (Kronbichler et al., 2004) and spelling (Rapp and Dufor, 2011). Our findings 

demonstrate that there must be neuronal populations that show selectivity to orthographic 

features common to spelling and reading. These data therefore support the claim that the VWFA 

is an integral part of a shared orthographic lexicon which is accessed for both spelling and 

reading (and which may be involved in lexical or sub-lexical representations).  
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 It should be noted that the idea there are populations of neurons within the VWFA that 

are tuned to orthographic representations is controversial (Price and Devlin, 2003). One proposal 

is that the left occipitotemporal cortex does not have neurons which are selectively tuned to 

orthographic representations per se, but instead the neuronal representations of orthography are 

derived from top-down and bottom-up interactions which link visual processing in the 

occipitotemporal cortex to language related regions subserving semantic and/or phonological 

processing (Price and Devlin, 2003, 2004, 2011). The main argument against this region being 

called the VWFA or being specifically associated with orthographic lexicon is that it has been 

shown to be responsive to many other types of tasks involving lexical processing such as object 

naming, repetition, and Braille reading (Démonet et al., 1994; Buchel et al., 1998; Thompson-

Schill et al., 1999; Buckner et al., 2000; Giraud and Price, 2001; Booth et al., 2002a). From this 

perspective it is possible that the aforementioned overlap of activation in the left 

occipitotemporal cortex across spelling and reading could be due to top-down processes which 

are not necessarily dependent on accessing specific representations but instead are associated 

with domain-general processes (Moore and Price, 1999; Martin and Chao, 2001; Price and 

Devlin, 2003, 2004, 2011; Starrfelt and Gerlach, 2007). This finding of responsively to other 

stimulus types not directly associated with orthographic processing was also observed in our 

data. In particular we observed a trend towards significant adaptation effects in the repeating 

(repeat-REPEAT) condition. Additionally, the repeating condition was significant in both the 

anterior VWFA and lateral spelling region, therefore supporting the idea that certain features 

used in spoken word listening/articulation. This does not refute our finding that at least some of 
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the neurons in this region are selective to orthographic representations common to spelling and 

reading, but does indicate that this area is involved in more than just orthographic processing.  

One possibility is that there are automatic top-down projections to this region from other 

language regions which facilitate the activation of neurons that are associated with reciprocal 

connections with phonological and semantic areas. This is supported by studies that have 

reported on the more anterior fusiform gyrus and inferior temporal lobe as being a basal temporal 

language area (BTLA). This region has been associated with lexical semantic processing and 

although intracranial stimulation can lead to speech arrest in this region, resection of it does not 

leave lasting impairments to spoken language processing (Lüders et al., 1991). Other work on the 

BTLA found that the more anterior left fusiform gyrus is associated with transient spoken 

production and spelling impairments (Trébuchon-Da Fonseca et al., 2009). One particular task 

that could be associated with these automatic connections is object naming. This is supported by 

work which reported that hypoperfusion of the left fusiform (BA 37) led to impaired naming, and 

that subsequent reperfusion of this area in the same patients led to a return of naming ability  

(Hillis et al., 2006; DeLeon et al., 2007). This suggests that the repetition adaptation effects may 

be part of a reciprocal network with semantic or phonological regions that may be typically used 

for other tasks such as object naming, and that repeating a word may activate the same object 

naming network as suggested in previous studies of the VWFA (Dehaene et al., 2002). This fits 

with our data in that the stimuli used were all nouns and therefore names of objects or concepts. 

In line with the view that this region is associated with spoken as well as written processes, one 

study in stroke patients that had hypoperfusion of the left occipitotemporal cortex found that 

although the VWFA is necessary for processing grapheme sequences for written word, it also is 
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involved in (but not critical for) lexical output processing (oral reading and oral naming, and 

written naming) which links input and output representations (Hillis et al., 2005). This work 

provides a view of the VWFA and surrounding cortex as a heterogeneous functionality and that 

there are neurons which may be called upon for by expressive language tasks (i.e. writing, 

speaking, naming). Regardless though, this does not refute the claim that there is selectivity to 

orthographic representations associated with spelling and reading. 

It should be noted that the lateral VWFS spelling region we identified with the spelling 

localizer demonstrated a response profile that was more sensitive to spelling than in the VWFA. 

This finding supports the idea that the occipitotemporal cortex may have regions that have a 

variety of response profiles. In particular with regards to the spelling adaptation effect in the 

VWFA it was interesting to note that although there is a significant adaptation effect for spelling, 

the BOLD response for the spelling conditions were relatively low (i.e. the main effect response 

to spelling was lower than reading by nearly 5 times). When we examined the lateral-VWFS 

spelling ROIs, we identified a more robust spelling response and associated adaptation effect. 

One interpretation is that this region is multimodal in nature and therefore would have a response 

profile that is not task-dependent, but modality-dependent. This multimodal area has been termed 

LIMA (lateral inferotemporal multimodal area) (Cohen et al., 2004). Interestingly our data from 

the lateral-VWFS area does not directly fit with the idea that it is purely multimodal in nature. In 

particular, although we observed adaptation effects for the spell-READ condition, we did not for 

the other cross-modality conditions such as the repeat-READ, read-SPELL, or read-REPEAT 

conditions, all of which should demonstrate adaptation effects if this region is a general 

multimodal region. One other possible interpretation is that there are representations in this 
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region which are uniquely suited for specific tasks, such as spelling (due possibly to the close 

proximity to the VWFA) and that this area is uniquely suited to representations associated with 

spelling in an experience-dependent manner.  

