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Abstract 

 In this thesis, I investigated the relationship between functional and structural 

connectivity and reading ability in children. Prior research has tended to use single word 

reading measures or composite measures, however this is problematic as reading is a 

complex skill relying on multiple subskills, such as decoding efficiency, sight word reading 

efficiency, reading comprehension, and rapid automatized naming. As a result, the multi-

faceted relationship between brain connectivity and reading ability is not well understood. I 

aimed to address this issue by considering multiple reading subskills while examining the 

neural substrates of reading. In Chapter 2, I examined how individual differences in decoding 

efficiency, sight word reading efficiency, reading comprehension, and rapid automatized 

naming relate to resting-state functional connectivity from regions of the brain’s reading 

network. I found that distinct functional networks in both hemispheres of the brain support 

different components of reading in children. In Chapter 3, I built on these findings to 

examine how individual differences in the same reading subskills are associated with 

structural connectivity in reading-related white matter tracts, as measured by diffusion tensor 

imaging. Similar to Chapter 2, the results of Chapter 3 suggested that different components 

of reading ability are supported by structural characteristics in distinct bilateral tracts of the 

brain. Importantly, many of the effects observed in Chapters 2 and 3 were found to be 

specific to reading subskills and were not associated with more general cognitive abilities. In 

Chapter 4, I examined how improvements in reading ability are related to changes in 

structural and functional connectivity, by measuring brain connectivity pre- and post-

intervention in a group of children with reading disability. I also investigated whether 

individual differences in the amount of improvement in reading ability post-intervention was 
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predicted by pre-intervention brain connectivity. I found that gains in reading ability were 

associated with changes in resting-state functional connectivity, particularly between 

reading-related regions and frontal regions as well as regions of the default mode network. 

Changes in white matter microstructure of the right arcuate fasciculus were strongly 

associated with gains in single word reading abilities. Additionally, results showed that 

distinct pre-intervention characteristics of resting-state functional connectivity and white 

matter integrity predicted the magnitude of subsequent gains in reading ability following the 

reading intervention. Chapter 5 summarizes the findings of this thesis in relation to the 

current literature and presents recommendations for future research on reading ability and 

brain connectivity.  

Keywords 

Reading ability, reading disability, reading development, resting-state functional 

connectivity, magnetic resonance imaging, diffusion tensor imaging 
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Lay Summary 

Reading is an extraordinarily complex skill. Readers must fluently integrate visual 

information about letters and words with their knowledge of the sounds of their language, 

and map this onto their existing conceptual knowledge in order to successfully understand 

what they are reading. Many previous neuroimaging studies have shown that the brain 

regions supporting reading are widely distributed across the brain, and that connections 

between these brain regions are important for supporting coordinated processing across this 

complex, widespread network. However, as previous studies have tended to use composite 

measures of reading ability, the distinct roles of these connections in supporting different 

types of skills involved in reading are not well understood. For example, reading relies on 

one’s ability to rapidly recognize letters and familiar words, decode unfamiliar words, and 

understand sentences. The goal of this thesis was to explore the role of connectivity between 

these brain areas in supporting different aspects of reading in school-aged children.  

In the first two studies described in this thesis, I investigated how coordinated activity 

among different brain regions and anatomical connections between these regions were 

associated with different subskills of reading in children. The results of these studies showed 

that distinct networks of coordinated activity and distinct anatomical connections in both 

hemispheres of the brain were important for supporting different components of reading 

ability. In my third study, I was interested in extending these findings to examine how 

improvements in reading ability are related to changes in brain connectivity. Children in this 

final study were struggling readers who were participating in an intensive reading 

intervention program at their school. Results showed that improvements in reading ability 

were associated with measurable changes in anatomical connections and coordination of 

activity in the brain. Overall, the findings of the present thesis further our understanding of 
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the role of brain connectivity in supporting distinct aspects of reading ability. Additionally, 

they shed new light on the changes in the brain that underlie improvements in reading ability 

in struggling readers who receive reading intervention.  
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Chapter 1: Introduction 

Reading is a complex skill involving many different cognitive processes and types 

of representations. Readers must fluently integrate visual information about letters and 

words with their knowledge of the sounds of their language, and map this onto semantic 

knowledge in order to successfully understand what they are reading. Advances in 

neuroimaging technology have significantly increased understanding of the neural 

substrates of this complex process, showing that proficient reading relies on activity in 

regions distributed across all lobes of the brain. However, studies of localized brain 

activity can only capture a part of the neurobiology of reading, as fluent and accurate 

reading requires coordinated processing among these localized brain regions. Much 

remains to be understood regarding the role of structural connections and coordinated 

activity among brain regions in order to support the different cognitive processes 

involved in reading. My research seeks to examine the brain networks underlying reading 

ability in children, specifically with respect to the functional and structural connections in 

the brain that support reading processes and skill development. 

Much of previous neuroimaging research on reading has focused on comparisons 

of typical readers and individuals with reading disability (RD), also known as 

developmental dyslexia, with the goal of elucidating the neural bases of reading ability. 

Approximately 10% of otherwise typically developing children have RD (Lyon, 

Shaywitz, & Shaywitz, 2003), which is characterized by difficulty reading words fluently 

and accurately. RD has been linked to specific differences in localized brain function 

(Maisog, Einbinder, Flowers, Turkeltaub, & Eden, 2008; Paulesu, Danelli, & Berlingeri, 

2014; Richlan, Kronbichler, & Wimmer, 2009, 2011). However, research has only 
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recently begun to uncover differences in RD with respect to structural connections and 

coordinated activity among these localized brain regions.  

Thus, although more recent neuroimaging research has begun to capture the role 

of the brain in reading ability and disability, the relationship between brain connectivity 

and individual differences in reading is not well understood. In this chapter, I will 

describe current cognitive and neurobiological models of reading and RD. I will then 

discuss the potential application of recent methodologies for examining functional and 

structural brain connectivity, and briefly detail current gaps in the literature with respect 

to brain connectivity research on reading. 

1.1 Cognitive Models of Reading and RD 

In order to understand the neural bases of reading, it is necessary to understand 

the complex cognitive processes involved in integrating visual and auditory information 

that are necessary for efficient reading. Many models of reading have been proposed to 

explain the cognitive processes underlying reading and to account for the impairments 

observed in RD. Two models of word identification that have received the most research 

attention are the dual route cascaded model (Coltheart, Rastle, Perry, Langdon, & 

Ziegler, 2001) and various connectionist models of reading (Harm & Seidenberg, 1999, 

2004; Plaut, McClelland, Seidenberg, & Patterson, 1996; Seidenberg & McClelland, 

1989; for a review see Seidenberg, 2005).  

