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ABSTRACT 

 

The reading network is only partially understood and even less is known regarding how 

the network functions when reading is impaired.  Dyslexia is characterized by poor 

phonological processing and affects roughly 5-12% of the population.  The Dorsal-

Ventral and Cerebellar-Deficit models propose distinct behavioral and structural 

differences in young adults with dyslexia.  Behavioral assessments were used to 

determine if deficits for young adults with dyslexia were restricted to the literacy domain 

or dispersed among reading and associated behavioral domains.  Diffusion tensor 

imaging (DTI) was used determine the extent to which white matter pathways and gray 

matter regions differ structurally in young adults with dyslexia.  The present study also 

investigated whether brain-behavior relationships exist and are consistent with the 

theoretical models of reading in this population.  Findings show that young adults with 

dyslexia exhibited deficits in both literacy and associated behavioral domains, including 

verbal working memory and motor function.  Structural findings showed increased 

fractional anisotropy in the left anterior region (the aslant) and decreased fractional 

anisotropy in left posterior regions (inferior occipital fasciculus and vertical occipital 

fasciculus) of the reading network for young adults with dyslexia.  Brain-behavior 

associations were found between the right inferior frontal gyrus and decoding for those 

with dyslexia. These findings provide support for the use of an altered reading network 

by young adults with dyslexia, as outlined by the Dorsal-Ventral model of reading.  

Limited structural and behavior findings support of the Cerebellar-Deficit model of 

reading, findings that warrant additional investigation.    
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CHAPTER 1 – INTRODUCTION 

 

“There is a general language faculty…establishing a constant 

relationship between an idea and a sign”. 

(Paul Broca, 1861) 

 

We use language in a multitude of ways, from expressing our thoughts to gaining 

information about the world around us.  Reading is a language-based skill, relying upon 

the development and connections between specific regions of the brain.  Oral and written 

language share similar core components, including how language is processed and the 

neural substrates associated with processing.  The primary components of written 

language include phonology, semantics, and orthography.  Each component plays a 

unique role in language in general, and provides the foundation for exploring the vast 

network of cognitive processes necessary for reading.  The reading network is only 

partially understood and even less is known regarding how the network functions when 

reading is impaired. 

Key Components of Language in Reading 

 
Phonology, semantics, and orthography comprise three central components of oral 

and written language.  Various models of reading acquisition have been created to 

describe the distinct but interrelated role of these three components.  Skilled reading 

arises by accurately and efficiently accessing and seamlessly utilizing all three 

components when processing written language.  

Phonology 

Phonology refers to the sound structure of a language and provides the rules that 

govern the distribution and sequencing of speech sounds (Kamhi & Catts, 2012). Early 

reading relies on recognizing phonological forms that go with individual letters or letter 
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sequences.  Phonological knowledge, or the familiarity with the phonological structure of 

a language, plays an important role in word recognition and later reading comprehension.  

In oral language, phonological similarity and neighborhood density influence processing.  

For example, words with more common phonological sequences (i.e., high phonotactic 

frequency) are recognized and produced with greater accuracy and speed than words with 

less frequent phonological patterns in the individual’s native language (Frank, 

Tanenhaus, Aslin, & Salverda, 2007).  In written language, words that appear more 

frequently in the language are more easily recognized than words that appear less 

frequently (Balota & Chumbley, 1984; Forester & Hector, 2002).  The degree of 

phonological similarity among words also influences processing speed.  Neighborhood 

density refers to the number of words that share similar sounds (Luce & Pisoni, 1998).  In 

oral and written language, words with high neighborhood density are processed more 

slowly than words with sparse neighborhood density (Frank et al., 2007; Perea, Carreiras 

& Grainger, 2004).  Such examples indicate how phonology influences both oral and 

written language.   

Semantics 

Phonological knowledge alone is inadequate to make sense of language.  

Semantic knowledge is also of central importance to reading.  Semantics includes 

understanding of both word meanings and the relationships among words in order to 

comprehend language (Binder, 2008; Kamhi & Catts, 2012; Scarborough, 2001). This 

knowledge is stored in one’s mental lexicon and includes defining characteristics and 

critical attributes associated with a given word.  The mental lexicon represents the word 

labels present in one’s vocabulary and includes information about the phonological or 
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visual forms of a word, meaning, and the relation between words (Kamhi & Catts, 2002).  

The allowable order and combinations of words provide additional meaning regarding the 

relationship between words in a given sentence.  This highlights the importance of 

semantic processing in connected narratives, whether written or oral.  Readers build 

semantic knowledge through exposure to text and comprehension becomes increasingly 

more important as written language structure can be more structurally complex relative to 

oral language.  Thus, semantic processing involves the cognitive ability to retrieve stored 

knowledge associated with a given word form, sentences and text.  

Orthography 

Orthography refers to the written representation of a word.  When provided with 

the orthographic representation of a word, an individual can use grapheme-phoneme 

conversion rules to correctly map speech sounds onto the spelling of a word. The 

alphabetic principle is the understanding that letters represent sounds.  Knowledge of the 

alphabetic principles is seen when an individual can segment words into phonemes and 

understand the grapheme-phoneme principle (Ehri, 2000).  Grapheme-phoneme 

correspondence is involved in both reading and spelling (Ehri, 2000).  The English 

language contains words that are spelled as they sound, but also irregular words that do 

not follow a one-to-one sound-letter mapping.  If an individual relies on the one-to-one 

mapping regularization errors will occur (i.e. spelling ‘comb’ will be spelled as ‘come,’ 

which rhymes with ‘home’).  The close relationship between orthographic and 

phonological processing makes it difficult to disconnect the two distinct cognitive 

processes under typical conditions.  

Behavioral Models of Reading 
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It was once a prominent idea that reading acquisition commenced in grade school.  

However, the pre-literacy skills and language skills needed to become a skilled reader 

develop at a much earlier age.   The Simple View of Reading (Gough & Tunmer, 1986) 

and Scarborough’s Strands of Skilled Reading (Scarborough, 2001) elegantly outline the 

interplay between various language components necessary for skilled reading.  Though 

the Simple View of Reading is a simplification of the complexity in reading; it highlights 

how basic pre-literacy skills set the foundation for the multifaceted cognitive process of 

reading. 

Simple View of Reading 

 
The Simple View of Reading posits two primary components of reading: decoding 

and comprehension (Gough & Tunmer, 1986).  Elements of comprehension were 

discussed in the preceding section, under Semantics.  In addition, familiarity with 

morphosyntax also facilitates reading comprehension.  Decoding refers to the 

transformation of printed words into speech sounds.  Emergent readers rely heavily on a 

sub-lexical route, involving decoding of sounds from symbols rather than on recognition 

of printed words as a whole unit.  In order to use the sub-lexical route for word 

recognition, an individual must have an explicit awareness of the phonological structure 

of words (Kamhi & Catts, 2002).  The full development of phonological knowledge 

includes an understanding that words are comprised of individual phonemes, and when 

blended together create whole words.  This is known as phonological awareness.  

Phonological awareness includes the ability to detect, manipulate, and analyze speech 

sounds in a given language.  It also includes the ability to segment words and syllables, 

independent of meaning (Stanovich, 1988).   
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As readers gain experience in decoding, they no longer need to sound out every 

word encountered.  Previously decoded words may be accessed through a ‘lexical route.’ 

The lexical route involves recognition of printed words and their meanings, without the 

need for decoding each sound. Once words are recognized, either through the lexical or 

sub-lexical route, meaning must then be derived from the set of words that comprise the 

text. Comprehension of text requires more than comprehension of individual words.  It 

has been characterized as a higher-level cognitive task involving reasoning and 

interpretation of the text (Kamhi & Catts, 2012).  

Strands of Skilled Reading 

Scarborough’s Strands of Skilled Reading (Scarborough, 2001) deconstructs the 

two skills central to reading referenced by the Simple View of Reading.  As with the 

Simple View, word recognition and language comprehension are the two overarching 

components of the Scarborough model.  Recognition of printed words encompasses all 

phonological skills including phonological awareness, decoding (sound symbol 

correspondence), and sight recognition.  At a young age, emergent readers must become 

aware of the alphabetic principle, the understanding that individual letters represent the 

smallest elements of a word (phonemes).  In the Scarborough model, language 

comprehension encompasses background knowledge, vocabulary, language structures 

(syntax and semantics), verbal reasoning, and literacy knowledge.  Unlike the Simple 

View of Reading, this model highlights the transition that takes place as an individual 

moves from an emergent reader to a skilled reader.  As the reader transitions to skilled 

reading, word recognition becomes increasingly automatic and language comprehension 

becomes increasingly strategic (Scarborough, 2001).  Scarborough (2001) defines skilled 
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reading as the fluent execution and coordination of both word recognition and language 

comprehension.  

Relation to Dyslexia 

Not all individuals develop normal reading skills. Instead, roughly 65 – 75% of 

children struggling to read in grade school continue to exhibit reading deficits throughout 

their lifetime (Scarborough 2001).  Although this number of poor readers includes 

children who have received inadequate instruction, a subset includes children with 

dyslexia. Phonological awareness and grapheme-phoneme knowledge are two of the most 

reliable predictors of reading ability for the typical emergent reader (kindergarten to 2nd 

grade) (Schatschneider et al., 2004).  Thus, it is not surprising that developmental 

dyslexia is also characterized by poor phonological and decoding skills, in the absence of 

frank neurological infarcts, sensory impairments, and intellectual, motivational, or 

schooling deficits, (Westby, 2002).  Research indicates that preliterate readers at risk for 

developing a frank reading disorder exhibit deficits in phonological awareness as early as 

kindergarten (Catts et al., 1999).  As included in Scarborough’s model, skilled reading 

requires various ‘strands’ or abilities, including the ability to map graphemes and 

phonemes, visual memory skills to remember orthographic configurations, the retrieval of 

sound symbols and orthographic information with ease (Westby, 2002).  Therefore, 

deficits in any or all of these processes can result in the impaired decoding skills present 

in individuals with developmental dyslexia. 

Developmental Dyslexia 

 
Developmental reading deficits have been studied for centuries (e.g. Morgan. 

1896), yet there continue to be misconceptions regarding the etiology of the disorder and 
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effective treatment approaches for those struggling to read.  Initial examination of a case 

of developmental reading impairment was conducted by a physician, Pringle Morgan in 

1896 (Morgan, 1896).  Previous cases of acquired reading impairment – word blindness – 

were identified and documented at the time (Hinshelwood, 1895).  However, Morgan was 

one of the first to identify a developmental case of reading impairment.  This deficit was 

defined as the result of “no injury or illness, but is evidently congenital, and due most 

probably to defective development of that [left angular gyrus] region of the brain” 

(Morgan, 1896).  Current definitions of developmental dyslexia continue to highlight the 

neurological basis of the dyslexia. The International Dyslexia Association (IDA), a 

professional organization dedicated to the study of developmental dyslexia, defines this 

disorder in terms of both its neurological foundation and its behavioral deficits: 

Dyslexia is a specific learning disability that is neurobiological in origin. It 

is characterized by difficulties with accurate and/or fluent word recognition 

and by poor spelling and decoding abilities. These difficulties typically 

result from a deficit in the phonological component of language that is often 

unexpected in relation to other cognitive abilities and the provision of 

effective classroom instruction. Secondary consequences may include 

problems in reading comprehension and reduced reading experience that 

can impede growth of vocabulary and background knowledge (IDA, 2002). 

Developmental dyslexia affects between 5 - 12% of the population (Shaywitz et 

al., 1998; Eden & Zeffiro, 1998).  Dyslexia is a developmental disorder characterized by 

impaired phonological processing, single word decoding skills and spelling abilities in 

the absence of frank neurological infarcts, sensory impairments, and intellectual, 
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motivational, or schooling deficits (Westby, 2002; Ramus et al., 2003).  The relation 

between reading impairment and aspects of intelligence remains an area of active inquiry.  

However, it is generally agreed that dyslexia is not due to low intelligence.  

Core Deficits 

 Reading difficulties are typically identified in grade school when focus shifts 

from learning how to read (decoding), to reading in order to gain knowledge 

(comprehension).  As a result, a large proportion of children with developmental dyslexia 

receive a diagnosis around 2nd or 3rd grade.  The most salient early impairment observed 

in children with dyslexia is difficulty in word decoding.  A child with dyslexia spends a 

large amount of resources on sounding words out (decoding) to the detriment of 

comprehension.  A comprehension ‘bottleneck’ occurs when the child is unable to 

allocate resources to reading comprehension as a result of poor decoding (LaBerge & 

Samuels, 1974; Perfetti, 1985).  

 Children with development dyslexia might experience difficulty reading 

throughout grade school.  The effects of reading deficits are far reaching and have 

previously been associated negative academic, financial, and socio-emotional 

consequences, creating undue hardships which can persist into adulthood (Mugnaini, 

Lassi, La Malfa, & Albertini, 2009) Although dyslexia has been conceptualized as a 

disorder in children, research identifying the social and economic impact of reading 

deficits in adults has generated an age-shift in the research.  

Persistent and Associated Deficits 

 
Developmental dyslexia is currently characterized as a persistent and chronic 

disability enduring throughout adulthood (Shaywitz, 2003; Undheim et al., 2009). 
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Persistent and associated deficits for young adults with developmental dyslexia continue 

to include decoding.  In addition, related deficits in phonological awareness (Nicolson, 

Fawcett, & Dean, 2001) and pseudoword reading (Snowling et al., 1997) have been 

reported.  Spelling, or the encoding of letter strings given speech sounds is often impaired 

(Curtin, Manis, & Seidenberg, 2001; Ehri, 2000; Kemp, Parrila, & Kirby, 2009).  

Likewise broader literacy skills, working memory, and potentially motor impairments can 

also be documented (Nicolson, Fawcett, & Dean, 2001).  We detail these deficits below.  

The persistence of skill deficits throughout adulthood has led to a renewed interest and 

prompted additional research into the study of adults with developmental dyslexia.   

Spelling.  

Difficulties in spelling are an associated deficit for individuals with dyslexia.  

Young adults with developmental dyslexia show impaired spelling abilities compared to 

same-age peers (Kamhi & Catts, 2012).  Research suggests measures of spelling ability 

might be more effective in identifying adolescents and young adults with developmental 

dyslexia, compared to other language measures used to identify school-age children 

(Nergard-Nilssen & Hulme, 2014).  Poor phonological skills may be the reason spelling 

is so frequently impaired in dyslexia.  Spelling relies on alphabetic principles and the 

ability to map phonemes to orthographic representations (Ehri, 2000).  

Comprehension. 

Under the Simple View of Reading, decoding and comprehension are 

fundamental skills for reading.  Although classic definitions of dyslexia focus on 

decoding skills, comprehension of written language can also be impaired. The occurrence 

of low-frequency vocabulary and syntactic complexities tend to increase in text intended 
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for older readers.  Therefore, it is not surprising that young adults with dyslexia would 

also exhibit weakness in reading comprehension as well as the ability to follow complex 

oral directions. 

Verbal working memory. 

Phonological processing problems extend beyond the characteristic deficits 

observed during decoding.  The phonological loop is a short-term memory storage system 

that is based on phonemic representations of information (Baddeley, 2003).  The 

phonological loop is made up of the phonological store and articulatory rehearsal (i.e. 

subvocal speech). Repetition of words and pseudowords engage short-term working 

memory processes (Gathercole, 2006) and aid in phonological encoding. Pseudoword 

repetition tasks are often used to investigate mechanisms of language processing in 

children and adults with dyslexia (Kamhi et al. 1988; Snowling, Goulandris, Bowlby, & 

Howell, 1986).  These tests require individuals to store and repeat phonological 

sequences that range in length.  Pseudoword repetition has consistently found to be 

weaker in children with developmental dyslexia (Catts et al., 2005) compared to those 

with typical development.  Previous studies have found that children with poor reading 

ability exhibit weakness in verbal working memory linked to the proper encoding and use 

of phonological components (Brady, 1991; Brady, Mann, & Schmidt, 1987; Gathercole et 

al., 1994; Gathercole, 2006).  One study found that children with dyslexia performed 

significantly worse on a pseudoword repetition task when compared to children with 

specific language impairment and children with normal language development (Catts et 

al., 2005).  A weakness in verbal working memory can also affect word learning in 

children with dyslexia.  A recent study by Alt and colleagues (in press) found that 
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children with dyslexia were less accurate in detecting errors in longer words.  Though 

this finding does not conclusively show verbal working memory impairments in children 

with dyslexia, it does provide some evidence of a weakness.  Identification of verbal 

working memory deficits in children and adults with dyslexia is a continued area of 

investigation.  

Motor control. 

Cerebellar function has recently been implicated in developmental dyslexia 

(Fawcett, Nicolson, & Dean, 1996).  Toe tapping speed has been used as a measure of 

cerebellar function (Dow & Moruzzi, 1958).  Fawcett and colleagues (1996) identified 

differences in purported cerebellar function using various behavioral measures, including 

toe tapping.  Tapping speed was found to differ in individuals with and without 

developmental dyslexia. The present study aims to replicate previous findings by Fawcett 

and colleagues (1996), identifying group differences between toe-tapping speed for 

individuals with and without dyslexia.  In addition to the replication of previous findings, 

this study will also consider the interval consistency of this motor skill comparing 

interval lengths between each toe tap. 