One additional possibility is that orthographic processing effects in the VWFA and 

surrounding areas could be driven by letter-level representations. Although this proposal is 

supported by some work suggesting that the left fusiform is specialized to letter processing 

(Pernet et al., 2005), other work suggests that even though there are representations in this 

region, they are not specific to letters (Joseph et al., 2006). Still, in the lateral left inferior 

temporal lobe there have been some reports of selectivity to attending to letters as compared to 

attending to arbitrary symbols or colors (Flowers et al., 2004). This allows for the possibility that 

this more lateral region is associated with attending to the letters which comprise the word as it is 

being produced. Critically, we utilized a typing task which is both fast (approx. 1.5 sec response 

duration) and does not rely on the formation of individual letters as is required for handwriting. 

Therefore any letter-level process is likely to be at the state of retaining these letters in 

graphemic working memory or as part of a feedback loop which is typically utilized to confirm 

that the correct letter was typed (although not in this experiment as there was no visual 

feedback). The idea of this region being important for working memory of letters is supported by 

one study which examined the working memory of letters via an n-back task and found that 

neural activity in this lateral inferior temporal region predicted spelling performance in children 

(Libertus et al., 2009). 

Overall, these results support the view that the VWFA is associated with orthographic 

representations that are common to reading and spelling. Additionally, we discussed possible 
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interpretations with regards to the auditory processes in this region, as well as the more lateral-

VWFS spelling area response. This more lateral-VWFS spelling area is associated with pure 

multi-modal processing and is instead potentially associated with spelling specific processes, 

such as orthographic features tuned by written production experience or which could be involved 

in working memory components required to spell. Further work is required to characterize the 

heterogeneity of this region as it relates to shared and dissociable processing shared across 

spelling and reading in a task dependent manner. 

 

Inferior Frontal Gyrus 

The inferior frontal gyrus has long been associated with a varied number of functional 

roles for language such as semantics, phonological, syntactical, and orthographic processing. In 

the present study we found co-localization for adaptation effects for the spelling and reading 

conditions in the left IFG (BA9/45) extending into the precentral gyrus (BA 6). We determined 

that this area was of particular importance to orthographic processing by a further finding that it 

demonstrated a significant conjunction of adaptation effects in the spell-READ condition. 

Critically there were no adaptation effects for the repeat-READ condition in this area, suggesting 

that this region is associated with orthographic specific processes.  

One prominent idea is that the left IFG is not necessarily associated with neurons tuned to 

phonological, lexical or semantic representations per se, but instead is involved in the 

coordination of activity in posterior areas associated with representations used for different tasks 

such as spelling or reading (Mesulam, 1998; Booth et al., 2002a; Bitan et al., 2005). Other 

research on this particular region (i.e. the dorsal IFG at the intersection with the precentral gyrus, 
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termed the inferior frontal junction IFJ) has shown it to be associated with cognitive control 

which involves adapted behavior to competing tasks (Derrfuss et al., 2005a). In particular, the 

IFJ has been associated with selection of items, with greater activation being associated with 

tasks that involve greater selection competition (Zhang et al., 2004).  

With regards to orthographic processes, it could be possible that there are selection 

demands imposed by reading and spelling which involve automatic neural activation of 

competing lexical representations. For reading there could be lexical selection demands 

associated with choosing the correct spoken form or meaning from amongst competing ones that 

are stimulated by orthographic lexical/sub-lexical processes while viewing a word. For spelling 

these same neurons may be utilized in resolving the correct lexical representation when 

competing ones are active due to stimulation of the same orthographic lexical representations 

that is also used for reading. A version of this interpretation was put forward by recent studies 

examining the overlapping activation patterns associated with spelling and reading (Rapp and 

Lipka, 2010; Rapp and Dufor, 2011). In general, this is supported by numerous studies which 

suggest that this particular region is associated with lexical selection during spoken tasks as well 

(Thompson-Schill et al., 1998; Schnur et al., 2009).  

Our finding also provides evidence that some of these neuronal populations in this region 

are tuned to selecting orthographic lexical or sub-lexical representations. This idea is supported 

by a study which reported that in the left posterior IFG is associated with written language 

specific output processes (Hillis et al., 2004), one of which may be the selection of correct 

orthographic lexical/sub-lexical representations. Taken together it seems that the left IFJ is not 
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only relevant for selection of lexical units for spoken language, but also contributes to 

orthographic specific processes.  

 

Medial Prefrontal Cortex 

An interesting and unexpected finding was that of the left SMA being involved in 

orthographic processing. As with many regions in the brain, the SMA is considered to be a 

heterogeneous structure which can be divided into the pre-SMA more anterior and the SMA-

proper more posterior, with the dividing line between these areas residing approximately at 

coronal plane including the anterior commissure or (Y = 0) in Talairach space (Picard and Strick, 

1996). In general the SMA-proper is organized somatotopically (Fontaine et al., 2002) and has 

been associated with the generation of complex sequence of movements (Gerloff et al., 1997). 