The dual route cascaded model proposes that words can be identified via either a 

direct or indirect route (Coltheart et al., 2001). The more direct, lexical non-semantic 

route involves mapping orthographic representations of words directly onto phonological 

representations, while the indirect grapheme-phoneme correspondence route requires 
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application of knowledge of grapheme-phoneme correspondence rules in order to map 

graphemes onto phonological representations. The lexical non-semantic route is thought 

to be used for reading of familiar words and words with irregular spellings, while the 

grapheme-phoneme correspondence route allows for decoding of words that are 

unfamiliar to the reader.  

In contrast, the connectionist models of reading assume that words are read via 

activation that propagates from units representing orthography to units representing 

phonology (Harm & Seidenberg, 1999, 2004; Plaut, McClelland, Seidenberg, & 

Patterson, 1996; Seidenberg & McClelland, 1989). Rather than representing words 

locally, as is proposed by dual route models, connectionist models propose distributed 

representation, in which the activation of many units in the system represent a word. 

Typically, connectionist models include layers of “hidden” units in between levels of 

representations, which allow the model to learn and represent more complex relationships 

between representations. Importantly, orthographic and phonological information contain 

statistical regularities, allowing these models to learn rules via repeated exposure to 

quasi-regular patterns in language and strengthening of the activated connections. As a 

result, words that are encountered frequently can be read more quickly and accurately 

than infrequent or novel words. While the dual route model distinguishes between two 

discrete routes for reading, connectionist models posit that reading is always a division of 

labour among the two routes, such that no single word is read by relying solely on one 

pathway.  

A number of theories of RD have also been proposed in order to explain the 

impairments observed in individuals with RD. The most prominent of these theories are 
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phonological theories of RD, which propose that the core feature of RD is an impairment 

in representation, storage, or retrieval of speech sounds (Liberman, Shankweiler, & 

Liberman, 1989; Ramus et al., 2003). Because learning to read relies on learning 

associations between orthographic and phonological information, degraded phonological 

representations or an impairment in storing and/or retrieving these representations can 

greatly impact learning of these relationships and, in turn, the ability to decode words. 

Neurologically, this is generally attributed to dysfunction of brain areas supporting 

representation of phonological information or connections between areas supporting 

phonological and orthographic information.  

Alternatives to phonological theories have also been proposed to explain the 

broader deficits that are sometimes linked to RD. Evidence that rapid naming and 

phonological processing were independent predictors of RD led Wolf and Bowers (1999) 

to propose the double deficit hypothesis. This hypothesis proposes that rapid naming 

deficits can cause RD, either in the absence of or in addition to phonological deficits. The 

rapid auditory processing theory (Tallal, 1980) postulates that phonological impairments 

in RD are caused by deficits in rapid auditory processing. Within this view, RD involves 

an impairment in perceiving brief or rapidly changing sounds, resulting in a secondary 

deficit in phonological representations. Visual theories of RD (Livingstone, Rosen, 

Drislane, & Galaburda, 1991; Lovegrove, Bowling, Badcock, & Blackwood, 1980) 

consider RD to be an impairment in visual processing of letters and words. Biologically, 

this is proposed to be associated with a disruption of the magnocellular pathway of the 

visual system, impacting binocular control and visuospatial attention (Hari, Renvall, & 

Tanskanen, 2001; Stein & Walsh, 1997). The cerebellar theory of RD (Nicolson & 
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Fawcett, 1990; Nicolson, Fawcett, & Dean, 2001) postulates that RD results from 

dysfunction of the cerebellum. Within this view, the cerebellum’s role in motor control is 

thought to result in poor articulation, leading to impaired phonological representations. 

Additionally, cerebellar involvement in automatization of tasks is thought to impact 

ability to learn grapheme-phoneme correspondences. The magnocellular theory of RD 

(Galaburda, Menard, & Rosen, 1994; Livingstone et al., 1991; Stein, 2003; Stein & 

Walsh, 1997) further expands on visual, auditory, and cerebellar theories to propose that 

magnocellular impairments in RD also extend to auditory and tactile domains, and that 

this impacts the cerebellum as it receives a large degree of input from magnocellular 

systems (Stein, 2001). 

In general, phonological theories of RD are thought to best describe the core 

impairments observed in individuals with RD. Sensory-motor deficits, which are 

predicted by the rapid auditory processing, visual, cerebellar, and magnocellular theories 

of RD, are not consistently found in individuals with RD and are sometimes only 

identified in a subgroup of individuals with RD (for a review see Ramus (2003) and 

Ramus et al., 2003) Although the phonological theory fails to explain the presence of 

sensory and/or motor deficits in some individuals with RD, proponents of this theory 

argue that these are not core features of RD and are not causally related to RD (e.g. 

Ramus et al., 2003; Snowling, 2000). In support of phonological theories of RD, 

phonological deficits have been consistently and robustly associated with reading 

disability (Desroches, Joanisse, & Robertson, 2006; Fletcher et al., 1994; Morris et al., 

1998; Ramus et al., 2003; Shaywitz et al., 1999; Stanovich & Siegel, 1994). Even prior to 

reading instruction, individuals with RD struggle to identify and manipulate sounds in 
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speech (Ball & Blachman, 1991; Bradley & Bryant, 1983; Fletcher et al., 1994; 

Shankweiler & et al, 1979; Wagner & Torgesen, 1987), a skill known as phonological 

awareness, which is an important precursor to learning to read (Wagner, Torgesen, & 

Rashotte, 1994). A strong body of evidence also demonstrates that phonology-based 

interventions are effective in improving reading in children with RD (Bus & Van 

Ijzendoorn, 1999; Duff & Clarke, 2011; Report of the National Reading Panel, 2000; 

Torgesen et al., 2001).  

In line with phonological theories of RD, the dual route cascaded model and 

connectionist models also suggest that the impairment in RD is primarily a phonological 

deficit. In the context of the dual route model of reading, RD is characterized as a 

selective impairment to the grapheme-phoneme correspondence route (Castles & 

Coltheart, 1993), resulting in great difficulty retrieving grapheme-phoneme rules and 

applying these rules to decode words. In connectionist models of reading, RD is proposed 

to involve degraded phonological representations, leading to difficulty learning 

associations between orthographic and phonological information and generalizing 

pronunciations to read novel words (Harm & Seidenberg, 1999). Although the exact 

nature of the predicted impairment differs between the two models, both suggest that RD 

is characterized by a phonological impairment resulting in difficulty reading unfamiliar 

words. 