Identification of Dyslexia 

 
Various criteria exist for identifying children or adults with dyslexia, yet no gold 

standard has been accepted by the field.  A lack of accepted identification criteria for 

developmental dyslexia can result in heterogeneous samples, potentially including 

participants with a wide range of written or oral language impairments.  The current 

literature supports the notion of co-morbidity between dyslexia and a number of 
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developmental language disorders, including specific language impairment, speech sound 

disorders, and attention deficit hyperactive disorder.     

A seminal paper by Rutter and Yule (1975) provided foundational work on how 

dyslexia is operationally defined and distinguished from other types of poor readers.  

Researchers classified children (10-14 years of age) as exhibiting ‘general reading 

backwardness’ or ‘specific reading retardation’.  Children with general reading 

backwardness were defined as children with low reading ability and low IQ score.  

Children with specific reading retardation (dyslexia) were defined as children with low 

reading ability and IQ score within normal limits (Rutter & Yule, 1975).  This operational 

definition set the stage for the use of a discrepancy model to identify individuals with 

dyslexia.  Only those with a wide enough gap between reading ability and IQ were 

identified as having dyslexia.  The argument for the use of IQ or age in the diagnosis of 

dyslexia is that the underlying cause of the reading impairment might be different for 

individuals with high versus low IQ, or that reading difference are based on age.  The 

discrepancy model of dyslexia has come under fire more recently, given that that 

underlying phonological deficits are similar in individuals with low reading scores and 

high IQ, and individuals with low reading scores and low IQ scores (Fletcher et al., 1994; 

Tunmer & Greaney, 2010).  Genetic findings indicate that there is no evidence to 

substantiate an IQ criterion in the identification of dyslexia (Peterson & Pennington, 

2012).  Whether an individual obtains an IQ-referenced or age-referenced diagnosis does 

not 1) differentiate between underlying neuropsychological markers of developmental 

dyslexia, 2) take into account environmental factors associated with reading achievement, 

and fails to 3) differentiate between appropriate treatment options. There remains little 
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evidence to support the use of discrepancy models and IQ is typically free to vary in this 

population (see Francis, et al., 1996). 

Reading ability falls along a continuum, where normally developing individuals 

exhibit a wide range of reading proficiency.  As previously mentioned, poor decoding is 

the hallmark deficit in dyslexia (Lyon et al., 2003).  Dyslexia is often operationally 

defined as the low end of normal word reading.  Traditional diagnostic measures rely on 

the selection of “the low end” with use of an arbitrary cutoff score on an otherwise 

continuous variable (i.e. reading ability) for the diagnosis and treatment of developmental 

dyslexia (Peterson & Pennington, 2012).  Moreover, different studies will adopt different 

cut scores, even when using the same norm-referenced tests, to identify the disorder.  

This lack of consistency can promote significant heterogeneity in study samples. 

Additionally, use of intelligent quotients (IQ) or age in the diagnosis of dyslexia remains 

in the literature, despite the evidence against its use. In the absence of a validated clinical 

method for identifying dyslexia, researchers are left to their own devices to reflect the 

conceptual definition of this disorder in their subject selection procedures.   
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CHAPTER 2 – NEUROLOGICAL MODELS OF READING 

Reading is a complex task that places high demands on numerous cognitive and 

language-based processes.  From attending to the letters on the page to making sense of 

what was read is an incredible feat.  In recent years, data stemming from neuroimaging 

research has provided insight to the complexity and neurological underpinnings of 

normal language processing.  Initial research focused on anatomical and functional 

identification of brain regions necessary for the perception and production language, 

including reading (Price, 2012).  Neuroimaging studies have identified key anatomical 

regions that support both decoding and comprehension.  More recently, this information 

has expanded to include the critical role white matter plays in the reading network.  This 

growing body of neuroimaging studies provides strong support for a neurological basis of 

reading and provides insight into reading disorders, such as developmental dyslexia. 

Reading Networks 

 
Despite advances in the conceptualization of reading as a complex cognitive 

process, there is incomplete consensus on what constitutes the reading network in relation 

to dyslexia.  Two neuropsychological models for reading include the Dorsal-Ventral 

Model and the Cerebellar-Deficit Model and serve as an organizational framework for the 

neurological substrates identified to date.  These models concentrate largely on gray 

matter regions implicated in normal reading and dyslexia.  Connectivity between the gray 

matter regions plays an important role of neural functioning.  White matter pathways link 

dedicated language regions, resulting in an interconnected network for reading.  

Neurological models of reading must account for gray matter regions and the connecting 

white matter pathways. 
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Dorsal-Ventral Model 

 
The Dorsal-Ventral Model is a domain-specific model of reading (see Figure 1).  

Domain specificity refers to cortical regions specialized processing for a particular 

cognitive task.  Therefore, a cortical region designated to comprehend language would 

differ from a cortical region designated to process visual faces.  As such, this model is 

comprised of a collection of brain regions specific to language processing and reading 

(Pugh et al., 2000).  

 

Figure 1.  Schematic representation of the Dorsal-Ventral Model using the standard MNI152_1mm_brain in FSLview.  

Lateral view of the left hemisphere. Red circles depict major regions of the model.  Arrow indicates location on ventral 
surface. IFG, inferior frontal gyrus; AG, angular gyrus; SMG, supramarginal gyrus; STG, superior temporal gyrus; 
VWFA, visual word form area.   

Distinctions are made between anterior and posterior regions of this model with 

regard to function.  The anterior circuit centers on Broca’s Area and includes the inferior 

frontal gyrus, whereas the posterior circuit includes the dorsal phonological and ventral 

orthographic systems.  The dorsal phonologic system is comprised of the angular gyrus, 

supramarginal gyrus, and the superior temporal gyrus. Together, the anterior and dorsal 

regions of this model are implicated in semantic analysis and phonological processing 

(Pugh et al., 2000). 

VWFA 

IFG 

STG 
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In contrast, the ventral orthographic system is comprised of the occipital-temporal 

area and includes the fusiform gyrus or visual word form area.  This model suggests the 

ventral region is associated with memory-based processing encountered when reading 

familiar words (Pugh et al., 2000).  The occipital-temporal region is a relatively later 

developing component of the system and is associated with greater reading fluency (Pugh 

et al., 2000).  Pugh and colleagues (2000) argue the primary deficit in individuals with 

dyslexia is an impaired phonological system located in the temporal-parietal region.  This 

primary deficit is believed to impede the development of the occipital-temporal region.  

Therefore, individuals with dyslexia show an overreliance on anterior regions to support 

articulatory recoding as a strategy to cope with the lack of a highly integrated 

orthographic-phonological mapping system (Pugh et al., 2000). 

The Dorsal-Ventral Model accounts for the poor phonological and decoding skills 

observed in individuals with reading impairments by virtue of differential involvement of 

these two circuits.  However, the Dorsal-Ventral Model fails to account for additional 

neural regions engaged during reading tasks (i.e. the cerebellum) or the appearance 

comorbid impairments commonly observed in individuals with developmental dyslexia 

(i.e. motor impairments).  

Cerebellar-Deficit Model 

 
The Cerebellar Deficit Model is a domain-general model of reading impairment 

(see Figure 2).  Domain general refers to the allocation of cortical regions when 

processing various cognitive tasks.   Unlike a domain-specific model, a given cortical 

region can be used to support memory is also important to language. The Cerebellar 

Deficit Model is designed to account for both primary reading deficits and a broad range 



28 

of subtle behavioral deficits including balance, information processing speed, memory, 

and motor skills, in addition to phonological and literacy deficits (Fawcett & Nicolson, 

1994; Nicolson & Fawcett, 1994; Nicolson, Fawcett, & Dean 2001).   

 
Figure 2.  Schematic representation of the Cerebellar Deficit Model using the standard MNI152_1mm_brain in 

FSLview.  Lateral view of the left hemisphere.  Blue circles depict major regions of the model.  IFG, inferior 
frontal gyrus; SMA, supplementary motor area; SMG, supramarginal gyrus; AG, angular gyrus; Cb, cerebellum.   

 
In the Cerebellar Deficit Model, the cerebellum is highlighted as a key component 

in of observed deficits in reading and spelling for children with dyslexia.  Nicolson and 

colleagues (2001) suggest weaknesses in the cerebellum results in poor articulatory skills.  

It is postulated that poor articulatory skill results in weakened articulatory 

representations, which directly affects a child’s understanding of phonemic structure of a 

word and thus impacts literacy (Nicolson et al., 2001). Literacy deficits arise indirectly as 

a result of weak or slowed articulatory skills.  Slower articulatory skills could result in an 

impaired phonological loop (Nicolson et al., 2001).  The phonological loop is made up of 

phonological working memory and subvocal rehearsal.  Based on this model, both 

phonological working memory and subvocal rehearsal could be negatively impacted by 

an impaired phonological loop.  The neural correlates of phonological working memory 

IFG 

SMA 

Cb 
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include the supramarginal gyrus and angular gyrus, posterior regions of the reading 

network.  Subvocal rehearsal relies on anterior regions, including the supplementary 

motor area and inferior frontal gyrus (Muller & Knight, 2006).  Classic views of the 

cerebellum identified the primary function as the coordination of movement (Holmes, 

1917).  More recent investigations on the role of the cerebellum suggest involvement in a 

variety of high level cognitive processes including executive functioning, verbal fluency, 

abstract reasoning, and working memory (Fulbright et al., 1999; Schmahmann & 

Sherman, 1998; Marien et al., 2014 for a review). 

The Dorsal-Ventral Model and the Cerebellar Deficit Model predict overlapping 

but different neural networks associated with reading.  The neural network resulting from 

the Dorsal-Ventral Model is limited to classic language regions, whereas the Cerebellar 

Deficit Model extends beyond classic language regions to include the cerebellum.  A 

critical distinction arises in the anterior regions.  The Dorsal-Ventral model predicts 

individuals with dyslexia rely heavily on subvocal rehearsal associated with the inferior 

frontal gyrus.  In contrast, the Cerebellar Deficit Model predicts subvocal rehearsal is 

impaired due to cerebellar deficits.  The integration of behavioral and functional 

magnetic resonance imaging (fMRI) findings create neurological models of reading to 

guide our understanding of dyslexia.  However, a more comprehensive model would 

incorporate not only cortical regions but also the connected fiber pathways.  Behavioral 

deficits observed in young adults with dyslexia can result from either gray matter 

differences or differing white matter characteristics.  Building upon these previous 

models, the present study will examine gray matter regions and the connecting white 

matter pathways.  Regions of interest were selected based on the theoretical models of 
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reading and behavioral phenomena observed in those with dyslexia. Using these models 

as a framework, the following section reviews in more detail anatomical and functional 

findings related to the neurological basis of reading and how those with dyslexia differ 

from typical readers.   

Neuroanatomical Basis of Dyslexia 

 
The earliest studies to identify anatomical differences in brains of people with 

dyslexia were through painstaking analysis of postmortem tissue (Galaburda & Kemper, 

1979; Galaburda Sherman, Rosen, Aboitiz, & Geschwind, 1985).  Tissue analysis 

revealed polymicrogyria (under developed and abnormal gyri) in the left temporal lobe 

and cortical dysplasia (abnormal neuronal migration) in the left hemisphere in individuals 

with dyslexia (Galaburda & Kemper, 1979).  Two later studies, conducted on four male 

patients with dyslexia found similar neuroanatomical abnormalities, primarily in the left 

hemisphere.  Neural ectopias and architectonic dysplasia (migration of neurons to an area 

otherwise free of neurons) in the perisylvian region were reported, as well as a lack of 

cerebral asymmetry in the planum temporal (Galaburda et al., 1985).  Gross anatomical 

abnormalities indicate a possible link between dyslexia and cortical malformations during 

prenatal development.  A note of caution is necessary when generalizing from the results, 

as some individuals included in the studies presented with additional complications.  For 

example, one individual suffered from seizures, while another sustained a head trauma 

and exhibited slowed paroxysmal activity (a sign of impaired subcortical functioning).  

While there remain various potential explanations for the structural differences observed 

in early autopsy studies, a consistent pattern begins to emerge.  Individuals with a history 

of developmental dyslexia exhibit cortical differences primarily in the left perisylvian 
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region, compared to neuro-typical individuals.  Perisylvian regions include the 

supramarginal gyrus, angular gyrus, superior temporal gyrus, and inferior frontal gyrus.  

Later neuroimaging studies have begun to illuminate the contribution of specific regions 

both within and outside of the perisylvian cortex to the reading process. 

An integrated reading network, stemming from the Dorsal-Ventral and Cerebellar 

Deficit models, is proposed in the current study.  This proposed network identifies 

potential anatomical variation in gray matter regions of interest (see Figure 3) and 

connected white matter pathways (see Figure 4) for young adults with dyslexia.  

 
Figure 3.  Schematic representation of the reading network tested in the present study using the standard 

MNI152_1mm_brain in FSLview.  Lateral surface of the left hemisphere of the brain. Green circles depict 
gray matter regions of interest.  IFG, inferior frontal gyrus; SMA, supplementary motor area; SMG, 
supramarginal gyrus; AG, angular gyrus; Cb, cerebellum; ATL, anterior temporal lobe; VWFA, visual word 
form area; OL, occipital lobe; Cb, cerebellum. 

Anterior Cortical Regions 

 
The inferior frontal gyrus is comprised of three regions: the pars opercularis (BA 

44), pars triangularis (BA 45), and pars orbitalis (BA 47).  The role of the left inferior 

frontal gyrus in language production is well documented and dates back to some of the 

earliest papers in the field of language impairment (see Broca, 1861).  The inferior frontal 

gyrus is involved in a wide range of tasks related to reading including, naming, 

articulation, subvocal rehearsal, and speech segmentation (Burton et al., 2000; Fiez & 
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Petersen, 1998; Murphy et al., 1997; Paulesu, Frith & Frackowiak, 1993; Smith & 

Jonides, 1999).  Additionally, the anterior region of the reading network is engaged when 

exposed to real words and pseudo-words (Vinckier, 2007), rhyming tasks (Fiez & 

Petersen, 1998; Hoeft et al., 2007; Paulesu et al., 1993) and semantic processing of words 

and sentences (Price, 2010).  In addition to the inferior frontal gyrus, the supplementary 

motor area is also implicated in speech production (Indefrey & Levelt, 2004; Wilson et 

al., 2004), word reading (see Fiez & Petersen, 1998), repetition (Alario, Chainay, 

Lehericy, & Cohen, 2006), and rhyming (Paulesu et al., 1996).  Therefore, the anterior 

cortical regions appear necessary for both low-level and higher-order processes.  

Articulatory movements necessary for speech production rely on the supplementary 

motor area and the inferior frontal gyrus.  However, these areas are also recruited during 

semantic processing of complex information.   

Acquired and developmental deficits in language processing and reading ability 

have been attributed to the inferior frontal gyrus. Reduced gray matter volume in the 

inferior frontal gyrus in adults with primary progressive aphasia was correlated with 

syntactic processing deficits in comprehension and production (Amici et al., 2007; 

Wilson et al., 2011) Hyperactivation of the inferior frontal gyrus has been widely 

reported in those with reading impairments (Hoeft et al., 2011; Pugh et al., 2000; 

Shaywitz et al., 1998).  In contrast, the supplementary motor area showed under 

activation during phonological tasks in adults with dyslexia (Paulesu et al., 1996).  

Observed differences in the inferior frontal gyrus and the supplementary motor area for 

those with dyslexia are both anatomical and functional in nature.  These regions will be 
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targeted in the present study to identify potential volumetric differences in for young 

adults with dyslexia.  

Posterior Cortical Regions 

 
Phonological processing relies heavily on regions within the left temporal-parietal 

junction. The temporal-parietal junction of the dorsal system is defined by the 1) 

supramarginal gyrus 2) angular gyrus, and 3) posterior superior temporal gyrus.  This 

posterior region is used to map orthographic representations (print) to the phonological 

representations (sound) (Benson, 1994).  The identification and integration of 

orthography and phonology is referred to as grapheme-phoneme correspondence.  Given 

individual phonemes, the reader must blend the phonemes to form a word that matches 

the orthographic representation within the mental lexicon (Kamhi & Catts, 2002).  

Grapheme-phoneme correspondence is critical for the developing reader, relying on 

phonological decoding to build the corpus of the mental lexicon.  The temporal-parietal 

region is associated with word decoding, using a grapheme-phoneme route (Jobard et al., 

2003; Schlaggar & McCandliss, 2007).  Phonological short-term memory has been found 

to engage the left supramarginal gyrus (Baddeley, 2003; Paulesu, Frith & Frackowiak, 

1993). 

Functional and morphometric differences have been reported in the temporal-

parietal region for individuals with dyslexia.  Morphometric differences revealed 

decreased gray matter volume in bilateral inferior parietal lobule and superior temporal 

gyrus for individuals with dyslexia compared to age-matched controls (Hoeft et al., 

2007). In contrast to anterior regions, the left posterior inferior parietal lobule revealed 

hypoactivation during reading related tasks in children and adults with dyslexia (Hoeft et 
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al., 2007; McCrory, Mechelli, Frith, & Price, 2005; Shaywitz et al., 1998; Shaywitz et al., 

2002). Phonological processing is a hallmark deficit of dyslexia and differences observed 

in the temporal-parietal junction provide support for the prominent role of this region in 

the study of reading disorders. 

Ventral Cortical Regions 

 
The ventral orthographic system is comprised of the posterior occipital-temporal 

gyrus and is important for visual processing during skilled reading (Dehaene, Le Clec, 

Poline, Le Bihan, & Cohen, 2002; Nobre, Allison, & McCarthy, 1994).  The left ventral 

occipital-temporal region has been referred to as the visual word form area and includes 

key neuronal circuitry used in the recognition of visual words (Cohen, Lehericy, 

Chochon, Lemer, Rivaud, & Dehaene, 2002; Yeatman, Rauschecker, & Wandell, 2012).  