More specifically with regards to language, the SMA-proper has been associated with the motor 

sequence processing of articulatory speech (Brown et al., 2009). The more anterior pre-SMA, on 

the other hand, has been associated with the retrieval of task-related information. In particular it 

has been shown to play a role in the retrieval of visuomotor associations (Dassonville et al., 

2001; Merriam et al., 2001) as well as audio-motor associations (Kurata et al., 2000). A recent 

meta-analysis of studies associated with single-word processing found that the SMA was 

associated with not only articulatory movement generation but also for phonological lexical 

retrieval for both overt and covert word generation (Indefrey and Levelt, 2004). These results fit 

with previous neuroimaging studies of single word reading which have identified a region at the 

intersection of the pre- and SMA-proper t (Fiez and Petersen, 1998). One recent study attempted 

to dissociate the language functions associated with the pre-and SMA-proper by examining 
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activity during lexical retrieval as well as spoken word production with and without lexical 

retrieval (Alario et al., 2006). The results revealed that spoken lexical representation were 

associated with the more rostral pre-SMA while articulatory motor control processes was 

associated with the more posterior SMA-proper region (Alario et al., 2006). This work suggests 

that the rostral portion of the left SMA may be associated with lexical retrieval or at least 

common sub-lexical representations found in real words. Based on these reports, one 

interpretation for our finding of shared representations for spelling and reading is that as with the 

IFJ, a sub-population of neurons is associated with the selection of orthographic lexical or sub-

lexical representations. 

One additional interpretation is that this specificity to orthographic representations within 

the rostral SMA is associated with error monitoring. It is well known that typed spelling 

inherently involves the monitoring of errors as the word is typed either visually or via a 

somatosensory representation (Logan and Crump, 2010). This monitoring, at least via 

somatosensory representations, during our experiment may have been particularly demanding 

considering the lack of visual feedback. Previous studies have found that that the SMA is 

associated with monitoring of speech production. In particular, it has been demonstrated to be 

active prior to making errors, which suggests that it plays a role in monitoring those errors and is 

likely integral to correcting poor speech performance (Möller et al., 2007). It therefore may be 

possible that another portion of the SMA is associated with monitoring spelling via typing, and 

therefore may be entrained to reading words also. Regardless of whether it plays a role in lexical 

selection or contributes to a feedback monitoring loop that is typically present in typed 
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production, we conclude that the left rostral SMA is associated with orthographic processes that 

are involved in spelling as well as reading.   

 

Parietal Cortex 

The activation map associated with typed spelling supports long standing notions that the 

left parietal cortex is important for written production (Roeltgen and Heilman, 1985; Alexander 

et al., 1992; Menon and Desmond, 2001). In the more anterior parietal lobe we observed typed 

spelling activation in anterior IPS, which is just superior to the supramarginal gyrus (SMG). This 

area has traditionally been associated with sub-lexical processes for reading as well as spelling. 

This is also supported by lesion studies, which have reported impaired sub-lexical processing 

during spelling as measured by selective deficits in pseudoword spelling (Shallice, 1981; 

Roeltgen and Heilman, 1984a; Henry et al., 2007). Additionally, a study characterizing lesion 

extent with language impairments identified the left SMG (along with the left occipitotemporal 

cortex) as being critical for real/pseudoword spelling and reading (Philipose et al., 2007). 

Surprisingly, we did not observe a conjunction of adaptation effects associated with reading and 

spelling in this region. One interpretation is that typed spelling may rely on the left SMG due to 

its inherent reliance on the conversion of phonemes-to-grapheme representations, and that a 

similar finding may be found if the reading task required a corresponding grapheme-to-phoneme 

conversion. In support of this idea, we did in fact observe a significant effect for the spell-READ 

condition as well as the spelling conditions in the more anterior IPS extending into the 

supramarginal gyrus. This suggests that although there may be shared orthographic 

representations associated with sub-lexical processes in this area, a reading condition (which 
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only requires analysis of the meaning of each word), may not be sufficient to facilitate adaptation 

effects in this region, whereas a spelling task is. Further work is required to confirm the shared 

sub-lexical representations across reading and spelling in this region, possibly with a 

pseudoword reading task which puts higher demands on sub-lexical processing while reading. 

In the posterior parietal cortex we identified a conjunction of adaptation effects for 

spelling and reading in the caudal portion of the intraparietal sulcus just superior/medial to the 

left angular gyrus. One possibility is that this region is associated with common lexical 

processing canonically attributed to the left angular gyrus by early work in this area (Dejerine, 

1892). It should be noted that, although there have been notable reports of lesions affecting both 

spelling and reading due to left angular gyrus lesions (Roeltgen and Heilman, 1984a; Sheldon et 

al., 2008), the neuroimaging literature has failed to consistently identify the AG in studies of 

spelling (Purcell et al., 2011b) or reading (Turkeltaub et al., 2002; Jobard et al., 2003). Still, it is 

possible that there is functional relevance to spelling and reading in the left posterior IPS, and 

that the bulk of lesion literature which supports the claim that the left AG is associated with 

orthographic processing may not have the resolution to dissociate left posterior IPS from AG.  