Much of recent research on RD has focused on phonological skills as phonology 

is a strong correlate of poor reading and phonological theories of RD are supported in 

cognitive models of reading. However, research identifying subgroups of poor readers 

suggest that the field’s focus on phonological deficits may not fully capture possible 
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subtypes or multiple etiologies of reading difficulties. For example, studies have 

documented subgroups of “poor comprehenders” with deficits specific to reading 

comprehension (Yuill & Oakhill, 1991), individuals with “surface dyslexia”, who show 

delays in reading skills but do not exhibit phonological impairments relative to their word 

reading ability (Castles & Coltheart, 1993; Joanisse, Manis, Keating, & Seidenberg, 

2000; Manis, Seidenberg, Doi, McBride-Chang, & Petersen, 1996; Stanovich, Siegel, & 

Gottardo, 1997), and children with rapid naming deficits uniquely contributing to reading 

difficulties (Wolf & Bowers, 1999). These findings highlight the heterogeneity of profiles 

of poor reading and the multi-componential nature of reading ability. Previous 

neuroimaging research focusing on phonological skills in RD may therefore not fully 

capture the multi-faceted relationship between reading and brain structure and function. 

In my research, I focus on measuring individual differences in multiple cognitive 

subskills associated with reading, to better characterize the complex neural substrates of 

reading ability and disability.  

1.2 Cognitive Subskills Associated with Reading 

1.2.1 Single word reading skills 

Although the dual route cascaded model and connectionist models characterize 

representation and processing of written language very differently, both predict that 

words can be recognized more quickly and automatically when they are familiar to the 

reader. This process is referred to as sight word reading, and is distinguished from 

decoding, in which readers must use knowledge of grapheme-phoneme correspondences 

to decode an unfamiliar word. Typical readers learn to read initially by decoding, but 

with repeated experiences with a word, they can recognize the word more fluently and 
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accurately without relying on mapping individual letters to sounds. Reading in RD is 

characterized by difficulty decoding words accurately and fluently. Children with RD 

also tend to struggle with sight word reading, although this can often be attributed to 

difficulty accurately decoding words as this results in reduced experience and weaker 

associations between the orthographic form of a word and its corresponding phonological 

form.  

1.2.2 Reading comprehension 

While the dual route and connectionist models capture the processes involved in 

single word recognition, an additional component of reading is comprehension (Gough & 

Tunmer, 1986). This is the process by which words, sentences, and discourse are mapped 

onto semantic representations, allowing the reader to comprehend the piece of written 

text. The simple view of reading posits that reading comprehension is determined by a 

combination of word recognition abilities and listening comprehension abilities (Catts, 

Hogan, & Adlof, 2005; Catts, Hogan, & Fey, 2003; Hoover & Gough, 1990). According 

to this view, a child may have poor reading comprehension due to impaired word 

recognition abilities, impaired listening comprehension abilities, or a combination of both 

impairments. In the context of RD, children who struggle with decoding and identifying 

words accurately and fluently are likely to struggle to draw meaning from text. 

Importantly, this reading comprehension deficit is a product of their phonological 

impairment and does not reflect a listening comprehension impairment. However, other 

subgroups of children may also have poor reading comprehension abilities for other 

reasons including children who have developmental language disorder (for a review see 

Bishop, 1997) or subclinical language weaknesses (Nation & Snowling, 1998, 1999, 
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2000; Yuill & Oakhill, 1991), as well as children with comorbid RD and developmental 

language disorder (Catts et al., 2003). Reading comprehension difficulties in children 

with developmental language disorder or subclinical language weaknesses are generally 

related to an impairment in listening comprehension and aspects of spoken language 

processing (Nation & Snowling, 1998, 1999, 2000), whereas children with comorbid RD 

and developmental language disorder tend to struggle with reading comprehension as a 

result of impairments in both word recognition and listening comprehension.  

1.2.3 Rapid naming 

One important predictor of reading in both developing readers and adults is rapid 

automatized naming (RAN) (for a review see Norton & Wolf, 2012). RAN tasks involve 

rapid naming of an array of items, such as colours, objects, letters, or numbers. 

Importantly, RAN tasks involve a recurring set of items, for example a set of four letters 

recurring in random order throughout the array, requiring rapid recognition of these items 

and inhibition of previously activated items. RAN performance is thought to index the 

fluent perceptual, attentional, and motoric processes involved in reading aloud (Arnell, 

Klein, Joanisse, Bussen, & Tannock, 2009).  

While RAN and phonological awareness are both known to be robust early 

predictors of later reading abilities (Pennington & Lefly, 2001; Scarborough, 1998; 

Schatschneider, Fletcher, Francis, Carlson, & Foorman, 2004), they have been shown to 

each have independent contributions to predicting reading (Wolf & Bowers, 1999). This 

demonstrates the importance of considering RAN in addition to phonology as a measure 

of reading success and difficulty. In school-age years, with frequent exposure to letters 

and numbers, alphanumeric RAN tasks are stronger predictors of reading ability than 
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colour or object RAN tasks (Meyer, Wood, Hart, & Felton, 1998; Wolf, 1986). 

Performance on RAN tasks remains strongly associated with reading ability throughout 

later school-age years and adolescence, particularly in poor readers (van den bos, Zijlstra, 

& lutje Spelberg, 2002; Vukovic, Wilson, & Nash, 2004). The relationship between RAN 

and reading fluency has been consistently documented across many orthographies 

(Georgiou, Parrila, & Liao, 2008; Tan, Spinks, Eden, Perfetti, & Siok, 2005). 

1.2.4 Summary 

In summary, reading is a complex cognitive skill relying on many component 

skills, including decoding, sight word reading, comprehension, and rapid naming. 

Children with RD mainly have difficulty performing fluently and accurately on decoding 

and rapid naming tasks but tend to also struggle with sight word reading and 

comprehension, as a result of inaccurate and disfluent decoding. Because reading 

impairment is multi-factorial, it is necessary to take a similarly multi-factorial approach 

to fully understand its neural substrates.  