The left occipital-temporal region has been found to be highly sensitive to higher-level 

statistical properties found in real word letter combinations (Vinckier et al., 2007).  It is 

also associated with fluent reading and the automatic processing of visual word forms 

(Dehaene, 2009; Pugh et al., 2000).  Reliance on the visual word form area enables a 

skilled reader to process written text quickly, without the need to sound out individual 

graphemes.  Fluent reading is supported by a memory-based word identification system 

used to identify words as a whole unit and by passing the more laborious phonological 

route.  Rapidly presented stimuli result in increased activation of the occipital-temporal 

region (Price et al., 1996), lending support for the notion that the ventral system is 

primarily involved in rapid stimulus identification.   

Individuals with impaired reading ability show differences in both functional 

activation and cortical structure. Weak functional activation has been identified in the 
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occipital-temporal region in individuals with poor reading abilities (Maisog, Einbinder, 

Flowers, Turkeltaub, & Eden, 2008).  Reduced gray matter volume has also been 

reported in bilateral fusiform gyrus for adolescents with dyslexia (Kronbichler et al., 

2008).  These findings suggest individuals with dyslexia have functional and structural 

differences that impact the use of the ventral, whole-word reading route.  As previously 

discussed, the ventral route is associated with greater reading fluency. Thus, individuals 

with dyslexia might show slowed reading as a result of a disrupted ventral route. 

The Cerebellum 

 
The role of the cerebellum in linguistic processing is not a novel idea (see Leiner 

et al., 1993), yet imaging studies on reading have largely neglected the contributions of 

the cerebellum.  Growing evidence has begun to suggest the cerebellum plays a role in 

normal language processing (see Ackermann, 2013) and that structural differences within 

the cerebellum could be related to reading impairments (Fernandez et al., 2013). 

Phonological processing has been found to result in activation of right cerebellar lobule 

VI and VII (Ben-Yehudah & Fiez, 2008).  Additionally, the anterior lobe of the 

cerebellum appears to be involved in motor tasks related to language production.  

Specifically, Marien and colleagues (2001) reported the involvement of the anterior lobe, 

lobules I – V, extending into medial lobule VI during articulation.  A seminal study by 

Fulbright and colleagues (1999) found differential activation of the cerebellum in 

response to phonological versus semantic stimuli, suggesting a cerebellar role in reading 

for typical adults.   

Structural abnormalities in the cerebellum have also been reported for individuals 

with reading deficits. Finch, Nicolson, and Fawcett (2002) conducted an autopsy study on 
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the neuroanatomy of 4 adults with dyslexia and 4 controls.  The focus of the study was on 

the cellular composition of the cerebellum, as measured by purkinje cell area and density.  

The study revealed purkinje cells in the posterior cerebellum were larger in cell area for 

adults with dyslexia compared to controls.    

Imaging studies have revealed additional structural differences in the cerebellum 

for adults and children with reading impairments. Typical adults exhibit asymmetrical 

morphology of the cerebellum, with greater total gray matter volume in the right 

hemisphere. In contrast, adults with dyslexia exhibit more symmetrical cerebellar 

morphology (Baillieux, et al., 2009; Rae, Harasty, Dzendrowskyj, Taloctt, Simpson, 

Blamire, et al., 2002). Another study found children with single word decoding deficits 

exhibited reduction of volume in the bilateral anterior region of the cerebellum, compared 

to typically developing children (Fernandez, Stuebing, Juranek, & Fletcher, 2013). 

Kronbichler et al. (2008) reported decreased gray matter volume in the bilateral anterior 

cerebellum for adolescents with dyslexia. The research on structural differences in the 

cerebellum present a diverse pattern of results.  It remains unclear as to how these various 

findings might relate to reading deficits for individuals with dyslexia.   

White Matter Contributions  

 

Diffusion tensor imaging (DTI) is an in vivo approach to identifying and 

comparing the integrity of neural fibers in the brain.  Diffusion refers to the dispersion of 

particles. In the case of diffusion tensor imaging, the dispersion of protons in water 

molecules can be measured in each voxel (1x1x1mm) of the brain.  Fractional anisotropy 

(FA) is the most widely reported measure of diffusion.  Anisotropy is a measure of 

magnitude and directionality of diffusion in three directions (x, y, z) and is a scalar value 
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from 0 - 1 (Basser et al., 1994). A value of 0 represents isotropic diffusion – unrestricted 

movement in all directions.  A value of 1 represents anisotropic diffusion – restricted 

movement in all but one direction.  Determinates of fractional anisotropy stem from 

factors related to microstructure or macrostructure.  Microstructure influences include 

myelination and axonal properties, such as axon density (Mori, 2007).  Anisotropy varies 

as a result of myelination in white matter and is correlated with the developmental 

trajectory of myelination in newborns (Huppi et al., 1998) and young children (Paus et 

al., 1999).   Macrostructure influences of fractional anisotropy pertain to the coherence of 

axon fibers in a given voxel (Mori, 2007).  Voxels with parallel fibers will exhibit higher 

fractional anisotropy than voxels with crossing fibers.  Thus, higher anisotropy can be 

indicative of increased myelination (microstructure) or fiber architecture 

(macrostructure).  Interpretations of diffusion tensor imaging studies should take such 

factors into consideration, as fractional anisotropy indirectly measures the structural 

architecture of the brain. 

A whole-brain approach was implemented in one of the first studies to investigate 

the relationship between white matter and reading using diffusion tensor imaging 

(Klingberg, et al., 2000). Emergent evidence of structural differences between adults with 

and without dyslexia in the temporal-parietal region surfaced.  Researchers found group 

differences in white matter surrounding the temporal-parietal region (Klingberg, et al., 

2000).  In addition, a positive correlation between fractional anisotropy in the left 

temporo-parietal region and reading ability was reported for both groups separately 

(Klingberg, et al., 2000).  This seminal paper revealed a critical structural-behavioral 

relationship between white matter integrity of the left temporo-parietal region for reading 
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and provides additional support for dyslexia as a disconnection syndrome, in that 

information is not transferred as well between anterior and posterior regions of the 

network relied upon for reading. 

Widespread differences observed in adults with reading deficits lend support of 

the idea of compromised reading network due to weaker connectivity.   Additional 

studies have provided support for the idea of compromise to specific pathways implicated 

in reading (see Figure 4).  These are covered below. 

 

 
Figure 4.  Schematic representation of the pathways in the reading network tested in the present study using 

the standard MNI152_1mm_brain in FSLview.  Lateral view of the left hemisphere. Gray matter regions are 
depicted in green with white matter pathways depicted as colored lines.  
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Dorsal Anterior-Posterior Connectivity 

 
The transfer of information between anterior language regions and posterior 

phonological processing regions is critical.  Geshwind (1970) outlined a classic model of 
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language connectivity.  In the most simplistic form, this model identified the importance 

of the connection between anterior Broca’s area and posterior Wernicke’s area.  The 

arcuate fasciculus is a connecting pathway between anterior regions, including the 

inferior frontal gyrus, and the posterior regions, including the supramarginal gyrus, the 

angular gyrus, and the superior temporal gyrus (Geschwind, 1970).  Controversy over the 

exact pathway between anterior and posterior regions highlights the oversimplification of 

this early model (see Dick, Bernal & Tremblay, 2014).  Advancements in neuroimaging 

technology, in conjunction with postmortem studies, bring to light the sheer complexity 

of neural pathways in the brain, including for those connecting anterior and posterior 

language regions.  

The superior longitudinal fasciculus/arcuate fasciculus complex is the prominent 

fiber pathway connecting anterior and posterior language regions.  This pathway 

terminates in the inferior frontal gyrus and in the posterior superior temporal gyrus (Dick, 

Bernal &Tremblay, 2014).  The superior longitudinal fasciculus/arcuate fasciculus is 

suggested to be associated with phonological processing and complex syntactic structure 

during language comprehension and speech production in typical readers.  Phonological 

awareness is positively correlated with the volume of the left superior longitudinal 

fasciculus/arcuate fasciculus (Frye et al., 2011; Vandermosten et al., 2012).  This left 

dorsal pathway was strongly associated with syntactic comprehension during sentence 

reading (Wilson et al., 2011).  Reading comprehension has been reported to be positively 

correlated with arcuate fasciculus, bilaterally, in typically developing adolescents and 

young adults (Horowitz-Kraus, Wang, Plante & Holland, 2014). The pathways associated 

with reading comprehension versus word recognition are arguably dissociable, providing 
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anatomical support for relative behavioral strengths and weaknesses that dyslexia can 

present. 

The superior longitudinal fasciculus/arcuate fasciculus is a primary focus in the 

dyslexia research given the well-documented proximity to dominant language regions 

such as Broca’s area and Wernicke’s area.  Studies have found that adults with dyslexia 

exhibit reduced volume (Vandermosten et al., 2012) and reduced fractional anisotropy 

(Richards et al., 2008; Steinbrink et al., 2008; Vandermosten et al., 2012) in the superior 

longitudinal fasciculus/arcuate fasciculus, as well as fiber pathways adjacent to the left 

inferior frontal gyrus (Rimrodt, et al., 2010).   

Ventral Connectivity   

 
The inferior longitudinal fasciculus and inferior occipital fasciculus are fiber 

pathways connecting the occipital cortex with inferior frontal and anterior temporal 

regions (Dick & Tremblay, 2012).  The inferior occipital fasciculus is a fiber pathway 

connecting occipital and inferior frontal regions. There is ongoing debate as to whether 

the inferior longitudinal fasciculus and inferior occipital fasciculus are one or two 

separate pathways.  Catani and de Schotten (2008) identified the inferior longitudinal 

fasciculus as the white matter pathway directly connecting the occipital lobe and the 

anterior temporal lobe.  The inferior occipital fasciculus follows a similar trajectory as the 

inferior longitudinal fasciculus, through the temporal lobe, but diverges through the 

extreme capsule to the inferior frontal lobe (Catani & de Schotten, 2008).  

The inferior longitudinal fasciculus is integral in processing of orthographic 

information via the ventral route.  Fractional anisotropy in the left and right inferior 

longitudinal fasciculus was associated with word reading for normal readers (Horowitz-
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Kraus et al., 2014).  More recently, the role of the inferior occipital fasciculus in 

orthographic processing was investigated and fractional anisotropy was found to be 

positively correlated with orthographic processing but not phonological processing 

(Vandermosten et al., 2012).  They proposed that the inferior occipital fasciculus 

connects low-level processing of orthographic information in the occipital lobe to high-

level sematic processing in the frontal lobe.   

Decreased fractional anisotropy in the left inferior longitudinal fasciculus 

(Steinbrink et al., 2008) and the inferior occipital fasciculus (Steinbrink et al., 2008; 

Richards et al., 2008) have been reported for individuals with dyslexia.  Spatial limitation 

associated with diffusion tensor imaging make the delimitation between inferior 

longitudinal fasciculus and inferior occipital fasciculus unclear.   Based on the limited 

findings, there is partial support for the notion of structural differences in ventral 

connectivity of the reading network. 

Cerebellar Connectivity 

 
The cerebellum contains afferent fibers primarily at the level of the middle and 

inferior cerebellar peduncles (Salamon et al., 2007).  In contrast, the superior cerebellar 

peduncle (brachium conjuntivum) is the major efferent pathway, extending from the 

cerebellar hemispheres and dentate nucleus to the thalamus (Salamon et al., 2007).  The 

superior cerebellar peduncle decussates at the level of the inferior portion of the red 

nucleus (Salamon et al., 2007). The bilateral superior cerebellar peduncle pathways 

project in a posterior to anterior direction and form the primary efferent pathway from the 

cerebellar hemispheres to the deep nuclei of the brainstem.  The fiber pathways exiting 
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the cerebellum project to deep cerebral nuclei and make it difficult to track pathways 

from the cerebellum directly to the cerebral cortex.   

The aslant is a newly identified frontal pathway that has been implicated in verbal 

fluency (Catani et al., 2013).  The aslant is typically left lateralized in right-handed 

individuals and connects the inferior frontal gyrus and supplementary motor area (also 

known as the juxtapositional lobule).  This particular pathway can provide one possibility 

for how the cerebellum might innervate motor regions directly linked to the reading 

network.  Therefore, pathways from the cerebellum to the thalamus and the 

supplementary motor area to the inferior frontal gyrus are of particular interest for motor 

skills.    

To date, few studies have investigated the white matter integrity of the cerebellar-

cortical tracts and its associations with skilled and impaired reading.  Fernandez, et al. 

(2015) provide novel findings regarding cerebellar-cortical tracts in children with and 

without dyslexia.  Probabilistic tractography was used to identify ipsilateral and 

contralateral white matter tracts beginning in the cerebellum and terminating in the 

inferior frontal regions, temporo-parietal regions, and occipito-temporal cortical regions.  

Children with dyslexia exhibited increased fractional anisotropy for tracts terminating in 

the inferior frontal gyrus, temporo-parietal region and tracts from the cerebellum to the 

contralateral hemisphere (Fernandez et al., 2015).  These particular findings are counter 

to previous reports of lower fractional anisotropy for cortical-cortical pathways in 

individuals with dyslexia.  Caution concerning these findings is warranted, as children in 

the dyslexic group were statistically older than children included in the typical group.  

White matter tracts show age-related changes throughout childhood (Paus et al., 1999). 
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Therefore, it remains unclear whether the observed differences in fractional anisotropy 

relate specifically to reading deficits or maturation. 

Present Study 

 
The proposed study aims to build on previous findings of behavioral and 

neuroanatomical differences in adults with dyslexia.  The Dorsal-Ventral and Cerebellar-

Deficit models propose distinct behavioral and structural differences in young adults with 

dyslexia.   

Question 1.  

Are deficits in young adults with dyslexia restricted to the reading domain or dispersed 

among reading and associated domains? 

Literacy skills and associated behavioral abilities will be tested based on the 

models.  The classic Dorsal-Ventral model proposes impairments involving literacy 

skills.  The Cerebellar-Deficit model proposes similar impairments with regard to 

decoding, but also suggests impairments in motor function and phonological memory.    

Tasks specific to the domain of reading are expected to be more difficult for 

individuals with dyslexia compared to controls.  It is hypothesized that individuals with 

dyslexia will exhibit significantly lower scores in the domain of reading, which includes 

word decoding, reading fluency, reading comprehension, and pseudoword decoding.  

Group differences are also expected for associated behavioral abilities including spelling, 

phonological memory, motor function, syntactic comprehension, and semantic 

knowledge.  Based on previous literature, the dyslexic group is predicted to score 

significantly lower on all associated behavioral measures. 
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Question 2.  

Are there structural differences between young adults with dyslexia and controls? 

Studying neural structures in young adults is ideal because brain development and 

reading abilities are arguably relatively stable in early adulthood (Achal et al., 2015). The 

growing results of functional and structural imaging studies related to neuroanatomical 

variations in young adults with dyslexia are far from conclusive and, at times, 

contradictory.  The majority of studies focus primarily on white matter integrity between 

cortical regions related to reading, while neglecting connections to the cerebellum.  

Conversely, the only study that has examined cerebellar pathways neglected to address 

cortical pathways.  Utilizing two theoretical models of reading, the present study aims to 

advance the field by providing a more holistic understanding of structural variations 

within the reading network.   

The Dorsal-Ventral and Cerebellar-Deficit models predict both overlapping and 

distinct, gray matter regions and white matter pathways involved in reading.  The 

proposed study investigates structural variations of key white matter pathways and 

connecting cortical regions.  The cerebellum has been overlooked or discounted in the 

neuroimaging literature until recently.  The inclusion of this region, guided by the 

Cerebellar Deficit Model, creates a holistic reading network in young adults with 

dyslexia.   

Eight proposed fiber pathways and 16 cortical regions (see Figure 4 and Table 1) 

were selected based on the models.  Hypotheses are presented first for the cortical regions 

of interest and then for the white matter pathway connecting the regions below.  
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Table 1. 
White Matter Tracts and Associated Cortical Regions 

White Matter Tract Gray Matter Endpoints 

Arcuate Fasciculus A: Inferior Frontal Gyrus 
 B:Temporal Parietal Region 

Superior Longitudinal Fasciculus A: Angular Gyrus 

 B: Inferior Frontal Gyrus 

Inferior Longitudinal Fasciculus A: Anterior Temporal Lobe 

 B: Visual Wordform Area 

Aslant A: Inferior Frontal Gyrus 

 B: Supplementary Motor Area 

Inferior Occipital Fasciculus A: Inferior Frontal Gyrus 

 B: Occipital region 
Vertical Occipital Fasciculus A: Angular Gyrus 

 B: Visual Wordform Area 

Uncinate Fasciculus A: Anterior Temporal Lobe 

 B: Inferior Frontal Gyrus 

Superior Cerebellar Peduncle* A: Cerebellum 

 B: Thalamus 
Note: * The superior cerebellar peduncle is the only contralateral tract.  All other tracts are ipsilateral. 

 

Anterior and posterior cortical regions. 