Although we did not observe any significant adaptation effects across spelling and 

reading (i.e. spell-READ condition), such effects could be task-dependent. For instance previous 

work has demonstrated that activation in the dorsal stream, or parietal cortex, is associated with 

reading words in a more serial (i.e. letter by letter) manner when reading words that are rotated 

or have letters that are spaced far apart (Cohen et al., 2008). In particular some work has 

suggested that the IPS is relevant for represented order information associated not only with 

numbers but also with letter sequences (Zorzi et al., 2011). One possibility is that this region is 
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important for analysis and possible temporary working memory storage of orthographic 

representations and utilized for sequence level features of the written word that might be utilized 

in tasks that involve letter sequence level processing (i.e. spelling, but also reading tasks that 

require letter-by-letter reading). Further study is required to determine the specific functionality 

of the left IPS/SPL and surrounding cortex in written language processing.    

This is the first study to find direct evidence that the same neuronal populations which 

encode orthographic representations used to read a word are also used to spell that same word. 

We found clear evidence for this effect in the VWFA. In addition we observed a similar effect in 

a lateral VWFS spelling area which demonstrated a notably robust adaptation effect for spelling. 

In addition we found similar effects in other brain regions, including the left IFJ and SMA.  Here 

we address this question by examining whether there are populations of neurons within the 

VWFA that are tuned to orthographic representations that are shared across reading and spelling. 

These results indicate that there are populations of neurons within the left VWFA, IFG and SMA 

that are associated with the storage and/or retrieval of abstract orthographic representations used 

to both spell and read.  
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Figures and Figure Legends 

 

 

Figure 1: A. Continuous carry-over event-related fMRI-Adaptation design. Subjects spelled 

auditory words and read visual words silently. To ensure word comprehension, Subjects 

performed a semantic odd-ball task: press the space bar for body part words (these trials were 

excluded from analysis). B. Conditions were defined by the current and just previous trial and 

counterbalanced across the design in equal proportions. For each condition assignment, upper 

case refers to the current trial type and lower case refers to the just previous trial type, e.g. a 
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spell-READ trial is a visual trial that was preceded by an auditory trial; this can be either the 

same or different word.  

 

 

 

 

 

Figure 2: (A) Average reaction time differences (different-same) for each Spelling condition in 

the Spelling/Reading experimental study. Positive values refer to an adaptation effect (i.e. 

different>same). Error bars are standard error. (B) Average voice onset time differences 

(different-same) for each Repeating condition in the Repeating/Reading control study. Positive 

values refer to an adaptation effect (i.e. different>same). Error bars are standard error. P-values: 

*** p < 0.001; ** p<0.01; * p<0.05; ~p<0.1. These results indicate a significant behavioral 

adaptation effect for the spelling conditions in the Spelling/Reading experiment as well as the 

Repeating conditions in the Repeating/Reading control study.  
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Figure 3: VWFA Region of Interest Adaptation Results. (A) and (B) BOLD responses for each 

condition. Blue lines are visual conditions. Red lines are auditory conditions. Dark solid lines are 

different conditions. Light dotted lines are same conditions. Error bars are standard error. (C) and 

(D) Average peak BOLD response (4-8 sec post stimulus) differences (different-same) for each 

condition. Positive values refer to an adaptation effect (i.e. different>same). Error bars are 

standard error.  P-values: *** p < 0.001; ** p<0.01; * p<0.05; ~p<0.1. These results indicate a 

significant effect for the reading, spelling, and spell-read conditions, but critically not for the 

repeat-read condition. (E) Orange dot is the mean location of the VWFA across subjects (-41 -58 

-15). 
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Figure 4: Lateral-VWFS Spelling Area region of interest adaptation results. (A) and (B) BOLD 

responses for each condition. Blue lines are visual conditions. Red lines are auditory conditions. 

Dark solid lines are different conditions. Light dotted lines are same conditions. Error bars are 

standard error. (C) and (D) Average peak BOLD response (4-8 sec post stimulus) differences 

(different-same) for each condition. Positive values refer to an adaptation effect (i.e. 

different>same). Error bars are standard error.  P-values: *** p < 0.001; ** p<0.01; * p<0.05; 

~p<0.1. These results indicate a significant effect for the reading, spelling, and spell-read 

conditions, but critically not for the repeat-read condition. (E) Blue dot is the mean location of 

the LILA across subjects (-41 -58 -15). 
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Figure 5. Adaptation effect (AE) maps for Spelling and Reading. Each was projected on a 

standard rendered SPM template brain. Only clusters surpassing an FDR corrected cluster-

threshold of p<0.05 are shown. (A) Map of clusters for the spelling AEs as defined by spell-

SPELL different > spell-SPELL same conditions. (B) Map of clusters for the reading AEs as 
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defined by read-READ different > read-READ same conditions. (C) A conjunction of spelling 

and reading AEs. 

 

 

 

 

  
 

Figure 6. Adaptation effect (AE) maps associated with cross spelling-reading adaptation effects. 