1.3 Neural Basis of Reading and RD 

1.3.1 Neuroimaging studies of reading ability and RD 

The development of functional neuroimaging technologies over the last three to 

four decades has allowed significant growth in our understanding of the neural systems 

that support reading ability. Specifically, technologies such as functional magnetic 

resonance imaging (fMRI) and positron emission tomography (PET), which measure 

changes in blood flow and metabolic activity in the brain have allowed researchers to 

capture what brain areas are active during different types of reading tasks.  
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Various models of reading in the brain have been developed as a result of 

converging fMRI and PET evidence. In a neurobiological model of reading and RD, 

Pugh, Mencl, Jenner, et al. (2000) proposed that three major left hemisphere systems are 

involved in word recognition: a dorsal, ventral, and anterior system. Recognition of 

familiar words, via sight word reading, is associated with left ventral occipito-temporal 

areas, while reading unfamiliar or low frequency words by decoding relies on left dorsal 

temporo-parietal regions and anterior areas located in the left inferior frontal gyrus. 

Children learning to read tend to rely largely on left temporo-parietal regions for 

integrating orthographic and phonological information to decode words. These left 

temporo-parietal regions are thought to support the subsequent development of occipito-

temporal regions of the brain, allowing for faster word form identification in more 

experienced readers. The integration of phonological and semantic representations in 

overlapping neural circuits in these regions is thought to be essential for development of 

typical reading skills. Pugh et al. (2000) suggest that children with RD, who have 

difficulty with temporo-parietal phonological processing, rely more on the left inferior 

frontal gyrus and posterior right hemisphere regions to support compensatory strategies 

such as covert pronunciation and visual strategies.  

Sandak, Mencl, Frost, and Pugh (2004) further specified the regions implicated in 

Pugh et al.’s (2000) model, suggesting that regions of the supramarginal gyrus (within the 

dorsal system) and inferior frontal gyrus (within the anterior system) are crucial in early 

reading for binding orthographic and phonological information, with additional 

contributions from the angular gyrus to link semantic representations to these words. 

During reading development, strong orthographic-phonological integration is proposed to 
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contribute to the development of the ventral system in the occipito-temporal regions and 

middle and inferior temporal gyri, which allows for fast and efficient sight word reading. 

Sandak et al. (2004) theorize that children with RD have deficits in temporo-parietal 

areas, which impair development of the ventral system and result in development of 

compensatory responses in the anterior system and in right hemisphere regions.  

A more recent model of reading (Dehaene, 2009) furthered Pugh et al.’s (2000) 

and Sandak et al.’s (2004) model, highlighting the role of ventral occipito-temporal 

regions in reading. This model proposes that visual input is first processed in the occipital 

lobe, with the left ventral occipito-temporal area involved specifically in visual analysis 

of letter and word shape. Numerous cortical areas, including inferior frontal regions, 

anterior temporal regions, anterior fusiform regions, middle temporal regions, and 

angular gyrus, are then thought to be involved in accessing word meaning. Dehaene 

(2009) proposes that access to pronunciation and articulation are associated with parietal, 

temporal, and frontal regions, including the supramarginal gyrus, superior temporal 

regions, precentral gyrus, and anterior insula, while posterior parietal regions exert a top-

down influence on visual attention and serial reading. This model also emphasizes the 

role of connectivity between these regions in reading, noting that the connections are all 

bidirectional and that many functions are operating in parallel during reading.   

Similar patterns have emerged in research measuring functional brain activation 

while participants complete reading tasks, suggesting that reading involves regions 

distributed across the cortex. Numerous meta-analyses of neuroimaging studies of 

reading have linked the left occipital temporal junction and left fusiform gyrus to pre-

lexical processing of letter patterns, left dorsal temporo-parietal areas to integrating 
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orthographic and phonological information for decoding unfamiliar words, left ventral 

occipito-temporal regions to extracting the phonology of familiar words, and the left 

inferior frontal gyrus and left precentral gyrus in phonological output processes, 

particularly when reading aloud (Cattinelli, Borghese, Gallucci, & Paulesu, 2013; Houdé, 

Rossi, Lubin, & Joliot, 2010; Jobard, Crivello, & Tzourio-Mazoyer, 2003; Taylor, Rastle, 

& Davis, 2013; Turkeltaub, Eden, Jones, & Zeffiro, 2002). As expected, comparisons of 

neuroimaging findings in children and adults suggest some developmental shifts in the 

brain’s role in reading, with both common and divergent patterns of reading-related 

functional activation observed between children and adults (Martin, Schurz, Kronbichler, 

& Richlan, 2015). Specifically, Martin et al. (2015) observed a common network 

including left ventral occipito-temporal areas, left inferior frontal gyrus, left posterior 

parietal cortex, and bilateral supplementary motor area. In children, the bilateral 

supplementary motor area and left superior temporal gyrus were most consistently found 

to be activated during reading across the meta-analysis of studies, while in adults more 

consistent activation was observed in the bilateral cerebellum, left middle frontal gyrus, 

left precentral gyrus, and left middle occipital gyrus. This body of research demonstrates 

that both children and adults rely on a distributed network of brain regions during 

reading, and some changes in the specific brain areas recruited for reading occur 

throughout reading development.  

Meta-analyses of functional neuroimaging studies of RD have also identified 

atypical brain activation in regions of the reading network in struggling readers. 

Specifically, meta-analyses of fMRI and PET studies of reading suggest that RD is 

consistently characterized by underactivation in left temporo-parietal regions (Maisog et 
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al., 2008; Paulesu et al., 2014; Richlan et al., 2009, 2011), left occipito-temporal regions 

(Maisog et al., 2008; Richlan et al., 2009), and left inferior frontal regions (Maisog et al., 

2008; Richlan et al., 2009). Additionally, overactivation has been found in the left 

precentral regions (Richlan et al., 2009, 2011) and right thalamus and insula (Maisog et 

al., 2008), which is suggested to be related to compensatory processes during reading. 

Together, the existing literature demonstrates that reading in RD is characterized by 

underactivation of dorsal areas associated with decoding, and of ventral and anterior 

areas associated with sight word reading, as well as compensatory reliance on left 

precentral and right hemisphere regions.   

1.3.2 Brain connectivity 

Although much of previous neuroimaging research has focused on identifying 

localized brain regions that support reading or that differ between typical readers and 

individuals with RD, a deeper understanding the role of the brain in reading requires 

understanding of how localized regions distributed widely across the brain function in 

concert with one another. As efficient reading depends on coordinated processing 

amongst many cortical regions, connectivity between these brain regions is therefore 

important to ensure that signals can be transmitted efficiently across the brain (Friston, 

2011). Neural connectivity can be measured both in terms of functional connectivity, 

which assesses the coordination of activity across brain regions, and in terms of structural 

connectivity, which assesses the integrity of brain anatomy connecting cortical regions. 