 
Structural differences in gray matter volume tend to be co-localized to areas 

exhibiting functional imaging differences (Linkersdörfer et al., 2012).  Therefore, 

findings from functional magnetic resonance imaging were considered when developing 

these hypotheses.  Stark group differences located in anterior brain regions are expected, 

however each model predicts different outcomes related to the dyslexic group.  Based on 

the Dorsal-Ventral Model, it is predicted that individuals with dyslexia will exhibit 

increased gray matter volume in the left inferior frontal gyrus and the left supplementary 

motor area, compared to controls.  In contrast, the Cerebellar Deficit Model predicts that 

individuals with dyslexia will exhibit decreased gray matter volume in the left inferior 

frontal gyrus and left supplementary motor area, compared to controls.  Finally, the left 

temporal-parietal regions are predicted to show reduced gray matter volume in the 

dyslexic compared to control group, a prediction that is supported by both models. 
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Dorsal anterior-posterior connectivity. 

 
It is hypothesized that individuals with dyslexia will show significantly reduced 

fractional anisotropy in the left superior longitudinal fasciculus/arcuate fasciculus.  If 

young adults with dyslexia are relying more heavily on anterior regions of the reading 

network as put forth by the Dorsal-Ventral Model, it is hypothesized that the aslant, 

connecting the inferior frontal gyrus and the supplementary motor area will have 

increased fractional anisotropy in dyslexic, compared to typical readers.  However, if 

anterior regions are negatively impacted by cerebellar deficits, as proposed by the 

Cerebellar Deficit Hypothesis, the aslant is predicted to have decreased fractional 

anisotropy in the dyslexic, compared to control group. 

Ventral cortical regions. 

It is hypothesized that individuals with dyslexia will exhibit decreased gray matter 

volume in the occipital-temporal gyrus, bilaterally, when compared to controls.  This is 

true under both models of dyslexia. 

Ventral anterior-posterior connectivity. 

 
Based on previous research, it is hypothesized that individuals with dyslexia will 

exhibit decreased fractional anisotropy compared to age-matched controls in the inferior 

longitudinal fasciculus and inferior occipital fasciculus. 

Cerebellum.  

 
Previous research is unclear pertaining to structural differences in the cerebellum.  

Based on the Cerebellar-Deficit Model, it is hypothesized that individuals with dyslexia, 

compared to matched controls, will exhibit overall reduced gray matter volume in the 

right cerebellum.  There is no previous research to suggest individuals with dyslexia, 
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compared to matched controls, would exhibit differences in gray matter volume of the 

supplementary motor area. 

Cerebellar and supplemental motor connectivity. 

 
The Cerebellar-Deficit Model suggests weaker motor control for individuals with 

dyslexia.  Therefore, it proposed that the superior cerebellar peduncle will show reduced 

fractional anisotropy for individuals with dyslexia.  The aslant, connecting the 

supplementary motor area to the inferior frontal gyrus, is proposed to show increased 

fractional anisotropy in individuals with reading impairments.  This finding would 

suggest an over reliance and increased connectivity in the anterior portion of the network.    

Question 3.  

Are there brain-behavior relationships that are consistent with the theoretical models of 

reading? 

Neural correlates of reading are explored, providing information on the relation 

between anatomical region and behavior.  Based on the Dorsal-Ventral Model, 

pseudoword decoding is predicted to rely on dorsal regions and word decoding is 

predicted to rely ventral regions of the network.  Therefore, it is predicted that 

pseudoword decoding is positively correlated with gray matter volume in the left 

temporal-parietal regions, whereas word decoding is positively correlated with gray 

matter volume in the occipital-temporal region and negatively correlated with the left 

inferior frontal gyrus.  It is predicted that pseudoword decoding is positively correlated 

with the white matter integrity of the vertical occipital fasciculus, connecting occipital-

temporal and temporal-parietal regions.  Whereas, word reading is predicted to be 
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correlated with the inferior occipital fasciculus, a ventral pathway connecting the 

occipital and inferior frontal regions.   

Based on the Dorsal-Ventral Model, anterior regions of the network are predicted 

to correlate with semantic knowledge and pseudoword repetition.  It hypothesized that 

semantic knowledge is positively correlated with fractional anisotropy in the uncinate 

fasciculus and gray matter volume in the inferior frontal gyrus.  It is hypothesized that 

pseudoword repetition, which relies on subvocal rehearsal, is positively correlated with 

gray matter volume in the inferior frontal gyrus and supplementary motor area. 

Additionally, pseudoword repetition is predicted to be positively correlated with 

fractional anisotropy in the aslant, the connecting pathway between the inferior frontal 

gyrus and the supplementary motor area. 

It is hypothesized that reading fluency is positively correlated with fractional 

anisotropy in the left inferior occipital fasciculus and gray matter volume in the occipital-

temporal region.  Passage comprehension is hypothesized to be positively correlated with 

fractional anisotropy in the left superior longitudinal fasciculus/arcuate fasciculus and 

gray matter volume in the left superior temporal gyrus.  

Based on the Cerebellar Deficit Model, it is predicted that motor function is 

positively correlated with fractional anisotropy in the superior cerebellar peduncle and 

gray matter volume of the cerebellum.  A fundamental prediction from this model is that 

that literacy measures be positively correlated with gray matter volume of the cerebellum 

and fractional anisotropy in the superior cerebellar peduncle.   

Question 4.  

What is the relationship between white matter pathway and gray matter endpoint? 
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 Bidirectional iterative parcellation, the major method to be used to address 

Questions 1 and 2, combines probabilistic tractography and cortical parcellation, allowing 

for the direct comparison of the relationship among a fiber pathway and connectionally 

distinct cortical regions.  Using this integrated approach, the present study will test 

whether cortical regions drive the microstructure of the connected tract. Since these two 

characteristics should be separate indices of structure, fractional anisotropy of fiber 

pathways is predicted to be independent of the cortical endpoints.  A low amount of the 

variability of a tract is predicated to be accounted for by the endpoints. 
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CHAPTER 3 – METHODS 

Participants 

Thirty-six young adults participated in the present study.  Participants were 

recruited through the University of Arizona and were native monolingual English 

speakers.  A large number of participants completed this study for research credit in 

undergraduate psychology or speech, language, and hearing sciences courses.  Other 

participants were recruited through two University of Arizona programs that provide 

academic support to students with disabilities, the Disability Resource Center and the 

Strategic Alternative Learning Techniques Center.  Eighteen young adults (11 female, 7 

male) were included in the dyslexic group.  They ranged in age from 18 to 25 (M = 19.56, 

SD = 1.89).  Eighteen young adults (11 female, 7 male) were included in the typical 

group and ranged in age from 18 to 26 years (M = 19.89, SD = 1.97).  Participants were 

excluded from the study if there was history of head trauma, English was not the first 

language learned, or if the participant failed the hearing screening.  Groups were matched 

for age and sex.  Five participants in the dyslexic group and three participants in the 

control group were left-handed.    

All individuals passed a pure-tone hearing screening to ensure adequate hearing 

(500, 1000, 2000, and 4000 Hz at 25 dB HL bilaterally).  To rule out intellectual 

disability, participants were administered the Test of Nonverbal Intelligence (Brown, 

Sherbenou, & Johnsen, 1997) and required to score 75 or above (70 +1SEM, or 75).  As 

expected, scores on this measure (see Table 2) did not significantly differ between the 

two groups (t(1, 34) = -1.92, p > .05 [two-tailed], d = 0.64).   
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Table 2. 

Behavioral Test Scores for Participants by Group. 

 Group 
 Typical  Dyslexic 

  Mean   (SD) Range  Mean  (SD) Range 

TONI-31 109.17 (14.24) 85 - 135 99.33 (16.42) 79 - 140 
 
Literacy Measures 
WJ-III3  

    

Letter-Word 
Identification 

103.28 (7.27)** 93 - 120 87.44 (6.50) 70 - 96 

Reading Fluency 106.00 (13.79)* 86 - 135 95.11 (11.21) 80 - 117 
Passage 
Comprehension 

101.94 (5.37)** 91 - 111 93.11 (9.31) 71 - 108 

Word Attack 99.17 (7.97) ** 88 - 117 77.67 (5.99) 63 - 85 
     
Associated Measures     

Dictated Spelling2 11.06 (3.12)** 5 - 15 5.06 (2.84) 1 - 10 

CELF-4 WD2 12.39 (1.82)* 9 - 15 10.83 (1.92) 7 - 14 

Modified Token3 38.44 (5.38)** 20 - 44 33.22 (5.78) 21 - 40 

Pseudoword Repetition4 14.39 (1.95)** 11 - 18 12.44 (2.18) 9 - 17 

     

Toe Tapping     

Total Taps5 82.33 (15.42) 48 - 114 74.44 (16.13) 50 - 104 

10Taps6 2.21 (0.53)* 1.61 - 3.99 2.55 (0.58) 1.72 - 3.62 

Note. Standard scores reported with M = 100 and SD = 15, unless otherwise noted.  
1Test of Non-Verbal Intelligence-3rd Edition.  2Dictated Spelling was a raw score from 15-items.  3WJ- III = Woodcock 
Johnson Psychoeducational Battery-3rd Edition.  4Pseudoword Repetition was a raw score out of 21 items.  5Total Taps was 
the number of taps completed in 20 seconds.  6Total taps was seconds required to complete 10 taps 
*p < .05.  **p < .01. 
 

Group classification was based on a combination of self-report and clinical 

testing.  All individuals in the dyslexic group self-identified as either having a history of 

reading or writing difficulty (n = 7) or a history of speech or language services 

(unspecified as to type) (n = 11).  Two young adults in the typical group reported 

receiving therapy for single sound articulation errors in grade school only (/s/, /r/, & /z/).  

Despite early articulation errors, these two participants exhibited language and reading 

skills in the normal range.  Therefore, the criteria for inclusion the typical group was met 

and these two participants remained in the study.   
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In addition to self-report history, all young adults in the dyslexic group were 

required to exhibit current deficits in reading ability.  The Word Attack subtest of the 

Woodcock Johnson-III, Test of Achievement (WJ-III, Woodcock et al., 2001) was used 

to measure reading ability.  This subtest assesses an individual’s ability to read 

pseudowords in varying complexity and provides a measure of phonological processing.  

Pseudoword reading is an ideal measure for decoding, as individuals have no previous 

knowledge of the words.  When reading pseudowords, individuals must rely on the sub-

lexical route to decode and blend phonemes when reading the word.   In the present 

study, the operational definition of dyslexia is defined as a history of impairment and 1 

SD below the mean (standard score of ≤ 85) on the Word Attack subtest.  This cutoff 

value is similar to criteria used by other researchers identifying children with reading 

impairments (Catts et al., 2005; McArthur et al., 2000).  A cut score of -1 SD (16th 

percentile or a standard score ≤ 85) is likely to be a conservative criterion compared to 

more liberal definitions (25th percentile or a standard score < 90; Fletcher et al., 1994; 

Hoeft et al., 2007).  A similar criterion was used when identifying young adults with 

reading difficultly. A study by Gregg and Hoy (as cited in Woodcock et al., 2001) found 

college students with learning disabilities scored -1 SD on a basic reading cluster 

(reading words and pseudowords) and were significantly lower in basic reading ability 

compared to students without learning disabilities.   

Unfortunately, most studies do not distinguish between students with learning 

disabilities and those with reading impairments.  Dyslexia and language impairment are 

considered by some to be distinct but comorbid developmental disorders (e.g., Catts, et 

al., 2005).  Therefore, in addition to identifying individuals with dyslexia, the current 
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study collected data to determine language status.  Language status (i.e. language 

impairment or typical language) was confirmed using the method developed by Fidler, 

Plante, and Vance (2011).  These measures are validated for use with college-age adults 

and provides adequate sensitivity and specificity for identifying language impairment in 

adults (Fidler et al., 2011).  This identification method used a Modified Token Test 

(Morice & McNicol, 1985), a 15 item-spelling test, and a Word Definition subtest of the 

Clinical Evaluation of Language Fundamentals, 4th Edition (CELF-4; Semel, Wiig, & 

Secord, 2003) (see Table 3).  Two individuals in the typical group tested positive for 

language impairment.  These individuals did not report a history of language impairment 

and showed strong reading ability as measured pseudoword reading.  As such, these two 

individuals met the inclusion criteria for the typical group and remained in the study. 

Sixteen individuals in the dyslexic group exhibited comorbid language impairment.  The 

comorbid nature of the dyslexic group could impact the behavioral and neurological 

findings.  The extant imaging literature does not address co-morbid oral language and 

reading impairment, despite the high co-morbidity.  It is possible, however, that 

differences related to neural correlates of semantic processing could relate more to an 

oral language impairment than a reading impairment.  Although the dyslexia group 

scored significantly below the controls, both were functioning within normal limits 

overall.   
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Table 3. 

Outcomes on Associated Measures 

 Group 
 Typical  Dyslexic 

 Mean SD Mean SD 
Dictated Spelling1 11.06** 3.12 

 
5.06 2.84 

CELF-4 WD2 12.39* 
 

1.82 
 

10.83 1.92 

Modified Token3 38.44** 
 

5.38 
 

33.22 5.78 

Percentage Identified4 11.11 88.89 

Note. Standard scores reported with M = 100 and SD = 10, unless otherwise noted.  1Dictated Spelling 
is a raw score from 15 items.  2Clinical Evaluation of Language Fundamentals-4th Edition, Word 
Definitions.   3Modified Token is a raw score from 44 items. 4Percentage identified with developmental 
language impairment. 
*p < .05.  **p < .01. 

Behavioral Measures 

Literacy Skills 

Aspects of reading and reading-related cognitive skills were assessed using 

subtests from the WJ-III Test of Achievement (Woodcock et al., 2001 Measures included 

the letter-word identification, reading fluency, passage comprehension, and word-attack 

subtests of the WJ-III.  All subtests on the WJ-III have a raw score that was converted to 

a standard score (M = 100, SD = 15).  Scores on the 4 subtests were then used to obtain a 

composite reading score.  The broad reading score is a comprehensive measure of reading 

achievement. The individual subtests are described below. 

Word decoding. 

 
The letter-word identification subtest was used to measure and individual’s ability 

to accurately decode real words.  Reading real words measures an individual’s 

phonological processing skills, as well as their current lexicon.  A 76-item list ranged in 

difficulty from high to low frequency of occurrence.  Participants were instructed to read 

each word aloud individually.  Items were scored either correct or incorrect (i.e., 
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mispronounced or not read smoothly).  The raw score was the total number of correct 

items.   

Reading fluency. 

Speed and accuracy were measured using the reading fluency subtest of the WJ-

III.  Individuals are required to read a simple sentence and decide if the answer is ‘yes’ or 

‘no’.  For example, if the sentence was: ‘A fish lives on land’, the participant would 

circle ‘no’.  Participants are instructed to complete four practice items and given 

appropriate feedback.  Participants are then given three minutes to complete as many of 

the 98-items as possible.  Items are scored as either correct or incorrect.  Scoring takes 

into account the number of items correct, number of items incorrect, and the amount of 

time taken to complete the test. 

Reading comprehension. 

Passage comprehension and lexical knowledge were assessed using the passage 

comprehension subtest of the WJ-III.  This 47-item cloze subtest requires an individual to 

use syntactic and semantic cues to provide the missing word.  Participants are asked to 

silently read short paragraphs and provide one word that goes in a blank space.  The raw 

score was the total number of items correct.   

Pseudoword decoding.  

Phonological processing ability was measured using the 32-item word attack 

subtest of the WJ-III.  Pseudowords ranged in difficulty from simple to complex.  

Participants were instructed to read each pseudoword aloud individually.  Similar to word 

decoding, items were scored as either correct or incorrect (i.e. mispronounced or not read 

smoothly).  The raw score was the total number of pseudowords read correctly. 
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Associated Skills 

All participants completed additional language measures to describe language-

processing abilities beyond those describe for reading.  Associated deficits (spelling, 

short term memory, and motor control) for individuals with dyslexia were measured 

using the following tests. 

Spelling. 

A 15-item dictated spelling test was administered to all participants.  The spelling 

task consisted of regular and irregularly spelled word (Fidler et al., 2011).  Using 

irregularly spelled words, participants rely not only on phonological skills, but also on 

their written lexicon (influenced by literacy experience).  Each word was read aloud to 

the participant, used in a sentence, and then said again.  Participants were instructed to 

write the word on a sheet of paper provided.  Items were scored as either correct or 

incorrect (whole-word scoring).  The total score was the total number of items correct out 

of 15.   

Phonological memory. 

 
A pseudoword repetition task was used to assess working memory in relation to 

phonology.  All pseudowords were constructed using the five constraints outlined by 

Dollaghan and Campbell (1998).  Pseudowords increased in length and complexity 

starting with one-syllable and ending with five-syllable pseudowords (see Appendix A).  

Four pseudowords were one syllable in length, four were two syllables in length, four 

were three syllables, four were four syllables, and five were five syllables in length.  A 

female speaker of standard American dialect presented the 21-items on the computer 

using DirectRT (DirectRT v2012).  This ensured a standardized presentation of all 
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pseudowords.  Pseudowords were presented individually and participants were asked to 

repeat the word aloud exactly how it was heard.  No repetitions of the items were 

permitted and participant responses were recorded. Items were scored holistically as 

either correct or incorrect.  The raw score was the number of correctly produced 

pseudowords out of 21 total. 

Motor Function. 