Each was projected on a standard rendered SPM template brain. Only clusters surpassing an 

FDR corrected cluster-threshold of p<0.05 are shown. (A) Map of clusters for the spell-READ 

adaptation effects (spell-READ different > spell-READ same). (B) Conjunction of read-READ, 

spell-SPELL, & spell-READ Adaptation Effects (AEs) masked exclusively by the repeat-READ 

AE (p<0.1). N=16 (p<0.05, FDR corrected) 

N=16 
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Conclusions 

 

 
 

 In the first part of this work I discuss a quantitative review which synthesizes findings from 

functional neuroimaging studies of written language production. The analyses carried out 

identify a network of left hemisphere frontal, parietal and temporal sites that are reliably and 

consistently associated with written word production, providing estimates of the most likely 

locations of peak activations within these areas. Furthermore, these analyses provide a coherent 

understanding of the relevance of these locations to central or peripheral processes of spelling. 

Among the many significant results is the finding that the areas with the greatest correspondence 

across studies were in the left inferior temporal/fusiform gyri and left inferior frontal gyrus. This 

study provides the first quantitative meta-analysis of these studies by applying Activation 

Likelihood Estimation methods (Turkeltaub et al., 2002) to a set of 17 contrasts followed by 

subsets of contrasts to distinguish the neural substrates of central from peripheral processes. 

Furthermore, although the angular gyrus has traditionally been identified as a key site within the 

written word production network, none of the meta-analyses found it to be a consistent site of 

activation, identifying instead a region just superior/medial to the left angular gyrus in the left 

posterior intraparietal sulcus. In general these meta-analyses and the discussion of results provide 

a valuable foundation upon which future studies that examine the neural basis of written word 

production can build; for example these ALE locations can be used as regions of interested in 

future studies. This study sets the stage for future research regarding the neural substrates of 

written word production by identifying the literature's most reliable findings and by highlighting 
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critical questions regarding the neural basis of written language productions that still need to be 

addressed by future studies. 

 In the second chapter, some of the first insights into the neuronal substrates that underlying 

spelling via typing are presented. In general, typed spelling proved to be a useful technique to 

explore the brain basis of written spelling and how this spelling network is conjointly active with 

reading. First, it was reported that typed spelling activates a predominantly left hemisphere 

network including the inferior frontal gyrus, middle/superior frontal gyrus, supramarginal gyrus, 

superior parietal lobe, and fusiform gyrus consistent with the results from previous studies of 

spelling that, to date, have primarily involved handwriting (Katanoda et al., 2001, 2001; Menon 

and Desmond, 2001; Beeson et al., 2003; Sugihara et al., 2006). Second, this network includes a 

region in the left superior/middle frontal gyrus near Exner's area that has been previously 

primarily associated with the grapheme-motor programs in handwriting. One important finding is 

that there are similar brain regions that are associated with spelling in the typed modality. This is 

of particular importance as it is the first study to examine a form of spelling which is utilized 

commonly for electronic forms of communication, and therefore sets precedence for further 

studies of electronic forms of communication. In addition, this work also provides a valuable 

experimental method by which to examine the neural basis of spelling and orthography. 

 The second chapter also identifies those regions associated with typed spelling that are also 

associated with reading. This analysis provided insight into the brain regions that are associated 

with more central processes of written language production that involve access to orthographic 

representations. This conjunction analysis of spelling and reading led to the identification of co-

localized activation in the left inferior frontal gyrus (BA 44) and after an additional ROI analysis, 
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the left inferior temporal cortex (BA 37). In addition, this work found that in lateral inferior 

temporal gyrus the activation associated with typed spelling was greater than that for reading, 

while in the more medial portion, typically associated with the VWFA, there was no significant 

difference between spelling and reading. This indicates that although both spelling and reading 

rely on common lexical representations in the left occipitotemporal cortex, there may be task-

dependent representations in a more lateral area as well. Future studies will need to determine the 

extent to which typed spelling shares neurobiological resources with other written spelling 

modalities such as handwriting and also whether employing reading experiments with varying 

demands on phonological and lexical processing would recruit different degrees of conjoint and 

dissociable activation associated with spelling and reading. 

 In the final chapter I discuss findings from the first study to provide direct evidence that the 

same neuronal populations which encode the orthographic representations used to read a word 

also are used to spell that same word. In particular we found clear evidence for this dual function 

in the VWFA. In addition we observed a similar effect in a lateral VWFS spelling area, which 

demonstrated a robust adaptation effect for spelling. These results indicate that there are 

populations of neurons within the left VWFA, IFG and SMA that are associated with the storage 

and/or retrieval of abstract orthographic representations used to both spell and read. This work 

provides the culmination of a multiple findings which provide clues as to the neural basis of 

orthographic representations which starts from identifying neural substrates of spelling and 

reading and builds to a deeper understanding of the functional relevance of neuronal processes 

that are utilized for spelling and reading. 
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 The work presented in this dissertation has contributed significantly to our understanding of 

the brain basis of written language. The work reported in Chapter one provided the first 

quantitative review of the written language production literature, in Chapter two the first fMRI 

study utilizing keyboard typing to measure spelling was described, and in Chapter three the first 

study of the shared vs. dissociable nature of orthographic representations across spelling and 

reading was examined. With this work a more complete understanding of how written language 

is represented in the brain has emerged. More importantly, this work opens the door for future 

studies which can examine the neural substrates of written language further and allow us to move 

one step closer to the understanding of the underlying structure of orthography at the neuronal 

level, how it is learned, and which brain regions are necessary or sufficient for humans to utilize 

it.  