In the present dissertation, I focused on measuring functional and structural connectivity 

in children and examined how these measures relate to typical and impaired reading 

ability. 
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1.3.2.1 Measuring functional connectivity. Functional connectivity is measured 

by examining temporal correlations between regions of the cortex (Friston, Frith, Liddle, 

& Frackowiak, 1993; Friston, Jezzard, & Turner, 1994). This method was initially 

implemented in PET studies by examining the correlation in neural activity between 

regions of known cortical networks while participants completed a related task (Clark, 

Kessler, Buchsbaum, Margolin, & Holcomb, 1984; Horwitz, Duara, & Rapoport, 1984; 

Horwitz, Rumsey, & Donohue, 1998; Horwitz, 1990; Metter, Riege, Kuhl, & Phelphs, 

1984). Networks that are more functionally connected tend to be more correlated in their 

activity over time. Importantly, functional connectivity is distinct from structural 

connectivity (Horwitz et al., 1992; Horwitz, 1994). Two brain regions that are structurally 

connected may not always show functional connectivity, depending on the demands of 

the task. On the other hand, two regions that show functional connectivity may also not 

be directly connected structurally, as they could both receive input from a third brain 

region resulting in correlation in neural activity. These same principles have been more 

recently applied to fMRI, in which functional connectivity can be measured by 

examining correlations in the blood-oxygen level dependent (BOLD) response between 

cortical regions over the course of the fMRI scan.  

Although many initial fMRI studies of functional connectivity used a task-based 

approach, in which participants completed a task during the fMRI scan, this method can 

also be adapted to use a resting-state approach, in which the fMRI scan is conducted 

while the participant is in a wakeful resting state. Resting-state fMRI measures 

correlations in low frequency (<0.1 Hz) spontaneous fluctuations in the BOLD response 

across brain regions (Biswal, Zerrin Yetkin, Haughton, & Hyde, 1995), which are 
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thought to reflect the brain’s functional networks (see Fox & Raichle, 2007). The resting-

state approach to measuring functional connectivity is advantageous because the data 

cannot be influenced by task demands or by differences in task performance or 

processing strategies. This is of particular relevance when studying reading, as task-based 

fMRI studies tend vary in terms of the type reading task used, and patterns of functional 

connectivity are known to differ for different types of reading tasks (Mechelli et al., 

2005; Nakamura, Dehaene, Jobert, Le Bihan, & Kouider, 2007). When studying children, 

the resting-state technique also has the appreciable advantage that children do not need to 

be trained on a task prior to scanning and can simply rest quietly in the scanner.  

Resting-state functional networks among reading-related regions have been 

shown to align closely with functional networks observed in task-based fMRI data 

(Hampson et al., 2006; Koyama et al., 2010), including positive correlations in activation 

between the left temporoparietal junction and left frontal and temporal areas and between 

the left fusiform gyrus and the left inferior frontal gyrus extending into the left precentral 

gyrus, as well as negative correlations between reading-related regions and areas 

associated with the default mode network, effortful control, and working memory. 

Resting-state functional connectivity (RSFC) in the reading network is also known to 

correlate with individual differences in single word reading abilities. Koyama et al. 

(2011) found that in both children and adults, reading performance was positively 

associated with RSFC from the left precentral gyrus seed to the left postcentral gyrus, 

bilateral supplementary motor area and posterior cingulate cortex, and right 

postcentral/precentral gyrus, as well as from the left inferior frontal gyrus pars 

opercularis seed to the left superior temporal gyrus. Children also exhibited negative 
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correlations between reading and RSFC from the left fusiform gyrus to the left inferior 

frontal gyrus and left superior temporal gyrus, and positive correlations between reading 

and RSFC from the left fusiform gyrus to the default mode network and from the left 

intraparietal sulcus to the bilateral thalami, while adults showed an inverse pattern of 

RSFC-behaviour correlations in these regions. These developmental differences in 

RSFC-behaviour relationships were proposed to be related to differences in functional 

segregation among networks associated with reading, rest, and visual attention, impacting 

efficiency and automaticity of reading processes.  

Although the current literature shows the usefulness of the resting-state functional 

connectivity approach in characterizing the role of functional connectivity in reading, the 

relationship between RSFC and different components of reading is not well understood. 

In the present thesis, I sought to further examine how discrete subskills of reading in 

children were associated with RSFC within the brain’s reading network.  

1.3.2.2 Measuring structural connectivity. While functional connectivity assesses 

networks of coordinated activity, structural connectivity is a measure of anatomical 

connectivity between cortical regions. Diffusion tensor imaging (DTI) is a structural MRI 

technique which measures diffusion of water molecules in body tissues. When used for 

imaging of the brain, DTI can characterize the organization of tissues in the brain based 

on the direction of diffusion of water molecules (Basser, 1995; Basser & Pierpaoli, 1996; 

Pierpaoli & Basser, 1996; for a review see Feldman, Yeatman, Lee, Barde, & Gaman-

Bean, 2010). In areas of the brain filled with cerebrospinal fluid, diffusion of water is 

largely isotropic, meaning water molecules can diffuse both in a relatively unconstrained 

way and in all directions. In areas of grey matter, cell membranes and structures inside 
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the cell force water molecules to take more convoluted paths of diffusion. This slows 

diffusion and decreases the mean displacement of the water molecules in grey matter 

relative to those in cerebrospinal fluid. Diffusion in grey matter is still isotropic as the 

orientation of each cell’s membranes and structures is random relative to other cells, 

allowing water molecules to displace in all directions. Conversely, the myelinated axons 

in neurons of white matter tracts of the brain allow for relatively unimpeded diffusion 

parallel to the axon while greatly hindering diffusion perpendicular to the axon. This 

results in diffusion that is anisotropic: diffusion is greater in one direction than in other 

directions. Fractional anisotropy (FA) is a DTI measure which quantifies the degree of 

anisotropy, or directionality, of water diffusion in the brain. FA values range between 0 

and 1, with higher values representing a greater degree of diffusion in a single direction 

relative to all other directions. FA can be used to characterize increased axon density, 

axonal diameter, and myelination (Basser & Pierpaoli, 1996). FA is first measured at the 

individual voxel level, and tractography techniques can then be used to trace a subject’s 

fiber streamlines within a particular white matter tract by sequentially piecing together 

information about the directionality of individual neighbouring voxels (Basser, Pajevic, 