 
All participants completed a toe-tapping task as a purported measure of cerebellar 

function (Nicolson & Fawcett, 1999).   Participants selected a foot to tap.  Participants 

removed their shoes in attempt to reduce variability associated with differing shoe type 

(i.e. heels vs. flip-flop, vs. tennis shoe).  A microphone was placed next to the 

participant’s foot to record the taps.  Participants were then instructed to tap their foot as 

fast as possible.  Audio files were analyzed and two measures were calculated.  The first 

measure was the amount of time, in seconds, required to complete10 taps.  Toe-taps were 

identified as peak amplitudes in the audio recording.  The second measure was interval 

consistency between each tap. Interval length was operationalized as the time from peak 

amplitude to the next.  Noise reduction of audio files was completed using GoldWave 

(2015).  The noise reduction procedure used frequency analysis techniques to remove 

background noise from the recording.  This technique is ideal because the background 

noise inherent to the audio file is used as the filter.  SoundForge (2016) was used for the 

remaining data analysis.  

Syntactic comprehension. 

 
The modified token test provided a measure of syntactic comprehension.  The 44-

item test requires individuals to listen to complete complex instructions.  An array of 
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eight different colored circular and square chips were arranged in front of the participant.  

Next, instructions were provided by a female voice on the computer using DirectRT.  

Repetitions of the items were not permitted.   Participants were then asked to carry out 

the instruction using the chips provided.  Items were scored either correct or incorrect to 

obtain a total score out of 44 items.     

Semantic knowledge. 

 
Semantic knowledge was assessed using the word definitions subtest of the 

CELF-4.  The 24-item test required individuals to provide a comprehensive definition of 

a single word.  An example and two practice items were given prior to starting the test.  

The research assistant presented words individually, used the word in a sentence, and 

instructed participants to define the word.  Definitions were scored a 2, 1, or 0 based on 

the scoring protocol.  Standard scores were calculated using the appropriate age norms 

(M = 10, SD = 3). 

Test Score Reliability 

Research assistants were employed to administer behavioral tests.  All research 

assistants completed comprehensive training and were require to score 93% or greater on 

a measure of test administration competency prior to testing independently.  Two 

randomly assigned research assistants collected inter-rater reliability on 17% of the 

behavioral measures including the TONI, Modified Token, CELF-4, WJ-III Letter-Word, 

WJ-III Passage Comprehension, and WJ-III Word Attack.  Inter-rater reliability was 

collected on 92% of the toe-tapping data.  Data were analyzed for the number of toe taps 

and interval lengths. 
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Intra-class correlation is a measure of inter-rater reliability (Hallgren, 2012).  A 

two-way random, consistency, single-measures intra-class correlation was calculated to 

assess the degree to which different pairs of research assistants scored behavioral 

measures similarly across subjects (McGraw & Wong, 1996).  Inter-rater reliability, for 

the test measures was found to be in the excellent range ICC = 0.94 (Cicchetti, 1994).  

There was a high degree of agreement between various research assistants when scoring 

behavioral measures. 

Study Design & Procedures 

 
All participants completed behavioral testing prior to the magnetic resonance 

imaging (MRI) portion of the study.  Additional screenings were completed to ensure 

participants were MRI compatible.   Participants with metal in their body, including 

permanent retainers, or who reported the use of psychiatric medications were excluded 

from the current study.  Movement during scan acquisition was measured and participant 

data was excluded from further analysis if movement exceeded more than 2 mm.  The 

image resolution, or voxel size, for the present study is 2mm.  Therefore, image 

resolution and the ability to co-resister multiple images would be compromised if a 

participant’s movement exceeds 2mm.  

Structural Image Acquisition 

All participants were scanned on a 32-channel head coil, 3-T Siemens Skyra 

running software Syngo MR V11a software.  A set scanner sequence was employed for 

all participants and included a localizer, field map, one anatomical scan (MPRAGE), and 

two diffusion weighted images (see Appendix B).  The initial localizer (14 seconds) 

provided a single-slice scan displayed in all three planes (sagittal, axial, and coronal).  
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The purpose of the localizer is twofold.  First, it allows for a visual inspection to ensure 

signal is not being lost during image acquisition.   

Second, the localizer is used to align anatomical regions of interest within the 

field of acquisition.  The field map (~60 seconds) is comprised of a magnitude image and 

phase image.  Three B0 images were collected and used in the field map.  B0 images map 

the gradient of the magnetic field, which differs in strength along all three axes (x, y, and 

z).  The B0 field maps are used during image reconstruction to correct for distortions.  

One T1-weighted anatomical scan (MPRAGE) was acquired in sagittal 

orientation.  The anatomical image provides a high-resolution volume to aid in 

registering diffusion weighted images to standard space.  This GRAPPA2 volume was 

collected left to right (TR = 2300, TE = 2.95, Flip angle 90, FOV 176 x 240, Matrix 176 

x 240 x 256).  Repetition time (TR) and echo time (TE) are two important factors that 

govern how magnetic resonance images are acquired.  The repetition time (TR) is the 

time interval between excitation pulses (Huettel, Song, & McCarthy, 2009).  The echo 

time (TE) is the time interval between the excitation pulse and data acquisition.   

Image acquisition of the cerebellum varied among participants.   The number of 

slices used for some participants during scanning did not cover the inferior cerebellum.  

Based on the Cerebellar model, only the superior portion of the cerebellum was of 

interest in the present study.  Therefore, participants were included in the study if 

scanning parameters were such that the superior cerebellum was retained.  A measure of 

cerebellum completeness is reported to quantify the amount of cerebellum included for 

any given participant.  The Jaccard Index of Similarity (Jaccard, 1908) was used to 

compare the original mask volume to the participant’s scan volume.  A value of one 
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indicates 100% overlap between the mask volume and scan volume, or cerebellum 

completeness.  Table 4 includes lists the Jaccard index of similarity coefficients in the left 

and right cerebellum for each participant.    

Table 4. 
Jaccard Index of Similarity in the Cerebellum 
by Hemisphere 

 Left  Right  

Typical   
sub179 0.82 0.80 
sub182 0.86 0.86 
sub213 0.92 0.92 
sub229 0.76 0.79 
sub231 1 1 
sub253 0.99 0.99 
sub261 1 1 
sub262 0.99 0.99 
sub263 0.90 0.93 
sub275 0.65 0.63 
sub294 1 1 
sub300 1 1 
sub308 1 0.99 
sub309 1 1 
sub319 0.98 1 
sub320 1 1 
sub321 1 1 
sub322 1 1 

Dyslexic   
sub177 0.88 0.90 
sub191 0.56 0.56 
sub205 0.75 0.77 
sub214 0.78 0.73 
sub233 0.67 0.69 
sub273 1 1 
sub282 1 1 
sub283 1 1 
sub285 1 1 
sub286 0.99 0.96 
sub296 1 1 
sub306 0.95 0.97 
sub311 1 0.99 
sub315 1 1 
sub327 1 1 
sub332 1 1 
sub333 0.99 0.99 
sub334 1 1 

Note: Coefficient of 1 refers to complete acquisition of the 
cerebellum. 
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Diffusion Weighted Image Acquisition  

Diffusion motion, or Brownian motion, is the inherent movement of water 

molecules (Mori, 2007).  Diffusion weighted imaging measures the amount of molecular 

motion in a given area.  Gradient pulses are applied to the magnetic field, making the 

signal sensitive to molecular motion (i.e. the gradient “diffusion-weights” the signal) 

(Mori, 2007).  As previously mentioned, diffusion of water molecules can be either 

isotropic (random movement) or anisotropic (ordered movement). Water molecules 

diffuse between 5-10 micrometers (µm) during image acquisition, providing information 

about structure and direction.  

Diffusion weighted images (anterior-posterior: TR = 11500, TE = 86, FOV 256 x 

256 x 128; Matrix 128 x 128 x 74, bipolar, B = 1000, interleaved slices, 30 directions, 2 

B0 images, GRAPPA2, 1 average, 1 echo; posterior-anterior: same as anterior-posterior 

but reversed phase encode, 1 B0 image) were acquired with two phase encode directions 

to facilitate the use of preprocessing tools.  Interleaved slice acquisition was used to 

prevent cross talk between slices.  Instead of acquiring slices in order (1, 2, 3, 4 etc.), 

slices acquisition alternates (1, 3, 2, 4 etc.).  This approach optimizes image acquisition 

time, while preventing signal overlap. 

DTI Data Processing  

Data processing steps were implemented using FMRIB’s Diffusion Toolbox 

(FDT; see Behrens, 2007), part of FMRIB Software Library are outlined in Table 5 (FSL; 

see Smith 2004).  
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Table 5.  
FMRIB Diffusion Toolbox Processing Steps 

Step Description 

Eddy Current Correct (EDDY) Corrects for distortions and head 
movements. 

Brain Extraction Tool (BET) Removes any non-brain tissue from the 
image. 

Diffusion Tensor Imaging FIT (DTIFIT) Fits diffusion tensor model to each voxel. 

Bayesian Estimation of Diffusion 
Parameters Obtained using Sampling 
Techniques (BEDPOSTx) 

Local modeling of diffusion parameters. 

Registration Transforms data from structural (native) 
space to standard space. 

Probabilistic Tractography (Probtractx) Tractography and connectivity-based 
cortical segmentation. 

Note: FMRIB Software Library (FSL) FRMIB’s Diffusion Toolbox was used during various processing stages. 

 

Diffusion weighted data are susceptible to distortions induced by different aspects 

of the scanning environment.  To aid in the correction of susceptibility-induced 

distortions, B0 images with reversed phase-encode blips were collected.  Reverse phase 

images have distortion in opposite directions, which allows for the estimation of the 

susceptibility-induced off-resonance field (TOPUP; Andersson, 2003). Rapid switching 

of the diffusion weighted gradients can cause distortions known as an eddy current-

induced off-resonance field.  Diffusion weighted gradients pulse rapidly during image 

acquisition to change the field strength, resulting in stretching and shearing of diffusion 

weighted images.  Current-induced distortions and distortions resulting from participant 

head movement were corrected using eddy current correction (EDDY; Jesper et al., 

2016).  Next, a diffusion tensor model was fit to each voxel (DTIFIT).  Files containing 

gradient information (bvecs) and b values (bvals) were used to create the tensor model. 

The tensor is a 3x3 matrix for each voxel representing 1) direction and 2) shape of proton 

diffusion. Eigenvectors contain information about the orientation of the vector in 3 
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dimensions, providing directionality.  The principle eigenvector (V1) is the eigenvector 

associated with the largest eigenvalue and can be represented by a line (see Figure 5).   

     

Figure 5. Eigenvectors displayed as lines in diffusion weighted data. Image on the left depicts 

principle eigenvector (V1) image modulated by the measure of fractional anisotropy (FA).  
Image on the right is a close up showing the principle direction of the vector in each voxel. 

 

The principle eigenvector shows the primary direction water molecules moved in 

each voxel during image acquisition. Shape of diffusion is captured in eigenvalues.  

Eigenvalues (L1, L2, and L3) contain information about the length protons traveled in 

each of the three orthogonal directions (x, y, and z).  If all eigenvalues are equal, 

diffusion is isotropic with a value of zero.  When movement is constrained in all but one 

direction, diffusion is anisotropic with a value of 1.  Thus, fractional anisotropy is a 

measure of diffusion asymmetry in a voxel calculated using eigenvalues. The principle 

eigenvector and fractional anisotropy were used in subsequent data processing and 

analysis. 

Tractography & Parcellation  

 
Tractography is a 3-dimenional tracking technique used to track trajectories and 

the relationship between fiber pathways and gray matter structure (Mori, 2007). 
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Deterministic and probabilistic are two widespread tracking methods for reconstructing 

tracts using DTI data. 

Deterministic tractography identifies a single pathway, resulting in elegant visual 

representations of white matter pathways in the brain.  The pathway is propagated from a 

seed point and tracked linearly along the principle eigenvector (V1) orientation (Mori, 

2007). It is assumed that the principle eigenvector (V1) is parallel to the dominant fiber 

orientation of the tract in each voxel.  A primary limitation of deterministic tractography 

is that the principle eigenvector (V1) in each voxel is an estimate of directional flow.  

True fiber orientation might deviate from the estimated principle eigenvector, resulting in 

a different trajectory (Mori, 2007).  Probabilistic tractography attempts to account for the 

limitations of the deterministic approach and provide a more representative, albeit less 

elegant, reconstruction of white matter in the brain.  Instead of propagating a path based 

on a single principle eigenvector, probabilistic tractography uses an estimation of two 

fiber orientations in each voxel.  

The present study used probabilistic tracking with crossing fibers and 

classification targets to investigate connectivity in the brain.  Diffusion parameters at 

each voxel were estimated using Bayesian estimation of diffusion parameters obtained 

using sampling techniques (BEDPOSTX; Behrens et al., 2007).  Underlying fiber 

structure was modeled by determining the directionality for 2 fibers in each voxel (see 

Figure 6).  Principle diffusion directions resulting from the Bayesian estimation are 

similar to principle eigenvectors.  Dyadic vectors show uncertainty about the true 

direction of diffusion.  Modeling two fibers per voxel accounts for crossing fibers in a 

voxel and provides a more representative estimation of the underlying fiber structure.  
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Figure 6. Dyadic vectors displayed as lines in diffusion weighted data. Image on the left 

depicts dyadic vectors (1 and 2) overlaid on structural image.  Image on the right is a close up 
showing dyadic vectors (1 = red, 2 = blue) in each voxel. 

Next, estimated diffusion directions obtained in the previous step were used to run 

the tractography analysis with classification targets (Probtackx).  Classification targets 

used in the tracking analysis were defined a priori by the reading models (see Table 1). 

Anatomical masks of seed/target regions were created in FSLview prior to completing 

tract reconstruction.  Masks were used to restrict the subsequent tracking analysis to a 

subset of voxels.  In this study, masks were created for all gray matter regions and white 

matter tracts of interest.  Gray matter masks were atlas-based and white matter masks 

were based on tractography.  A standard template (MNI152_T1_1mm) in conjunction 

with the MNI and Harvard-Oxford cortical structural atlases were used to identify 

anatomical boundaries in standard space, and binarized.  The resulting mask was a binary 

image where a value of 1 was given to voxels in the region of interest a value of 0 was 

given to voxels outside the region of interest.   

Next, probabilistic tractography was employed to create tract masks using the 

newly created seed/target region masks.  Seed and target regions were specified for each 

tract (see Table 1) and tracts were run on a sample participant.  Probabilistic tractography 
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starts at a voxel in the seed region and identifies voxels that are likely connected based on 

the estimated diffusion parameters.  This process continues, connecting voxels, until the 

tract passes through a voxel in the target region.  Identifying connected voxels relies on 

probabilities, making it possible to obtain a slightly different pathway if tracking from the 

seed to the target region was completed a second time. A total of 5000 samples were 

completed to ensure convergence was reached with regard to tract identification.  The 

output is a connectivity image showing the probability that voxels between the seed and 

target are connected.  A threshold was applied to the resulting connectivity image.  The 

exact threshold varied by tract and was used only as a starting point to create the final 

mask.  White matter tract masks were created in FSLview from the connectivity images 

obtained using probability tractography on a sample subject.  The connectivity images 

were transformed to standard space, binarized, and inverted.  White matter tract masks 

were combined with corresponding inverse gray matter masks.  The resulting cortical 

mask was a binary image where a value of 1 was given to all voxels outside the tract and 

connected gray matter regions of interest and a value of 0 was given to all voxels inside 

the tract and connected gray matter regions of interest.  Anatomical variation among 

subjects was expected and considered when creating gray matter and white matter masks.  

Visual inspection and manual edits of the masks ensured adequate coverage of the 

targeted regions and tracts.  Gray matter and white matter masks were intentionally 

liberal to ensure connectional endpoints were identified.  The subsequent procedure 

(bidirectional iterative parcellation) is intended to reduce both cortical regions and fiber 

pathways.   
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Cortical parcellation refers to the segmentation of a region based on distinct 

structural characteristics.  One of the most widely used examples of cortical parcellation 

is seen in the use of Brodmann areas. These areas were distinguished by structural 

characteristics – distribution of cell types.  Connectivity based parcellation segments 

cortical regions by the connected architecture (Behrens, 2005).  The present study 

segmented cortical regions (gray matter regions of interest) at both ends of a tract based 

on connectivity using bidirectional iterative parcellation (Patterson, Van Petten, Beeson, 

Rapcsak, & Plante 2014). 

Bidirectional Iterative Parcellation (BIP) 

 
Bidirectional iterative parcellation (BIP) is a novel technique combining and 

automating probabilistic tractography and cortical parcellation, in a bidirectional manner.    

This method was used to identify all fiber pathways and cortical regions of interest for 

the study (Table 1).  Output from this method included the identification of a given fiber 

pathway, while providing the size and location of both connected cortical regions 

(Patterson et al., 2014).  Two constraints were used to improve the accuracy of the 

analysis.  First, termination masks (inverse cortical masks) were used to prevent tracking 

outside the designated regions of interest (i.e. tract and corresponding two endpoints).  

Second, cerebrospinal fluid masks were used to prevent tracking across cerebrospinal 

fluid.  Bidirectional iterative parcellation was conducted in native space for all eight 

tracts of interest. Probabilistic tractography with classification targets, as previously 

described, was used to reconstruct the tract using the corresponding gray matter masks as 

classification targets.  As noted, tracking began in a single voxel of the seed region, 

identified connecting voxels, and terminated in the target region.  A total of 5000 
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streamline samples from all voxels within the seed region were completed to ensure 

convergence was reached with regard to tract identification.  An iteration in one direction 

was completed when each voxel was sampled and terminated in the target region, passing 

through the fiber tract.  Voxels in a seed region connected to the target region via the tract 

with a certain probability.  If the probability of connectivity for a given voxel was 0, it 

was discarded from subsequent iterations.  The process continued, iteratively, until all 

voxels in the seed region were connected to the pathway with any degree of probability 

(< 0).  The same process was completed in the opposite direction, where the previous 

target region became the seed region and vice versa. This process resulted in two 

reconstructions for each tract.  The two reconstructions were averaged to obtain a single 

pathway.  Stabilization in each direction was required before the procedure terminated.  