 The key implication of this work towards the literacy development literature as well as the 

developmental learning disorder literature is that it suggests there are common orthographic 

features that are used for both spelling and reading. Further study will need to examine the 

details of these orthographic features and in what manner they are experience dependent. For 

instance, does training with spelling actually bolster the reading representations at the neuronal 

level? If it can be demonstrated that the neural representations which underlie the written word 

can be tuned by written output, then the possibility of utilizing writing as a way to facilitate 

stable orthographic representations opens up.  
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Limitations and Future directions 

 

 There are of course some limitations to this work which open the door to further research in 

the emerging field of written language production and related areas. With regards to specific 

limitations, although this work is relevant to understanding how orthography is represented in the 

brain, the work presented in Chapter 2 and 3 utilized typed spelling tasks which limits who can 

participate in these specific designs to those who can type. Additionally, the amount of data 

acquired in Chapters 2 and 3 required two scanning sessions across two days, which is a large 

amount of expensive data to acquire and may not be ideal for a pediatric population or in 

individuals with developmental or acquired dyslexia/dysgraphia. Therefore, although this work 

(especially that reported in Chapter 3) is limited to providing insight into the nature of 

orthography in the brain, the specific experimental designs would need to be adapted 

considerably (i.e. not rely solely on a typing task or reduce the amount of scans required to draw 

similar inferences of the underlying neuronal representations). 

 That said there are exciting new directions that this research could continue which involves 

valuable insights into the nature of written language, but also could possibly involve less data 

collection to the point of practical application with children and individuals with neurological 

disorders. There are numerous different research directions that this work allows for. Below I 

will discuss only two. 

 

 

 



 

150 

 

Future Study 1:  

 

 The goal of this study would be to identify selective neuronal representations of spelling 

within the VWFS that are behaviorally relevant to spelling. It has been demonstrated that 

neuronal selectivity to a stimulus feature can be associated with the development of sparse 

neuronal representations (Freedman et al., 2006). I expect the same to be true for spelling 

representations and intend to examine sparse neuronal representations of spelling with fMRI in 

the VWFS. Specifically, I will utilize the Hcorr method which is a recently developed technique 

that can be used to examine the selectivity and concomitant sparseness of neuronal 

representations in a particular brain area (Jiang and Riesenhuber, 2011). The Hcorr value is 

determined by calculating the Pearson’s correlation between each voxel within each ROI, and 

then calculating the heterogeneity of these correlations. The Hcorr value itself is simply the 

standard error of the mean of the subject-specific correlation coefficients. Critically, this value is 

considered to reflect the selectivity of neuronal tuning within a particular region and for tasks 

that rely on highly tuned representations for high performance levels (e.g. spelling) there should 

be a correlation between behavior and the Hcorr value in regions which contain these sparse 

representations.  

 Therefore the aim of this study is to identify if there are regions which are associated with 

selective neuronal representations for spelling and/or reading in the VWFS. This work would 

build off of the findings observed in Chapter 2 and 3 and specifically test the hypothesis that the 

more lateral VWFS area is associated with spelling representations that are directly relevant to 

spelling behavioral output.  



 

151 

 

 Fortunately, for the initial part of the study I can analyze data that is already acquired and 

discussed in Chapter 2 and 3. First, I will examine the same VWFA and a lateral spelling region 

regions of interest described in Chapter 3. Hcorr values will be extracted from the signal in both 

the spelling and reading localizer experiments described in Chapter 2 and 3.  With these data I 

will correlate the spelling and reading standard scores obtained for each subject with the Hcorr 

values from these ROIs.  With these data we will test the hypothesis that the more lateral VWFS 

region which has been associated with spelling is correlated with spelling behavioral measures. 

This correlation will be compared to that of the reading behavioral measures within the same 

region in order to determine if this region contains orthographic neuronal representations that are 

uniquely associated with output processes. These data will be compared to that of the 

correlations obtained for the VWFA to determine if there are common and dissociable 

representations used for orthographic lexical input and output processes. 

 In part 2 I would compare these data to that of a group of dysgraphic individuals to confirm 

that the behavioral impairments for spelling are related to the specificity of representation in the 

left occipitotemporal cortex. These data will provide insight into the nature of how and where 

orthography is represented in the left occipitotemporal cortex, and how these representations are 

impacted in individuals with specific deficits in written production.  