Pierpaoli, Duda, & Aldroubi, 2000; Conturo et al., 1999; Mori, Crain, Chacko, & Van 

Zijl, 1999). One such tractography technique is deterministic tractography, in which an 

algorithm moves sequentially from voxel to voxel along the principal diffusion direction 

and stops when a voxel is unlikely to be part of the same streamline based on its FA 

measurement or its angle relative to other voxels. This technique allows researchers to 

identify individual participants’ white matter tracts and assess structural connectivity 

along these specific tracts.  
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The white matter tract most consistently linked to reading is the left arcuate 

fasciculus (Carter et al., 2009; Christodoulou et al., 2017; Deutsch et al., 2005; Gold, 

Powell, Xuan, Jiang, & Hardy, 2007; Klingberg et al., 2000; Nagy, Westerberg, & 

Klingberg, 2004; Richards et al., 2008; Rimrodt, Peterson, Denckla, Kaufmann, & 

Cutting, 2010; Steinbrink et al., 2008; Vandermosten et al., 2012), a dorsal tract 

connecting superior/middle temporal with inferior frontal regions and linked to oral and 

written language processing. Ventral tracts associated with reading include the left 

inferior fronto-occipital fasciculus, left inferior longitudinal fasciculus, and left uncinate 

fasciculus. The inferior fronto-occipital fasciculus includes fibers connecting occipital, 

temporal, and frontal grey matter regions, while the inferior longitudinal fasciculus links 

occipital and anterior temporal brain regions and the uncinate fasciculus links anterior 

temporal and ventral frontal regions. These ventral tracts have been implicated in 

orthographic, lexical, and semantic processing (Epelbaum et al., 2008; Grossman et al., 

2004; Lu et al., 2002; Mandonnet, Nouet, Gatignol, Capelle, & Duffau, 2007; Marchina 

et al., 2011; Wilson et al., 2011). Although much of reading research has focused on left 

hemisphere white matter tracts, studies have also implicated white matter integrity in the 

right hemisphere in reading ability and RD (Frye et al., 2009; Lebel et al., 2013; Odegard, 

Farris, Ring, McColl, & Black, 2009; Richards et al., 2008; Vandermosten, Poelmans, 

Sunaert, Ghesquière, & Wouters, 2013), suggesting structural connectivity in both 

hemispheres plays a role in reading success.  

DTI studies of reading clearly show the importance of white matter connectivity 

in supporting reading, however there is substantial variability in the tracts and 

hemispheres implicated and the types of reading tasks used in different studies. As a 
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result, there is no clear consensus regarding which tracts support different aspects of 

reading. My research aims to elucidate how integrity of different white matter tracts in 

the left and right hemisphere relate to individual differences in subskills of reading in 

children.  

1.4 Relevant Issues in Brain Connectivity Research of Reading 

Much of previous neuroimaging research examining reading has measured 

reading ability using only a measure of single word reading or a composite measure 

combining scores on multiple types of reading tasks. This is problematic as reading is 

known to be a complex process involving multiple cognitive subskills. Moreover, 

findings of studies with only single word reading measures are often used to draw 

conclusions about reading in general, however single word reading tasks only capture a 

small part of the cognitive processes involved in overall reading success. Similarly, 

studies using composite measures of reading which combine scores of different types of 

reading tasks cannot capture the neural basis for each of the distinct cognitive processes 

involved in reading.  

An additional challenge is that much of reading research has focused on 

comparisons of typical readers to individuals with RD. Reading performance, like many 

other cognitive skills, is distributed normally within the population. RD does not 

represent a categorical distinction between typical and poor readers, rather, it represents 

the lower tail of the normal distribution (Gilger et al., 1996; Shaywitz, Shaywitz, 

Fletcher, & Makuch, 1992). In studies using group-based approaches to compare 

individuals with RD to typical readers, the thresholds for determining how to divide 

individuals into typically-developing and RD groups tend to be arbitrary (Lyon et al., 
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2003) and variable across different studies (Siegel, 2006), leading to significant 

variability in findings across studies and difficulty generalizing findings to the greater 

population. Further research is therefore needed to characterize the roles of functional 

and structural brain connectivity in supporting individual differences in reading processes 

across the full range of the distribution of reading abilities.  

Research measuring individual differences in reading abilities based on more than 

one type of skill has provided preliminary evidence that different subskills are supported 

by distinct patterns of DTI connectivity in adults (Horowitz-Kraus, Wang, Plante, & 

Holland, 2014; Welcome & Joanisse, 2014). However, the relationship between white 

matter connectivity and subskills of reading in children has only been studied in terms of 

sight word reading and decoding abilities (Niogi & McCandliss, 2006), and this multi-

component approach has not yet been applied in studies of functional connectivity. The 

present thesis considers individual differences in component subskills of reading in 

children, in order to fully capture their discrete relationships to brain structure and 

function.  

1.5 Objectives and Overview 

 The central objective of this thesis is to examine how functional and structural 

connectivity relate to individual differences in reading. To summarize the above 

discussion, many previous studies of brain connectivity and reading have used single or 

composite measures of reading skill, however, reading is known to rely on multiple types 

of cognitive subskills. In addition, much of previous research has focused on comparing 

children with RD to typically reading peers, although reading ability is known to be 

distributed on a continuum and RD simply represents the lower tail end of the normal 
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distribution. By measuring reading based on multiple subskills in individuals with a wide 

range of reading abilities, I use an individual-differences approach to consider how 

subskills of reading may show distinct patterns in their relationships to brain 

connectivity, and how these measures of brain connectivity may change as an 

individual’s reading ability improves. 

 Chapter 2 examines the relationship between reading subskills and resting-state 

functional connectivity. Prior studies have shown that resting-state functional 

connectivity in the reading network is related to individual differences in single word 

reading in children and adults (Koyama et al., 2011). In Chapter 2, I expand on this 

research to examine how individual differences in decoding, sight word reading, reading 

comprehension, and rapid naming correlate differently with resting-state functional 

connectivity in a sample of children with a wide range of reading abilities. 