Final tracts were thresholded at 5% probability, binarized, warped into standard space, 

and masked with whole brain white matter segmentation.  Final seed regions were 

warped into standard space and masked with whole brain gray matter segmentation.  

Output measures included average fractional anisotropy for tract and volume in cubic 

millimeters for cortical regions.  

Tract-Based Spatial Statistics (TBSS) 

 
Tract-based spatial statistics (TBSS) is a voxel-wise statistical analysis of 

diffusion weighted imaging data (see Smith 2006). This whole-brain approach compares 

the fractional anisotropy in a voxel between the two groups.  In contrast to bidirectional 

iterative parcellation, this method can identify differences in subregions of a given tract. 

All preprocessing steps were completed using FMRIB’s Diffusion Toolbox (FDT; 

see Behrens, 2007).  DTI data were processed and voxel-wise statistics were conducted 
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according to the procedures described by Smith (2006), part of FSL (Smith, 2004). 

Diffusion weighted images were eroded to remove potential outliers that can result from 

imprecise diffusion tensor fitting. Nonlinear registration using FNIRT was applied to 

align all subjects’ fractional anisotropy images to a 1x1x1mm standard template (see 

Anderson 2010).  The FMRIB58_FA standard target image used for registration was 

derived from 58 healthy male and female adults 20-50 years of age. The post-registration 

step transformed the images to standard space.  The standard template was determined to 

be appropriate for the current data set after images were visually inspected to ensure 

adequate alignment.  Next, a mean FA skeleton was created and represented the highest 

region of fractional anisotropy along all tracts. The skeletonized FA image/mask had a 

threshold of FA > .20.    Each subject's aligned FA data was projected onto the 

skeletonized mask.  Voxels where fractional anisotropy met the threshold of .20 and fell 

within the skeletonized mask were retained for group analysis.    
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CHAPTER 4 – RESULTS 

Behavioral Data 

 

Question 1. 

Are deficits in reading ability for young adults with dyslexia restricted to the literacy 

domain or dispersed among reading and associated behavioral domains? 

Literacy Skills 

 
Literacy was measured through four behavioral tasks including word decoding, 

reading fluency, reading comprehension, and pseudo-word decoding.  The present study 

utilized a two-way factorial design with group as the between-subject variable and 

literacy as the within-subject variable. A mixed analysis of variance (ANOVA) was 

conducted to determine the extent to which literacy differs between the two groups.  The 

mixed ANOVA revealed a main effect for group (F(1, 34) = 48.54, p < .001, ƞ2 = .59) 

and for literacy (F(1, 34) = 17.75, p < .001, ƞ2 = .34).   Post-hoc analyses (Tukey HSD) 

were conducted to identify the location of the significant effects for group. As predicted, 

young adults with dyslexia performed lower on all literacy measures compared to typical 

peers.  Individuals with dyslexia had lower word decoding (p < .001), lower reading 

fluency (p = .004), and lower reading comprehension (p = .03) than typical peers.  

Pseudo-word decoding was the behavioral measure used to determine group 

classification.  The dyslexic group had significantly lower pseudo-word decoding scores 

than the control group (p < .001).   

Overall, young adults with dyslexia continue to show impairments in literacy 

skills. Deficits in literacy range from lower-level tasks such as phonological decoding to 

higher-level tasks such as reading comprehension (see Figure 7).  
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Figure 7.  Performance on literacy measures for participants in each group. Error bars depict standard error for each group.  

 

Associated Skills 

 
Additional behavioral measures were tested to determine if deficits in young 

adults with dyslexia extended to other behavioral skills.  These included spelling ability, 

phonological memory, syntactic comprehension, and semantic knowledge, and motor 

function.  One-tailed t-tests were calculated for each measure. These behavioral measures 

were standardized but not norm referenced.  Therefore, a t-test was calculated for each 

measure separately to determine deficits in the dyslexic group.  It was hypothesized the 

dyslexia group would be significantly worse on all measures.  The dyslexic group had 
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significantly lower scores on spelling (t(1, 34) = -6.04, p < .001, d = 1.92), phonological 

memory (t(1, 34) = -2.83, p = .004, d = .90), syntactic comprehension (t(1, 34) = -2.81, p 

= .004, d = .90), and semantic knowledge (t(1, 34) = -2.50, p = .009, d = .81).  Motor 

function was measured as the total number of taps completed in 20 seconds and the 

amount of time needed to complete 10 toe-taps.  There was no difference between the 

total number of taps completed for the dyslexic group and the control group (t(1, 34) = -

1.50, p = .07, d = .49).  However, the dyslexic group required significantly more time to 

complete 10 toe-taps than control the control group (t(1,34) = 1.85, p = .04, d = .59). 

Thus, young adults with dyslexia exhibited weakness in all associated skill areas, 

including motor function (see Figure 8). 
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Figure 8.  Performance on associated measures for participants in each group. Error bars depict standard error for each group.  
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Imaging Data 

 

Question 2. 

Are there structural brain differences between young adults with dyslexia and controls? 

Table 1 provides a list of all gray matter regions and the white matter pathways 

connecting the regions.  The design of the present study is a three-way factorial design 

with one between-subject variable and two within-subject variables.  Fractional 

anisotropy (FA) and gray matter volume were analyzed separately. This study 

investigated three independent variables including group, hemisphere, and neural 

structure.  The main effect of a single variable and the interaction effects between two or 

more variables can be determined using an analysis of variance (ANOVA). Two mixed 

ANOVAs, one for white matter integrity and one for gray matter volume, were conducted 

to determine the extent to which neural structure differs among the two groups. 

White Matter Integrity 

 
The first mixed ANOVA was used to determine if fractional anisotropy was 

different in individuals with and without dyslexia.  A 2 x 2 x 8 factorial design was used, 

with the first factor, group, being a between-subject variable with two levels (dyslexia 

and control).  The second factor, hemisphere, was a within-subject variable with two 

levels (left and. right).  The final factor, tract, was a within-subject variable with eight 

levels (arcuate, aslant, superior longitudinal fasciculus, inferior longitudinal fasciculus, 

inferior occipital fasciculus, vertical occipital fasciculus, uncinate fasciculus, and superior 

cerebellar peduncle).   The dependent measure was mean fractional anisotropy of the 

white matter pathways.  Bidirectional iterative parcellation (BIP) provided an average 

measure of fractional anisotropy for each targeted tract.  A fraction of certain tracts in 
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various subjects were not identified (3.3% were unidentified) using the BIP method (see 

Table 6).  The following results are based on mean substitutions for each group.     

Table 6.   

Missing White Matter Tract by Group and Hemisphere 

Group Tract Hemisphere 

Typical   

15-222 Superior Longitudinal Fasciculus L R 

15-278 Inferior Occipital Fasciculus L R 

16-122 Superior Cerebellar Peduncle  R 

16-229 Superior Longitudinal Fasciculus L  

Dyslexic    

15-102 Superior Cerebellar Peduncle  R 

15-233 Superior Longitudinal Fasciculus L  

16-146 Inferior Occipital Fasciculus L R 

16-163 Superior Longitudinal Fasciculus L  

16-176 Inferior Occipital Fasciculus L  

16-201 Superior Longitudinal Fasciculus L  

16-270 Inferior Occipital Fasciculus L  

 Arcuate Fasciculus  R 

16-273 Inferior Occipital Fasciculus L R 

 Vertical Occipital Fasciculus  R 

16-279 Inferior Occipital Fasciculus L  

Note: L, left; R, right. 

 

The mixed ANOVA revealed no main effect of group, F(1, 34) = .08, p = .78, ƞ2 

= .002 and no main effect of hemisphere, F(1, 34) = .15, p = .70, ƞ2 = .004.  There was a 

significant main effect for tract, F (7, 238) = 104.81, p < .001, ƞ2 = .76, and a significant 

interaction for tract by hemisphere, F (7, 238) = 9.7, p < .001, ƞ2 = .22.  There were no 

significant interactions for group by hemisphere (F(1, 34) = .67, p = .42, ƞ2 = .02), group 

by tract (F (7, 238) = 1.44, p = .19, ƞ2 = .04, or group by hemisphere by tract (F (7, 238) 

= 1.01, p = .42, ƞ2 = .03).  

Least Squares comparisons were conducted to determine the location of the 

significant effect for tract (see Figure 9).  The following tracts had significantly higher 

fractional anisotropy in the left hemisphere: Aslant, superior longitudinal fasciculus, 

uncinate fasciculus, and the vertical occipital fasciculus.  In contrast, the superior 
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cerebellar peduncle and the inferior occipital fasciculus had significantly larger fractional 

anisotropy in the right hemisphere.  

 

 
Figure 9. Tracts with significantly different fractional anisotropy by hemisphere. 

 

These findings were based on whole-tract averages.  Differences at the whole 

tract level might mask true difference in subregions of a tract.  To address this problem, 

tract-based spatial statistics (TBSS) were used to determine whether subregions within a 

tract were significantly different between the two groups.  Tract-based spatial statistics 

(TBSS) were used to identify whether fractional anisotropy differed between the two 

groups.  Only voxel clusters within a priori tracts of interest were included in the results. 

Figure 10 shows regions of higher fractional anisotropy for the control compared to 

dyslexic group.  Figure 11 shows regions of higher fractional anisotropy for the dyslexic 

compared to the control group.    
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The control group exhibited higher fractional anisotropy in posterior language 

regions including the left vertical occipital fasciculus adjacent to the angular gyrus, and 

bilateral inferior occipital fasciculus adjacent to the occipital region.  Increased fractional 

anisotropy for the control group was also found in the uncinate fasciculus adjacent to the 

frontal pole, and bilateral superior cerebellar peduncle of the cerebellum.  In contrast, the 

dyslexic group exhibited higher fractional anisotropy in the anterior left aslant adjacent to 

the supplementary motor area, right inferior longitudinal fasciculus adjacent to the 

temporal lobe, and right vertical occipital fasciculus. 

   
L Vertical occipital fasciculus (x = -43, y = -61, z = 34) 

   
L Inferior occipital fasciculus (x = -43, y = -73, z = 4) 



79 

   
R Inferior occipital fasciculus (x = 11, y = -87, z = -2) 

   
R Uncinate fasciculus (x = 27, y = 39, z = -12) 

   
L Superior cerebellar peduncle (x = -13, y = -54, z = -34) 

   
R Superior Cerebellar Peduncle (x = 13, y = -70, z = -35) 

Figure 10.  Control > Dyslexic. Clusters show regions of greater fractional anisotropy in the Control group. L, left; R, right. 
Statistical maps (p < .05; uncorrected) overlaid on MNI152_T1_1mm standard template.  Coordinates refer to standard brain 
imaging coordinates developed by the Montreal Neurological Institute (MNI). 
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L Aslant (x = -18, y = -5, z = 64) 

   
R Vertical occipital fasciculus (x = 43, y = -65, z = 27) 

   
R Inferior longitudinal fasciculus (x = 40, y = -34, z = 6) 

Figure 11.  Dyslexic > Control.  Clusters show regions of greater fractional anisotropy in the Dyslexic group. L, left; R, right. 

Statistical maps (p < .05; uncorrected) overlaid on MNI152_T1_1mm standard template.  Coordinates refer to standard brain 
imaging coordinates developed by the Montreal Neurological Institute (MNI). 

 
 
 
 
 
 
 
 



81 

Gray Matter Volume 

 
A second mixed ANOVA was conducted to determine whether connecting gray 

matter differed between individuals with and without dyslexia.  A 2 x 2 x 16 factorial 

design was employed.  The first two factors were the same as in the previous mixed 

ANOVA.  The first between-subject factor was group (dyslexic and control) and the 

second, within-subject, factor was hemisphere (left and right).  The third, within-subject 

factor, was gray matter region of interest.  Each tract connected two different gray matter 

regions, resulting in 16 different regions.  The dependent measure from the bidirectional 

iterative parcellation method (BIP) was volume in cubic millimeters (mm3).  As 

previously mentioned, the BIP method failed to identify a small fraction of the tracts 

(3.3%), and thus the volume of cortical endpoints for those tracts were not available (see 

Table 7).  The following results are based on mean substitutions to account for the 

missing data.  

The mixed measures ANOVA revealed no significant main effect of group, F(1, 

34) = 3.9, p = .056, ƞ2 = .10, or hemisphere F(1, 34) = 4.0, p = .053, ƞ2 = .11.  There was 

a significant main effect of region F(15, 510) = 209.67, p < .001, ƞ2 = .86 and a 

significant group by region interaction F(15, 510) = 3.86, p < .001, ƞ2 = .10 and region by 

hemisphere interaction F(15, 510) = 10.79, p < .001, ƞ2 = .24.  There were no significant 

interactions for group by hemisphere (F(1, 34) = .92, p = .35, ƞ2 = .03) or group by 

hemisphere by region (F(15, 510) = 1.28, p < .21, ƞ2 = .04). 
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Table 7. 
Missing Cortical Endpoints by Group and Hemisphere 

Group Endpoint Hemisphere 

Typical   
15-222 Angular Gyrus L R 
 Inferior Frontal Gyrus L R 
15-278 Inferior Frontal Gyrus L R 
 Occipital Region L R 
16-122 Cerebellum  R 
 Thalamus L  
16-229 Angular Gyrus L  
 Inferior Frontal Gyrus L  

Dyslexic    
15-102 Cerebellum  R 
 Thalamus L  
15-233 Angular Gyrus L  
 Inferior Frontal Gyrus L  
16-146 Inferior Frontal Gyrus L R 
 Occipital Region L R 
16-163 Angular Gyrus L  
 Inferior Frontal Gyrus L  
16-176 Inferior Frontal Gyrus L  
 Occipital Region L  
16-201 Angular Gyrus L  
 Inferior Frontal Gyrus L  
16-270 Inferior Frontal Gyrus L  
 Occipital Region L  
 Inferior Frontal Gyrus  R 
 Temporal Parietal region  R 
16-273 Inferior Frontal Gyrus L R 
 Occipital Region L R 
 Angular Gyrus  R 
 Visual Word Form Area  R 
16-279 Inferior Frontal Gyrus L  

 Occipital Region L  

Note: L, left; R, right. 
 

A post-hoc analysis was used to determine which regions were significantly 

different between the two groups.  The Tukey HSD post-hoc analysis found the left 

occipital region connected to the inferior occipital fasciculus had significantly larger 

volume in the control compared to the dyslexic group (p < .001) (see Figure 12). 

Least Squares comparisons were conducted to determine the significant effect of 

region (see Figure 13).  The following regions showed significantly higher gray matter 
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volume in the left hemisphere: Cerebellum of the superior cerebellar peduncle (p = .001), 

occipital region of the inferior occipital fasciculus (p = .01), and the inferior frontal gyrus 

of the uncinate fasciculus (p = .001).  In contrast, the following regions had significantly 

higher gray matter volume in the right hemisphere: Inferior frontal gyrus of the arcuate 

fasciculus (p = .01), supplementary motor area of the aslant (p = .04), visual word form 

area of the inferior longitudinal fasciculus (p = .001), angular gyrus of the superior 

longitudinal fasciculus (p = .001), anterior temporal lobe of the uncinate fasciculus (p = 

.001), and the visual word form area of the vertical occipital fasciculus (p = .01). 

 

 

Figure 12. Significant difference in gray matter volume between the two groups.  

p < .001 
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Region by Hemisphere Interactions
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Figure 13. Significant difference for gray matter regions by hemisphere. IFG, inferior frontal gyrus; SMA, 

supplementary motor area; Cb, cerebellum; VWFA_ILF, visual word form area adjacent to the inferior longitudinal 
fasciculus; OL, occipital lobe; AG, angular gyrus; ATL, anterior temporal lobe; FP, frontal pole; VWFA_VOF, visual 
word form area adjacent to the vertical occipital fasciculus.   

 

Question 3:  

Are there brain-behavior relationships that are consistent with the theoretical models of 

reading? 

This study investigated how behavior measures are associated with neural 

anatomical structures. 

White Matter Integrity 

 
Correlations were run separately for the dyslexic and control groups because of 

the group differences found for the behavioral measures.  Product-Moment correlations 

were conducted between fractional anisotropy and norm referenced behavioral measures, 

which included word decoding, reading fluency, passage comprehension, pseudoword 

decoding, and semantic knowledge.  Model driven correlations were found between 
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passage comprehension and fractional anisotropy in the left arcuate fasciculus (r = .60, p 

= .008), and the bilateral uncinate fasciculus (left: r = .62, p = .007; right: r = .60, p = 

.008), for the control group (see Figure 14). The dyslexic group showed no significant 

model driven correlations.   