 

Future Study 2: 

 

 The goal of this study would be to determine if there is a hierarchically organized, left 

lateralized premotor region specialized for typed motor output. The goal would be to determine 
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if the left Exner’s area is associated with graphemic motor representations used to type. This 

would entail mapping the motoric output of keyboard use in the premotor cortex and identifying 

area(s) that are unique to motor commands that are specific to graphemic output. This would be 

tested with three experiments. (1) Confirm that there is a left premotor that is invariant hand use 

(i.e. amodal). This is expected based on previous work demonstrating a left premotor region that 

is near previous reports of Exner’s area and which was active for typing words (Purcell et al., 

2011a). This would entail a basic block design experiment which would have subjects type sets 

of words (counterbalanced on psycholinguistic parameters such as frequency, bigram frequency, 

letter number) that were present only in the left hand, right hand, and both hands and identify 

regional overlap. (2) Next, would be to test whether there is a hierarchically organized graphemic 

motor representation within this left premotor area in the left hemisphere that reflects the 

structure of orthography. Within this cluster we would examine the hierarchical structure of 

typed expression with the prediction that there is a gradient response of written production 

associated with more and more complex typing units (i.e. individual letters to groups of letter). 

The stimuli utilized will be similar to that utilized in (West and Sabban, 1982) which examined 

the hierarchical structure of stroke habits associated with keyboard typing (e.g. stimulus sets 

involving uncommon letters, common letters, common digraphs, common words, uncommon 

words). This will facilitate a brain mapping of graphemic motor commands for typed production 

and mirrors previous work examining the hierarchy of representations in the ventral visual 

stream for written words (Vinckier et al., 2007). (3) In order to further confirm that this region is 

associated with graphemic-motor representations that are hierarchical in nature, I would utilize a 

multi voxel pattern analysis (MVPA) technique (Norman et al., 2006).  This technique is a 
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valuable tool which can be utilized to identify feature processes that are associated with different 

stimulus types by determining if one pattern of activation is predictive of another within a 

particular region. Specifically, I would also present individual typed letters and test the 

hypothesis that activation associated with single letters predicts higher order letter combinations 

in a hierarchical manner (e.g. pressing the letter “t” would predict activation associated with “h” 

due to the high frequency by which the occur together in typing). This would allow me to infer 

the structure of the graphemic-motor representations from individual letter components. These 

data would provide the first exploration of the graphemic-motor representations underlying typed 

spelling in a systematic manner. In the first 2 aims will examine the functional map associated 

with motor commands for typed spelling, and then in aim 3 specifically tests the hypothesis that 

the pattern of functional activation in the premotor cortex is predictive of keypress movement 

and critically, reflects orthographic structure at an output level. 

 It should be noted that a complementary study in the visual domain (i.e. individual visual 

letters) would permit an exploration of orthographic structure in lexical and sub-lexical domain. 

And although this study idea is preliminary, sample data from these studies would provide key 

insights into the optimal method of examining orthographic structure, and allow for us to test 

competing models for how orthography is represented in the brain (e.g. possibly adjudicating 

between different grain sizes of graphemic representations in different brain regions and different 

languages (Goswami, 2008)). 
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Final Note  

 

 The work presented here provides valuable insights into how the brain represents orthography 

by not only examining the brain basis of written language production but also exploring how the 

neural substrates of writing are shared with that of reading. These two sets of experimental 

directions are ripples amongst many and provide only a glimpse of the wave of research focused 

on studying how the brain facilitates the fluent use of written language. With the advent of new 

techniques such as MVPA and Hcorr analyses, we can begin to develop a more in depth 

understanding of how orthography is structured and represented in the brain. This will provide a 

more complete understanding of how the brain stores and retrieves orthography, and importantly 

provide a valuable step towards understanding how these representations develop with learning 

and become selectively damaged. 
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Appendix A 

 

 

 

 

 

Appendix A.1. Designs for the spelling and reading block design experiments used to localize 

subject specific ROIs. Both experiments used an fMRI block design that involved three different 

types of conditions presented pseudorandomly in 4 blocks of 30 second duration each. Both 

experiments had a Fixation condition which involved fixating on a cross in the center of the 

screen (Fix). A. The spelling experiment involved either hearing a word and then typing it 

(Spell) or a control condition which involved hearing the word “motor” and then performing a 

pre-practiced keypress motor sequence (Motor). B. The reading experiment involved reading 

visual words (Read) or a control condition involving attending to visual checkerboards 

(Checker). (Adapted from (Purcell et al., 2011a)) 
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Posterior-

VWFS 
  VWFA   

Anterior-
VWFS 

  
Lateral VWFS 
Spelling Area  

Subject x y z  x y z   x y z   x y z 

2 -44 -66 -14   -48 -56 -20   -42 -44 -18   -48 -64 -14 

3 -44 -72 -10   -40 -54 -20   -34 -46 -22   -46 -58 -12 

4 -40 -74 -14   -42 -58 -10   -32 -48 -22   -50 -64 -16 

5 -46 -70 -8   -36 -58 -16   -34 -48 -22   -56 -68 -10 

6 -36 -66 -14   -38 -56 -18   -34 -44 -26   -44 -46 -10 

7 -42 -76 -14   -42 -62 -8   -34 -48 -18   -56 -60 -10 
8 -38 -78 -16   -38 -66 -18   -34 -52 -16   -48 -60 -14 

9 -46 -70 -16   -44 -58 -10   -46 -50 -16   -42 -56 -4 

10 -44 -70 -14   -42 -60 -12   -40 -46 -12   -46 -62 -8 

11 -42 -72 -12   -38 -56 -18   -32 -50 -18   -56 -68 -8 
12 -38 -80 -22   -46 -54 -10   -40 -46 -18   -54 -58 -14 