 Chapter 3 extends this investigation of individual differences in reading subskills 

to examine their relationship with structural connectivity. Measures of fractional 

anisotropy (FA) are known to relate to individual differences in single word reading 

(Beaulieu et al., 2005; Cummine et al., 2013; Deutsch et al., 2005; Lebel et al., 2013; 

Nagy et al., 2004; Niogi & McCandliss, 2006; Odegard et al., 2009). Using DTI, I take an 

individual-differences approach to extend this body of research to multiple reading 

subskills, including decoding, sight word reading, reading comprehension, and rapid 

naming abilities, to characterize the roles that different neural pathways play in reading in 

children.   

 Given that individual differences in reading are known to be reflected in patterns 

of functional and structural connectivity in the brain, Chapter 4 considers the changes in 



23 

 

measures of connectivity observed following improvement in reading abilities as a result 

of phonology-based reading intervention. Many previous studies have focused on how 

brain activation or functional connectivity during a reading task changes as reading 

ability improves, however the present study aims to extend this research to examine how 

spontaneous patterns of brain activity and structural connections in the brain change with 

improvement in reading skills. Additionally, as there is significant variability in the 

degree to which children respond to reading intervention, Chapter 4 considers how pre-

intervention structural and functional connectivity may predict the individual differences 

in the magnitude of change in behavioural reading skills observed post-intervention.  

 The findings of the present thesis will characterize the roles that different 

functional and structural connections play in supporting distinct subskills of reading in 

school-age children with a wide range of reading abilities. In addition, the findings will 

contribute to understanding of differences in neural connectivity underlying RD and 

response to intervention in struggling readers.  
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Chapter 2: Resting-State Functional Connectivity Correlates 

of Reading Subskills in Children 

2.1 Introduction 

Reading is a complex skill that relies on multiple cognitive processes and many 

different regions of the brain. Many previous studies examining the neural substrates of 

reading have used neuroimaging techniques to identify regions of the cortex associated 

with reading in both proficient readers and individuals with reading disability (RD) (see 

Price, 2012 for a review). However, these regions are distinct and are distributed across 

many areas of the cortex, and studies of regional activity only capture a part of the neural 

processes involved in reading. Recent developments in neuroimaging techniques such as 

functional magnetic resonance imaging (fMRI) have highlighted the importance of 

coordinated processing across functional networks of distinct brain regions in supporting 

proficient reading.  

Neuroimaging studies examining connectivity among reading-related brain regions 

have provided insight into the importance of functional connectivity for efficient and 

accurate reading. For example, Pugh, Mencl, Shaywitz, et al. (2000) found that adults 

with RD exhibited reduced functional connectivity from the left angular gyrus to left 

occipito-temporal areas during tasks with high phonological processing demands, but no 

disruption in functional connectivity was observed on tasks with low phonological 

processing demands. Similarly, Horwitz, Rumsey, and Donohue (1998) observed reduced 

functional connectivity in adults with RD between the left angular gyrus and left frontal, 

temporal, and occipito-temporal areas during a single-word reading task. In children with 

RD, a disruption in functional connectivity between the fusiform gyrus and left inferior 

parietal and left inferior frontal language areas was observed during a phonological 
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lexical decision task (van der Mark et al., 2011). These studies all used task-based 

approaches, examining functional connectivity based on interregional correlations in 

activity while participants completed reading or related phonological processing tasks.  

A limitation of task-based neuroimaging research is that there is a lack of consensus 

regarding the type of task that is optimal for characterizing brain networks for reading. 

Patterns of functional connectivity are known to differ significantly based on the type of 

task used in task-based fMRI studies (Mechelli et al., 2005; Nakamura, Dehaene, Jobert, 

Le Bihan, & Kouider, 2007). Because the process of reading can be decomposed into a 

number of different subskills, different types of reading tasks are likely to produce 

different types of connectivity patterns. Additionally, in group comparisons, differences 

observed in task-based connectivity data between a group with RD and a typically-

developing group could be related to differences in task performance or processing 

strategies associated with that particular task. Findings of differences between groups 

with respect to fMRI findings are therefore confounded with behavioural differences in 

task performance, making it difficult to differentiate between the cause and effect of these 

differences.  

A potential solution is to study functional networks while participants are in a 

resting-state rather than using a task-based paradigm. Resting-state fMRI is a task-free 

technique which measures temporal correlations in the low-frequency fluctuations (< 0.1 

Hz) in the fMRI signal of functionally-related brain areas (Biswal et al., 1995). These 

patterns of resting-state functional connectivity (RSFC) are thought to be specifically 

organized in a way that reflects the brain’s functional networks (see Fox & Raichle, 

2007). Regions that are functionally-related tend to be temporally correlated in terms of 
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their spontaneous BOLD activity. In contrast, regions that have opposing functionality 

tend to have negatively correlated BOLD activity during resting-states.  Some advantages 

of the RSFC technique are that the neuroimaging data cannot be influenced by any 

particular task demands, differences in task performance, or differences in processing 

strategies.  

With respect to reading, previous studies using an RSFC approach have shown that 

networks of functional connectivity align closely between task-based and task-free fMRI 

data. Using a seed-based approach, Hampson et al. (2006) observed consistent patterns of 

functional connectivity from the left inferior frontal gyrus in adults, both while they 

completed a sentence reading task and while they rested quietly in the scanner. The 

correlations observed from the seed region, the left inferior frontal gyrus, included 

positive correlations with areas adjacent to the inferior frontal gyrus, and positive 

correlations extending bilaterally to the superior and middle temporal gyri, the medial 

occipito-temporal cortex, middle frontal gyrus, and angular gyrus. Additionally, negative 

correlations were observed between the left inferior frontal gyrus and the bilateral 

anterior and posterior cingulate cortices. Koyama et al. (2010) extended these findings to 

examine functional connectivity from six seed regions in the left hemisphere, including 

the fusiform gyrus, the superior temporal gyrus, the precentral gyrus, the inferior frontal 

gyrus, the posterior area of the left inferior occipital gyrus, and the temporoparietal 

junction including the angular gyrus. RSFC from the left inferior frontal gyrus replicated 

the findings of Hampson et al. (2006). Additionally, patterns of RSFC aligned closely 

with the reading networks identified in previous task-based studies, including positive 

correlations between the left temporoparietal junction and left frontal and temporal areas, 
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as well as between the left fusiform gyrus and the left inferior frontal gyrus extending 

into the left precentral gyrus. Negative correlations with the seed regions included the 

medial prefrontal cortex, dorsolateral prefrontal cortex, anterior cingulate cortex, superior 

lateral parietal cortex, lateral temporal cortex, posterior cingulate cortex, and precuneus. 