Partial correlations, controlling for age, were conducted between fractional 

anisotropy and behavioral measures that were standardized but not norm referenced and 

included the modified token test, spelling test, total number of toe taps, amount of time 

required to complete 10 toe taps, and non-word repetition.  The only model driven 

correlation found was a negative correlation between motor function and the right aslant 

(r = -.58, p = .014), for the control group.  No meaningful correlations were found in the 

dyslexic group. 
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Reading and White Matter Integrity  
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Reading and White Matter Integrity  

Left Uncinate Fasciculus

Correlation: r = .62, p = .007
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Figure 14.  Significant Pearson Product-Moment correlations between reading ability and white matter integrity for the 

Control group.  Note: y-axis scale starts are 0.25. Fractional anisotropy ranges from 0 - 1.  
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Gray Matter Volume 

 
Correlations were conducted to determine the relationship between the volume of 

selected gray matter regions and behavioral measures.  Pearson product-moment 

correlations were run between all norm referenced measures and gray matter volume, 

whereas partial correlations were run on non-norm referenced measures and gray matter 

volume.   

In the control group, model driven correlation were found between word decoding 

and gray matter volume in the left inferior frontal lobe (r = -.48, p = .05) and the left 

angular gyrus (r = -.68, p = .002) (see Figure 15).  These regions were the anterior and 

posterior endpoints of the left superior longitudinal fasciculus.  Motor control was 

negatively correlated with volume in the left cerebellum (r = -.51, p = .04), the endpoint 

of the superior cerebellar peduncle.   
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Decoding and Gray Matter Volume
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Figure 15.  Significant Pearson Product-Moment correlations between reading ability and gray matter volume for the 

Control group.  

 

The following model driven correlations were found in the dyslexic group (see 

Figure 16).  Pseudoword decoding was positively correlated with volume in the right 

inferior frontal gyrus (r = .49, p = .04).  Semantic knowledge was positively correlated 

with volume in the right inferior frontal gyrus (r = .6, p = .008) and the right 

supplementary motor area (r = .49, p = .04).  These regions were the endpoints of the 

right aslant.   
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Language and Gray Matter Volume 
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Language and Gray Matter Volume 
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Pseudoword Decoding and Gray Matter Volume  
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Figure 16.  Significant Pearson Product-Moment correlations between language ability and gray matter volume for the 

Dyslexic group.  
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The correlations provide information on how the two groups differ in the neural 

correlates of reading and language related tasks.  Overall, the control group demonstrated 

neural correlates between behavioral measures and white matter integrity, as well as gray 

matter volume across the both hemispheres.  In contrast, the dyslexic group showed 

neural correlates between behavioral measures and gray matter volume only in the right 

hemisphere (see Figure 17).      

Control Group 

 
Dyslexic Group 

       
 

Figure 17.  Schematic representation of all significant correlations in each group. Note: Purple represents overlapping 

regions of the Dorsal-Ventral and Cerebellar Deficit Models.  Dashed lines depict white matter pathways.  PC, passage 
comprehension; WD, word decoding; MF, motor function; SK, semantic knowledge; PWD, pseudoword decoding; L, left 
hemisphere; R, right hemisphere.  +positive correlation; -negative correlation. 
*p < .05 
**p < .01      
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Question 4. 

What is the relationship between white matter pathway and gray matter endpoint? 

A series of multiple regressions will be used to determine the relationship 

between the gray matter endpoints and the connecting white matter tract.  This will 

address the extent to which gray matter volumes are inherently related to white matter 

integrity.  Multiple regressions were calculated for the left and right hemisphere 

separately (see Table 8). 

Table 8.    
Multiple Regressions for Tracts and Endpoints in each Hemisphere 

White Matter Tract Cortical Endpoints Left  Right  

Arcuate Fasciculus A: Inferior Frontal Gyrus R² = .14 
 

R² = .07 
 

 B:Temporal Parietal Region   

Superior Longitudinal 
Fasciculus 

A: Angular Gyrus  
 

R² = .35* 
 

R² = .02 
 

 B: Inferior Frontal Gyrus    
Inferior Longitudinal 
Fasciculus 

A: Anterior Temporal Lobe R²= .16 
 

R² = .23* 
 

 B: Visual Wordform Area   
Aslant A: Inferior Frontal Gyrus R²= .11 

 
R² = .09 
 

 B: Supplementary Motor Area   

Inferior Occipital 
Fasciculus 

A: Inferior Frontal Gyrus R²= .13 
 

R² = .22 
 

 B: Occipital region   
Vertical Occipital 
Fasciculus 

A: Angular Gyrus R²= .007 
 

R² = .04 
 

 B: Visual Wordform Area   
Uncinate Fasciculus A: Anterior Temporal Lobe R² = .02 

 
R² = .03 
 

 B: Inferior Frontal Gyrus   
Superior Cerebellar 
Pedunclea 

A: Cerebellum  
 

R²= .52* 
 

R² = .60* 
 

 B: Thalamus   
Note: a The superior cerebellar peduncle is the only contralateral tract.  All other tracts are ipsilateral. 
*p < .05 

 

In the left hemisphere, gray matter volume in the endpoint accounted for a 

significant amount of variance in the superior longitudinal fasciculus (F(2, 33) = 8.91, p 
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< .001) and the superior cerebellar peduncle (F(2, 33) = 18.16, p < .001).  The superior 

longitudinal fasciculus was connected to the inferior frontal lobe and the angular gyrus.  

Overall, the endpoints accounted for 35% of the variance in the superior longitudinal 

fasciculus.  The superior cerebellar peduncle was connected to the right cerebellum and 

left thalamus.  Overall, the endpoints accounted for 52% of the variance in the superior 

cerebellar peduncle.  In the right hemisphere, the anterior temporal lobe and visual word 

form area accounted for 23% of the variance in the inferior longitudinal fasciculus 

(F(2,33) = 4.88, p = .01).  Similar to the left hemisphere, the left cerebellum and the right 

thalamus accounted for 60% of the right superior cerebellar peduncle (F(2, 33) = 24.67, p 

< .001). 
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CHAPTER 5 – DISCUSSION 

 

The Dorsal-Ventral and Cerebellar Deficit models of reading postulate similar 

but distinct differences related to reading.   This study used stringent inclusionary criteria 

for identifying young adults with dyslexia, and revealed comorbid language impairment.  

Previous models of reading impairment were used to define anatomical regions of 

interest, allowing us to perform hypothesis testing on a limited set of regions in an a 

priori fashion.  The results demonstrate behavioral and neuroanatomical differences the 

reading network for young adults with dyslexia.  The findings presented in this study 

highlight strengths and weaknesses of the current theoretical models as well as DTI-

analysis approaches.   

Behavioral Findings 

The simple view of reading defines the major components as decoding and 

comprehension (Gough & Tumner, 1986).  Emergent readers rely heavily on decoding, 

while comprehension skills improve and grow throughout a reader’s lifetime.  Our 

findings show that both components of reading – decoding and comprehension – are 

impaired in young adults with dyslexia. Poor phonological processing highlights the 

hallmark impairment of dyslexia. Test scores of the participants in this study confirmed 

poor decoding skills.  We also found deficits in reading comprehension and fluency, later 

developing reading skills.  

The observed deficits in reading comprehension could indicate secondary 

consequences of impaired phonological processing.  It might be that young adults who 

continue to struggle with the decoding show a comprehension ‘bottle neck’.  This ‘bottle 

neck’ is due to allocating resources to decoding, at the detriment of comprehension (La 
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Berge & Samuels, 1974; Perfetti, 1985) and is often observed in children with reading 

impairments.  This may have implications for the characterization of young adults with 

dyslexia.  Dyslexia is classically characterized by impairments in word decoding with 

relatively intact comprehension (Peterson & Pennington, 2012).  College students 

struggling to decode at the word might also struggle to identify important themes or 

concepts when reading.  Therefore, it is important to consider the cognitive load placed 

upon young adults and the consequences poor decoding might have on other aspects of 

reading for this population. 

Scores for all associated behavioral measures were impaired for young adults with 

dyslexia. Spelling, phonological memory, syntactic comprehension, and semantic 

knowledge were weak in young adults with dyslexia.  This is not necessarily surprising 

given that reading is a language-based skill.  Spelling is even more closely associated 

with reading. Given the poor phonological skills in this population, it is not surprising to 

find spelling deficits.    Reading and spelling are highly correlated skills (Ehri, 2000; 

Ehri, 2014; Kreiner & Gough 1990).  Both decoding and spelling rely on the link 

between phonology and orthographic representation.  A weak representation between 

phonology and orthography, can lead to a weakness in mapping correct sounds and letters 

(i.e. sound-letter correspondence) and support a primary phonological deficit in dyslexia, 

even for young adults.  

 Motor function was addressed under the Cerebellar Deficit Model of reading, 

which suggests literary deficits observed in those with dyslexia stem from underlying 

cerebellar dysfunction.  As predicted by the model, impaired motor function was found in 

young adults with dyslexia, when compared with typical peers, supporting previous 
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findings by Nicolson and Fawcett (1994).  However, it should be noted that the full 

relation between dyslexia and motor control remains unclear and was beyond the scope 

of the present study.  The Cerebellar Deficit model argues reading deficits arise from 

cerebellar impairments, however the evidence is far from conclusive. Our study failed to 

find neural correlates between the cerebellum and the reading measures administered in 

the current study (see more below).  One explanation for the lack of convergent evidence 

might be that observed motor deficits are a comorbid phenomenon, unrelated to the core 

deficits experienced by those with dyslexia.  Furthermore, impaired motor function might 

result from poor reading ability, an unlikely explanation, but one that has not been 

adequately studied.  Thus, the findings pertaining to motor function in those with 

dyslexia should be considered preliminary and warrant further investigation to adequately 

describe the association between motor control and reading ability.  

Structural Findings 

White Matter Structural Integrity 

 Results from diffusion tensor imaging (DTI) demonstrate predicted white matter 

differences between young adults with and without dyslexia in two proposed reading 

networks.  Overall differences between the groups were observed in anterior and 

posterior regions of the brain.  Using tract-based spatial statistics (TBSS), clusters of 

increased fractional anisotropy were identified in subregions of the left aslant for those 

with dyslexia, compared to age-matched peers.  As predicted, young adults with dyslexia 

exhibit increased fractional anisotropy in the left anterior region of the reading network.  

This novel finding reflects structural differences that follow similarly observed functional 

difference in this population.  Numerous functional MRI studies have found 



96 

hyperactivation in the left inferior frontal gyrus in individuals with dyslexia (Hoeft et al., 

2011; Pugh et al., 2000; Shaywitz et al., 1998), a cortical region directly connected to the 

aslant.  Increased fractional anisotropy in the aslant could be reflective of greater 

connectivity resulting from a more highly utilized phonological loop  – subvocal 

rehearsal in particular – due insufficient phonological processing in posterior regions 

(Pugh et al., 2000).  White matter density has been found to increase with extensive use 

(Bengtsson, et al., 2005), lending additional support for an over utilized anterior network 

in those with dyslexia.  This suggests that increased connectivity in the aslant, by readers 

with dyslexia, may reflect compensatory or over-integration of motor speech and reading 

networks. 

Ventral fiber pathways, the inferior occipital fasciculus and the vertical occipital 

fasciculus, showed reduced fractional anisotropy in young adults with dyslexia compared 

their age-matched peers.  Specifically, the present finding of reduced fractional 

anisotropy in the left vertical occipital fasciculus was adjacent to the left angular gyrus.  

This result suggests weaker connectivity in the posterior reading network for those with 

dyslexia and is similar to previously reported DTI studies.  Steinbrink et al., 2008 found 

reduced fractional anisotropy in both the inferior occipital fasciculus and the inferior 

longitudinal fasciculus.  The inferior longitudinal fasciculus and inferior occipital 

fasciculus follow similar trajectories through the temporal lobe, diverging through the 

extreme capsule (Catani & de Schotten, 2008).  There is continued debate surrounding 

the nature of these tracts.  Therefore, spatial limitations of diffusion tensor imaging make 

it difficult to delineate these pathways.  This could account for the lack of findings in the 

inferior longitudinal fasciculus in the present study.    
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Our study revealed reduced fractional anisotropy in bilateral superior cerebellar 

peduncles, connecting the cerebellum and thalamus, in individuals with dyslexia 

compared to matched controls.  The group differences were localized to white matter 

within the left and right cerebellum, and did not extend to other subregions of the tract 

external to the cerebellum.  Variations in the macrostructure of the cerebellar fiber 

pathways could be a potential explanation for the observed motor deficits in individuals 

with dyslexia.  Decreased fractional anisotropy can be indicative of poor myelination 

resulting from underdevelopment or a lack of extensive use (Fields, 2005).  Thus, two 

potential explanations of our findings are that 1) individuals with dyslexia fail to fully 

develop fiber pathways connecting the cerebellum and thalamus or 2) individuals with 

dyslexia underutilize this pathway, resulting in lower fractional anisotropy. The present 

study is unable to tease apart the origin of the observed variation in the cerebellar 

pathway.  

Gray Matter Volume  

 Cortical parcellation from the bidirectional iterative parcellation method (BIP) 

provided an integrative approach to the study of structural variations in young adults with 

dyslexia.  Primary predictions of increased cortical volume in anterior and decreased 

cortical volume in posterior regions of the reading network for those with dyslexia were 

not found in the current study.  Instead, those with dyslexia showed decreased volume in 

the left occipital region, connected directly to the inferior occipital fasciculus.   

This particular finding should be considered a preliminary finding in need of 

replication.  The inferior occipital fasciculus, along with the cortical endpoints, was the 

most problematic tract for the BIP procedure to reconstruct.  The present application of 
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BIP involved many more and more anatomically varied tracts than those that were 

reported on by Patterson et al. (2014).  BIP was unable to identify a small fraction of the 

total number of tracts addressed in our study (3.3%).  However, the inferior occipital 

fasciculus was particularly difficulty to reconstruct, accounting for almost half (47.6%) of 

the total number of missing tracts across all participants (see Appendix C & D for all 

tracts and endpoints using the BIP procedure).  Mean substitution was employed to 

account for missing data of unidentified tracts, including the inferior occipital fasciculus.  

List-wise deletion, unlike mean substitution, removes all participants with missing data 

from further analysis and can drastically reduce the sample size.  A reduction in sample 

sizes reduces power, making it more difficult to detect true effects (Newman, 2014).  In 

contrast, mean substitution replace the missing data point with the group mean for the 

corresponding variable.  While mean substitution is recommended over list-wise deletion 

(Roth et al., 1999), we acknowledge inherent limitations with this approach (see 

Newman, 2014). Mean substitution can underestimate the variance and lower the 

standard error, making a Type I error more likely (Newman, 2014).   

The observed reduction of volume in the left occipital lobe, for those with 

dyslexia, is not accounted for by the previous literature and is potentially a false positive.  

The amount of missing data associated with the reconstruction of the inferior occipital 

fasciculus and cortical parcellation of the connecting occipital region, in conjunction with 

the limitation of mean substitution, led us to believe this particular finding may not 

reflect a ‘true’ difference between those with and without dyslexia.       
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Brain-Behavior Relations 

  Our findings reveal a noteworthy difference in the neural correlates of reading 

between young adults with and without dyslexia.  Literacy tasks were correlated with 

gray matter volume in the left hemisphere in age-matched controls and the right 

hemisphere in those with dyslexia.   

Individuals with normal reading displayed predicted neural correlates for 

syntactic comprehension and word decoding.  Increased fractional anisotropy of the left 

arcuate fasciculus was associated with greater syntactic processing for controls.  

Associations between syntactic comprehension dorsal stream tracts have been 

documented in impaired populations (Wilson et al., 2011) and typically developing 

adolescents and young adults (Horowitz-Kraus, Wang, Plante & Holland, 2014).  Using 

the same measure of syntactic processing as Horowitz-Kraus et al., (2014) (WJ-III 

passage comprehension), our data suggests typical readers rely on the left arcuate, as 

opposed to bilateral arcuate fasciculus as reported previously (Horowitz-Kraus et al., 

2014). One possible explanation for the divergent results can be explained by the DTI 

analysis methods used between the previous study and ours.  Brain-behavior relations 

were found using whole-tract averages, the output resulting from bidirectional iterative 

parcellation (BIP), compared to the previous study, which used a voxel-based approach.  

It may be that subregions of the right arcuate fasciculus correlate with syntactic 

processing, a finding that would be masked using whole-tract averages.  Instead, our 

study reveals a strong brain-behavior relation between the left arcuate fasciculus and 

syntactic processing, one that remained even after averaging fractional anisotropy across 

the entire tract.  
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For young adults with normal reading, word decoding was negatively correlated 

with dorsal cortical regions, including the inferior frontal gyrus and the angular gyrus.  

These regions were identified using cortical parcellation and were the two endpoints 

directly connected to the superior longitudinal fasciculus, a prominent dorsal pathway.  

As predicted, our findings suggest a negative brain-behavior relation between dorsal 

regions and word decoding in skilled readers.  This finding is supported by previous 

research identifying the association between ventral cortical regions with word reading 

(Dehaene, 2009; Horowitz-Kraus et al., 2014; Pugh et al., 2000; Vinckier et al., 2007).  

While our data lack a direct link between word decoding and ventral cortical regions, this 

study supports a dorsal-ventral model of reading for those with typical reading ability.  

Furthermore, these findings dissociate neural regions associated with comprehension and 

decoding (see Simple View of Reading, Hoover & Gough, 1990). 

In contrast, brain-behavior relations for young adults with dyslexia were only 

observed in the right hemisphere.  Semantic knowledge was predicted to be correlated 

with the inferior frontal gyrus.  However, this association was only observed in the right 

hemisphere for this population.  Moreover, pseudoword reading was positively correlated 

with the right inferior frontal gyrus.  Together, these findings suggest young adults with 

dyslexia are reliant upon right homologous regions to complete language-based tasks.   