13 -36 -78 -6   -40 -62 -10   -32 -54 -22   -48 -60 -8 
14 -44 -66 -14   -36 -52 -18   -30 -42 -26   -64 -54 -10 
15 -44 -66 -16   -44 -56 -12   -36 -52 -16   -50 -64 -12 

16 -42 -78 -8   -40 -62 -12   -40 -40 -20   -52 -68 -10 

17 -44 -66 -6   -40 -54 -20   -36 -46 -14   -50 -56 -16 

                                

Mean -42 -72 -13   -41 -58 -15   -36 -47 -19   -51 -60 -11 

SD 3.3 5.1 4.3   3.4 3.8 4.4   4.4 3.8 4.0   5.5 5.9 3.3 

                                

  

      
                  

Mean 
Difference 
from VWFA 

                          x y z 

                          -10 -3 4 
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Appendix A.2: Subject-specific peaks associated with the Visual Word Form Area (VWFA), 

Anterior VWFS, Posterior VWFS, and lateral VWFS spelling area peaks. The subject specific 

peaks were identified as being the peak responses in each subject that were within 10 mm of the 

group average peak for each respective area.  The Mean Difference from VWFA provides the 

average subject specific distance of the lateral VWFS spelling peak from the VWFA peak; this 

indicates that the lateral VWFS spelling areas are on average 10 mm lateral, 3mm posterior, and 

4 mm superior to the VWFA in each subject. 

 

 
Appendix A.3: Functional mask of regions associated with reading as defined by the 

Reading>fixation contrast from the Reading Localizer scan (p<0.005, corrected at p<0.05) 

presented in blue voxels and spelling as defined by the Spelling>motor contrast in the Spelling 

Localizer scan (p<0.005, corrected at p<0.05) presented in red. Purple regions are those that 

overlap for reading and spelling. 

Right Left 
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Appendix A.4: Behavioral results from semantic oddball task during both the Spelling/Reading 

experiment and Repeating/Reading control study. Auditory trials are in red and visual trials are 

in blue. No significant difference was observed across any of the conditions. Error bars represent 

SEM. 
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Appendix A.5: (A) Average accuracy and (B) inter-key-interval (the average time between 

successive key presses) differences (different-same) for each Spelling condition in the 

Spelling/Reading experimental study. Positive values refer to an adaptation effect (i.e. 

different>same). Error bars are standard error. There was no significant accuracy or inter-key-

interval adaptation effect between conditions.  

 

 
Appendix A.6: Average accuracy for each Repeating condition in the Repeating/Reading 

experimental study. Positive values refer to an adaptation effect (i.e. different>same). Error bars 

are standard error. There was no significant accuracy adaptation effect between conditions.  
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Appendix A.7: Summary of ROI Adaptation Results for anterior VWFS, VWFA, and posterior 

VWFS in (A), (B), and (C) respectively. Bar plots are of the average peak BOLD response (4-7 

sec post stimulus) differences (different - same) for each condition. Blue bars are visual 

conditions. Red bars are auditory conditions. Error bars are SEM. Positive values refer to an 

adaptation effect (i.e. different>same). P-values: *** p < 0.001; ** p<0.01; * p<0.05; ~p<0.1. 

(D) Mean location of ROIs for the anterior VWFS (-36 -47 -19) in red, VWFA in orange, and 

posterior VWFS in yellow. Arrows point from the adaptation effect data to their respective ROI. 
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Appendix A.8: Adaptation effect (AE) maps for Repeating conditions (repeat-REPEAT same > 

repeat-REPEAT different). These data were projected on a standard rendered SPM template 

brain. Only clusters surpassing an FDR corrected cluster-threshold of p<0.05 are shown.  

 

 

 

Appendix Table A.9: List of peak coordinates for the repeat-REPEAT adaptation effects 

(AEs). N=16 (p<0.05, FDR corrected) 

Anatomical Region volume 

(voxels) 

Zmax MNI Coordinates 

        x y z 

Frontal L IFG  (BA 9) 446 4.3 -44 2 30 

 

L Insula (BA 13) 313 4.32 -36 22 4 

 

L IFG (BA 45) 

 

4.07 -44 34 6 

 

L IFG  (BA 47) 

 

3.47 -46 16 -2 

 

L SMA (BA 6) 353 5.62 -6 12 52 

 

L ACC (BA 32) 

 

4.24 -4 18 42 

 

R IFG (BA 47) 27 3.16 32 26 4 

        Parietal L SPL/IPS (BA 7) 31 2.76 -28 -58 44 

 
L SPL/IPS (BA 7) 

 

2.65 -26 -70 52 

        Temporal L STG/STS (BA 24) 39 3.13 -62 -24 2 

 

L STG/STS (BA 6) 

 

2.76 -60 -34 6 

 
L MTG/STS (21) 32 4.01 -56 -10 -8 

 

L MTG (22) 25 3.71 -46 -44 4 

 
R MTG/STS (21) 46 4.45 60 0 -10 

        Occipitotemporal L ITG/OS (BA 37) 124 4.05 -46 -56 -12 

 

L FG (BA 37) 

 

3.5 -42 -48 -20 

        Cerebellum R 23 3.03 20 -70 -26 
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