Dorsal-Ventral Model 

The Dorsal-Ventral model predicts an overreliance on anterior language regions 

and an under reliance on posterior language regions for individuals with dyslexia.  Our 

results demonstrate a structural pattern in the reading network for young adults with 

dyslexia that is convergent with this model of reading.  Our findings of greater FA in the 
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left anterior pathway of the aslant and lower FA in left ventral pathways for those with 

dyslexia, as compared to typical peers, suggest structural anomalies that might contribute 

to dyslexia.  Individuals with dyslexia exhibit greater structural integrity in the aslant.  

This under-studied fiber pathway is implicated in verbal fluency (Catani et al., 2013), 

while the connective endpoints have been implicated in subvocal rehearsal (Muller & 

Knight, 2006).  Findings suggest individuals with dyslexia might use subvocal rehearsal 

to compensate for structurally deficit posterior regions necessary in skilled reading.   

Cerebellar Deficit Model 

Behavioral and anatomical evidence partially support of the Cerebellar Deficit 

Model.  Motor deficits, as predicted by the Cerebellar Deficit Model, were observed in 

young adults with dyslexia, along with reduced fractional anisotropy in connectivity of 

white matter pathways located in the cerebellum.  The question remains as to whether 

reading deficits in this population stem from a motor deficit, as proposed by Nicolson and 

Fawcett (2001).  Anatomical differences in the cerebellum have been found at the cellular 

level (Finch et al., 2002), morphological level (Rea et al., 2002) and functional level (see 

Stoodley & Schmahmann, 2009).  A direct connection between structure (anomalies in 

the cerebellum) and function (reading impairment) was not found.  Neural correlations 

between the cerebellum and literacy tasks would provide stronger evidence in support of 

this model.   

The present findings of reduced structural connectivity in this region fail to 

adequately support the Cerebellar Deficit model.  It might be that other factors, not 

strictly a compromised cerebellum, account for observed reading difficulty in this 
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population.  An anterior region (i.e. aslant) revealed higher fractional anisotropy for those 

with reading difficulties. 

Neuroimaging Methodology 

Bidirectional Iterative Parcellation vs. Tract-Based Spatial Statistics 

 
Fractional anisotropy can be extracted from DTI using various neuroimaging 

methods.  This study used two different approaches to identify fractional anisotropy, 

bidirectional iterative parcellation (BIP) and tract-based spatial statistics (TBSS).  The 

BIP approach combined the use of probabilistic tractography and cortical parcellation in a 

novel way, allowing cortical connectivity to be established in both directions.  This study 

is the first application of Bidirectional Iterative Parcellation (BIP), independent of the 

initial publication (see Patterson et al., 2014). 

Bidirectional iterative parcellation combines probabilistic tractography and 

cortical parcellation.  One avenue of interest was whether the microstructure of a pathway 

is independent of cortical gray matter volumes of the endpoints.  Intuitively, larger 

pathways were expected to connect to larger endpoints.  This is because large fiber 

bundles have more volume and have the potential to connect with more voxels in a target 

region.  There was no previous research to support of refute the idea that the cortical 

volume of an endpoint would dictate fractional anisotropy in the connecting tract, but 

intuitively these should be independent measures.  Interestingly, the majority of the 

pathways were independent of the connected gray matter regions. Cortical endpoints and 

tract architecture were related in a few instances.  These include the left superior 

longitudinal fasciculus, the right inferior longitudinal fasciculus, and bilateral superior 

cerebellum peduncles, for which fractional isotropy was related to cortical volume at the 
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tract end points.  One possible explanation is that these tracts and/or endpoints were 

particularly large in volume and the anatomical size is driving the relationship as opposed 

to size of an endpoint dictating the integrity of a tract.  However, the fact that 

tractography and gray matter volume measures dissociated in most cases supports the 

idea that the BIP software does not create unintended dependencies between gray and 

white matter metrics.   

Cortical parcellation and fiber bundle identification from the present study lends 

support to the feasibility of the BIP method for many fiber tracts.  The number of 

iterations required to obtain stable tract and cortical endpoint solutions was dependent 

primarily on seed and target endpoints.  Fiber pathways with a large cortical seed region 

were associated with more iterations, a similar finding related to processing was reported 

by Patterson et al., (2014).  This suggests fiber bundles have more possible connectivity 

to the seed regions, requiring an increased number of iterations to identify those 

connections.  However, it was the case that a few fiber tracts in individual subjects could 

not be identified with BIP.  These were typically the smaller fiber tracts of those studied. 

BIP produced gray matter regions and white matter pathways that were 

structurally dependent.  One study by Achal, Hoeft, and Bray (2015) used functional 

connectivity to identify cortical regions of interest in adult readers.  Cortical regions, 

within the temporal-parietal junction, activated during phonological processing were 

identified and subsequently used as seed regions to investigate structural connectivity 

(Achal et al., 2015).  Cortical seed regions were based on activation, as compared to 

structure in the case of the BIP procedure.  One advantage of BIP is that, when given 

liberal seed regions, cortical parcellation identifies all connected voxels in a seed region 



104 

for a particular fiber bundle.  In contrast, when using functional connectivity, only voxels 

where activation was observed during a task are used, limiting cortical seed regions not 

on structure but on function and requires a well-designed functional task to ensure 

adequate identification of a seed region.  BIP is limited by the selection and use of seed 

and target regions.  Cortical seed and target masks must be sufficiently liberal to identify 

all possible connected voxels.  Masks that are too conservative potentially miss 

structurally connected voxels, artificially reducing the region prior to parcellation.  

However, previously noted, large seed and target regions can increase the number of 

iterations, extending the required time to reach stable results.  Interestingly in the present 

study, cortical parcellation showed similar gray matter volume between those with and 

without dyslexia.  This study suggests gray matter regions, as a whole, might be too gross 

a measure to distinguish individuals with dyslexia, and functionally driven cortical 

parcellation might be a more refined approach when studying this population.  As 

predicted, our data showed cortically connected gray matter regions did not significantly 

drive the fractional anisotropy of a tract. Brain-behavior associations were observed 

independently in gray matter regions and white matter pathways.  These DTI results 

demonstrate that differences in fiber bundles and cortical regions can independently 

impact those with dyslexia. 

A particular strength of the BIP method is the use of probabilistic tractography to 

identify fiber bundles.  Probabilistic tractography used an estimation of two fiber 

orientations in each voxel to more accurately account for crossing fiber in pathways.  

Bayesian estimations were used to model diffusion in each voxel (see Behrens et al., 

2007).  Thus, underlying fiber structure was modeled by determining directionality for 2 
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fibers in each voxel, which accounted for crossing fibers in a voxel, providing a more 

representative estimation of the underlying fiber structure.  This approach revealed 

comparable white matter integrity between young adults with dyslexia and typical peers, 

an unexpected finding given the extant DTI literature (Richards et al., 2008; Steinbrink et 

al., 2008; Vandermosten et al., 2012).  As mentioned, one possible explanation is that the 

bidirectional iterative parcellation approach masked fractional anisotropy differences 

found in subregions of a tract.  The BIP process resulted in averaged fractional anisotropy 

for each tract.  Averaging across the entire tract may have washed out subtle differences 

of fractional anisotropy existing along various parts of a tract.  Implementation of BIP 

with other clinical populations with known differences in fractional anisotropy would 

provide support for its ability to detect structural differences in fiber pathways.  The 

paper by Patterson et al., (2014) did not investigate fractional anisotropy in their sample.  

Therefore, our study is the first to use the BIP method to measure differences in cortical 

parcellation volume and fiber integrity using fractional anisotropy, providing evidence 

for both applications.  Limitations of the BIP have been acknowledged and another 

neuroimaging method was implemented to help account for these limitations and provide 

alternate explanations for the current DTI findings.    

Tract-based spatial statistics (TBSS) enabled a voxel-by-voxel comparison of 

fractional anisotropy between the two groups.  The alignment procedures used in TBSS 

are a particular strength of this method and can reduce the effects of misalignment when 

comparing multiple subjects, resulting in increased sensitivity to detect structural 

difference between the groups.  Our findings from the TBSS method demonstrate 

differences between the two groups in isolated regions along fiber bundles.  These 
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isolated results provide additional support for the conclusion that averaged tract fractional 

anisotropy using the BIP method obscured subtle group differences found in subregions 

of the tracts.  As with BIP, TBSS is not without limitations.  The skeletonization step has 

been identified as a major limitation (Bach et al., 2014; Schwarz et al., 2014; Zalesky, 

2011), and required the use of a specified FA threshold.  More liberal or stringent 

threshold values can ultimately change the significance of the results (Bach et al., 2014).  

Furthermore, skeleton projection makes it difficult to detect differences among voxels 

that are furthest from the tract center (Schwartz et al., 2014).  This limitation might 

account for the limited findings associated with the current sample.  It might be that our 

sample of college-enrolled individuals with dyslexia exhibit structural differences in tract 

periphery, a finding that would be difficult to detect using either the TBSS or BIP 

procedure.  

Limitations 

One limitation with the present study was the use of a liberal threshold of the 

voxel-based analysis of white matter (TBSS; p < .05; uncorrected for multiple 

comparisons).  The bulk of the DTI literature in dyslexia identifies structural differences 

in the left superior longitudinal fasciculus/arcuate fasciculus complex.  Our data, without 

family-wise (FWE) statistical correction for multiple comparisons, are convergent with 

the current literature. Correction for multiple comparisons is used to reduce Type I error, 

or false positives, at the expense of increasing Type II error (Gelman, Hill, & Yajima, 

2012).  Reducing the likelihood of obtaining a false positive can reduce the ability to 

detect a true effect.  A priori constraints, driven by two theoretical models limited the 

regions of interests in our study.  Limiting the scope of the potential findings and 



107 

comparing the observed results to previous studies, we believe our data reflect true, 

although weak, effects.  We argue the use of family-wise (FEW) statistical correction for 

multiple comparisons, in addition to a priori constrains, was quite conservative in that it 

corrects for potential comparisons not predicted by the models selected for study.   

A lack of adopted selection criteria is potential explanation for the variant results 

found in studies of young adults with dyslexia.  A classic definition of dyslexia centers on 

poor phonological deficits in the absence of other neurological conditions.  The most 

current definition describes dyslexia as: 

A specific learning disability that is neurobiological in origin. It is 

characterized by difficulties with accurate and/or fluent word recognition 

and by poor spelling and decoding abilities. These difficulties typically 

result from a deficit in the phonological component of language that is often 

unexpected in relation to other cognitive abilities and the provision of 

effective classroom instruction. Secondary consequences may include 

problems in reading comprehension and reduced reading experience that 

can impede growth of vocabulary and background knowledge (IDA, 2002). 

Participants included in our dyslexic group were required to 1) report a history of reading 

or writing difficulty speech/language services, and 2) score at least 1 SD below the mean 

on the WJ-III Word Attack subtest (a measure of pseudoword decoding).  These 

individuals also showed a significant weakness in spelling ability. This stringent criterion 

is in stark contrast to other studies.  For example, a seminal paper by Klingberg et al. 

(2000) based inclusion in the dyslexic group on past history irrespective of current 

reading ability.  These investigators reported findings of decreased fractional anisotropy 
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in the left temporal-parietal junction (Klingberg et al., 2000).   However, given their 

selection criteria, it is not clear that the reported structural differences are indicative of 

individuals with confirmed dyslexia as classically defined.  Similarly, reported reductions 

of fractional anisotropy in the left superior longitudinal fasciculus and higher fractional 

anisotropy in the left middle cerebellar peduncle were found in adult males with dyslexia 

(Richards et al., 2008).  However, inclusion criteria for dyslexia in that study was based 

on scoring below the population mean on any language measure (real word reading, 

pseudoword reading, or passage comprehension and/or spelling) (Richards et al., 2008).  

Individuals in this study with low passage comprehension but high decoding skills do not 

reflect the current definition of dyslexia (see IDA, 2002).  Instead such findings might be 

more representative of comorbid dyslexia and language impairment.  Finally, another 

study found individuals with reading and spelling scores below 2 standard deviations of 

the mean (Vandermosten et al., 2012).  Observed low fractional anisotropy in the left 

arcuate fasciculus might represent an anatomical difference observed in the most extreme 

cases of dyslexia.  In contrast, our participants were college-enrolled, creating the 

possibility that they had developed compensatory strategies that, by themselves could 

have changed brain anatomy and/or performance on behavioral measures.   

 These examples reveal a lack of consistent inclusion criteria and validated 

assessment batteries for identifying individuals with dyslexia.  In this context, the ability 

to make comparisons across neuroimaging studies becomes extremely difficult, if not 

impossible.  Discrepancy in subject selection for dyslexia can account for the various 

findings, or lack of findings, related to anatomical differences in DTI data.  If sampling 

variability does account for inconsistencies in the literature, it calls into question the 
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robustness the findings that do report group differences.  More importantly, this shows 

the need for a standardized, norm-reference test battery with high sensitivity and 

specificity that can be easily adopted and implemented in the field, to identify those who 

do and do not have dyslexia. 

Conclusion 

The present study replicates some previous findings and extends neuroanatomical 

work in dyslexia using an integrated methodological approach. Insight into the neural 

structures underlying dyslexia is evolving through the use of neuroimaging studies and 

advanced analysis methods.  This work demonstrates strengths and weaknesses 

associated with two different analysis procedures, bidirectional iterative parcellation 

(BIP) and tract-based spatial statistics (TBSS), and highlight differences in neural 

connectivity associated with dyslexia each method.  Individuals with dyslexia showed 

higher fractional anisotropy in the left anterior region of the reading network and brain-

behavior associations in the right hemisphere, providing additional support for the use of 

a compensatory reading network in these individuals.  Structural and behavior deficits 

were also found in support of a cerebellar component of those with dyslexia, a finding 

that warrants additional investigation.  Finally, we examined previous neuroimaging 

studies in dyslexia and expose a major weakness in the field – the lack of clear selection 

criteria for the identification of individuals with dyslexia.   
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APPENDIX A: 

 

Pseudoword Repetition List 

 

1. Nibe 

2. Vope 

3. Taudge 

4. Doif 

5. Tayvok 

6. Choevag 

7. Vachipe 

8. Noytauf 

9. Cheenoytaub 

10. Nighchoevabe 

11. Doytauvab 

12. Tayvoychaig 

13. Vaytawchaidoip 

14. Davoenoycheeg 

15. Nighchoytauvoob 

16. Tavawcheenaig 

17. Voychaipadaufeek 

18. Taunoychaipayvag 

19. Bifeetaygaunoych 

20. Noytaubyfaykeem 

21. Mafoytaucheedipe 
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APPENDIX B: 

 

Scanner Sequence 

 Field Map - Magnitude Image 

 Field Map - Phase Image 

 MPRAGE - T1-weighted Image 

 Diffusion Weighted Image  

 B0 - Non-diffusion Weighted Image 
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APPENDIX C:  

 
Tracts of Interest using Bidirectional Iterative Parcellation 

 Arcuate Fasciculus 

 Aslant 

 Superior Longitudinal Fasciculus 

 Inferior Longitudinal Fasciculus 
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 Inferior Fronto-Occipital Fasciculus 

 

 

 Ventral Occipital Fasciculus 

 

 

 Uncinate Fasciculus 
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APPENDIX D:  

 

Cortical Endpoints using Bidirectional Iterative Parcellation  

 

Left Arcuate Fasciculus Endpoint A: Inferior Frontal Gyrus  

 
 

Left Arcuate Fasciculus Endpoint B: SPT 
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Right Arcuate Fasciculus Endpoint A: Inferior Frontal Gyrus  

 
 

Right Arcuate Fasciculus Endpoint B: SPT  
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Left Aslant Endpoint A: Inferior Frontal Gyrus 

 
 

Left Aslant Endpoint B: Juxtapositional Lobule Cortex (Supplementary Motor Cortex) 
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Right Aslant Endpoint A: Inferior Frontal Gyrus 

 
 

Right Aslant Endpoint B: Juxtapositional Lobule Cortex (Supplementary Motor Cortex) 
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Left Superior Longitudinal Fasciculus Endpoint A: Middle Frontal Gyrus 

 
 

Left Superior Longitudinal Fasciculus Endpoint B: Angular Gyrus 
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Right Superior Longitudinal Fasciculus Endpoint A: Middle Frontal Gyrus 

 
 

Right Superior Longitudinal Fasciculus Endpoint B: Angular Gyrus 
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Left Inferior Longitudinal Fasciculus Endpoint A: Anterior Temporal Lobe 

 
 

Left Inferior Longitudinal Fasciculus Endpoint B: Visual Wordform Area 
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Right Inferior Longitudinal Fasciculus Endpoint A: Anterior Temporal Lobe 

 
 

Right Inferior Longitudinal Fasciculus Endpoint B: Visual Wordform Area 
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Left Inferior Fronto-Occipital Fasciculus Endpoint A: Frontal Pole 

 
 

Left Inferior Fronto-Occipital Fasciculus Endpoint B: Occipital Cortex 
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Right Inferior Fronto-Occipital Fasciculus Endpoint A: Frontal Pole 

 
 

Right Inferior Fronto-Occipital Fasciculus Endpoint B: Occipital Cortex 
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Left Ventral Occipital Fasciculus Endpoint A: Angular Gyrus 

 
 

Left Ventral Occipital Fasciculus Endpoint B: Visual Wordform Area 
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Right Ventral Occipital Fasciculus Endpoint A: Angular Gyrus 

 
 

 

Right Ventral Occipital Fasciculus Endpoint B: Visual Wordform Area 
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