The posterior cingulate and precuneus are areas associated with the default mode 

network, a network of brain regions in which activity is increased during rest and 

attenuated during other cognitive tasks (for a review see Raichle, 2015). Other negatively 

correlated areas such as the dorsolateral prefrontal and superior parietal cortices are 

regions associated with effortful control (Cazalis et al., 2003; MacDonald, 2008) and 

high working memory load (Marklund et al., 2007; Wendelken, Bunge, & Carter, 2008). 

The authors suggest that these negative correlations between areas of the reading network 

and other brain networks may reflect greater segregation of functional systems, possibly 

related to greater automatization of reading. Overall, these studies demonstrate the value 

of resting-state based approaches in examining functional connectivity independent of 

some confounds associated with task-based designs.   

Differences in RSFC in the reading network have also been linked to behavioural 

reading ability, both in studies comparing individuals with RD to typical readers and by 

using an individual differences approach. In individuals with RD compared to typical 

readers, RSFC is characterized by reduced connectivity between the left and right inferior 

frontal gyri (Farris et al., 2011), between the left intraparietal sulcus and left middle 

frontal gyrus (Koyama et al., 2013), and between left inferior gyrus and left posterior 

temporal areas including the fusiform gyrus, and inferior, middle, and superior temporal 

gyri (Schurz et al., 2015). Additionally, adolescents and adults with RD have greater 
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RSFC between regions associated with reading and areas of the default mode network, 

particularly the precuneus (Schurz et al., 2015).   

Studies using an individual differences approach have related behavioural reading 

ability in individuals with a wide range of reading proficiencies to differences in the 

strength of RSFC. Vogel et al. (2011) observed that in children aged 6 to 9 years old, 

RSFC of the putative visual word form area and the bilateral anterior inferior parietal 

sulcus increased with reading skill, as measured by a composite of single-word reading, 

reading comprehension, and decoding ability.  In a study of children and adults, Koyama 

et al. (2011) found positive associations between single word reading ability and RSFC 

for both groups in connections from the left precentral gyrus seed to the left postcentral 

gyrus, bilateral supplementary motor area and posterior cingulate cortex, and right 

postcentral/precentral gyrus, as well as from the left inferior frontal gyrus pars 

opercularis seed to the left superior temporal gyrus. However, when the authors 

compared RSFC-behaviour relationships between children and adults, divergent patterns 

of results emerged. In adults only, positive RSFC-behaviour relationships were found for 

connections from the left fusiform gyrus seed to the left inferior frontal gyrus pars 

opercularis and the left inferior parietal lobule. For the same functional connections in 

children, negative correlations were observed between RSFC strength and word reading 

performance. The authors suggest this may be related to experience-dependent functional 

development of the fusiform gyrus. Additionally, a positive RSFC-behaviour relationship 

was observed for children for functional connections between the left fusiform gyrus seed 

and regions of the default mode network, whereas the same connections showed a 

negative relationship between RSFC strength and reading performance in adults similar 
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to that observed by Koyama et al. (2010). Finally, positive RSFC-behaviour correlations 

were observed for connections from the left intraparietal sulcus and the bilateral thalamus 

in children, but this relationship was negative in adults. Koyama et al. (2011) argue that 

these findings may be related to functional segregation among the networks associated 

with reading, rest, and visual attention processes. Although functional segregation among 

networks may be important for efficient and automatized reading in adults, a lack of 

segregation may not be detrimental to reading in children. Overall, these studies 

demonstrate that while the relationship between RSFC and behaviour changes throughout 

development, stronger reading in children is related to stronger functional connectivity 

among regions of the reading network as well as reduced segregation between areas of 

the reading network and other neural networks.  

Put together, the present literature shows that RSFC in the reading network of the 

brain, as well as RSFC to other brain networks such as the default mode network, varies 

based on reading ability in children and adults. However, previous studies of reading and 

RSFC have examined reading skills using single word reading measures involving 

reading of words likely to be familiar to the reader, or composite measures of reading that 

combine scores across many types of reading tasks. Little research to date has examined 

whether the behaviour-RSFC relationship for reading differs across the many subskills 

associated with proficient reading. These include decoding, in which readers match 

orthographic representations onto phonological representations to decode words; sight 

word reading, in which skilled readers recognize familiar words without decoding; and 

reading comprehension, in which readers map lexical representations onto to semantic 

representations to understand a word, sentence, or text. Finally, reading is also known to 
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be strongly associated with performance on rapid automatized naming (RAN) tasks (for a 

review see Norton & Wolf, 2012). In RAN tasks, an individual quickly names an array of 

familiar stimuli such as letters, digits, colours, or objects. This is thought to index the 

fluent perceptual, attentional, and motoric processes involved in reading aloud (Arnell et 

al., 2009; Kirby et al., 2010). Although phonological awareness and RAN are both strong 

early predictors of reading abilities (Pennington & Lefly, 2001; Scarborough, 1998; 

Schatschneider et al., 2004), studies of older children and adolescents suggest that 

performance on RAN tasks remains a strong predictor of reading ability throughout later 

school-age years, particularly with respect to RAN tasks involving naming letters or 

numbers (Meyer, Wood, Hart, & Felton, 1998; Wolf, 1986). 

A study of task-based functional connectivity has demonstrated differences in 

functional connectivity observed in children with rapid naming deficits, with 

phonological awareness deficits, and with deficits in both skills, suggesting that patterns 

of functional connectivity are dissociable for different predictors of reading ability. 

However, these findings have not yet been extended to RSFC, or to other reading-related 

skills such as decoding and reading comprehension.  In the present study, we aimed to 

examine individual differences in children’s reading subskills, including decoding 

efficiency, sight word reading efficiency, comprehension, and RAN, and their 

relationship with RSFC in the brain’s reading network. Nonverbal intelligence was also 

included as a measure in the present study to assess whether any effects observed were 

specific to reading ability or whether they could be attributed to more general cognitive 

factors. We focused on 11 regions of interest (ROIs) implicated in previous neuroimaging 

studies of reading (Bolger, Perfetti, & Schneider, 2005; Houdé, Rossi, Lubin, & Joliot, 
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2010; Koyama et al., 2010) and measured the correlation between performance on the 

behavioural tasks and functional connectivity from ROI seed regions to all other voxels 

in the brain. With this approach, we examined common and divergent relationships 

between RSFC and behaviour for different subskills associated with reading in children.  

2.2 Methods 

2.2.1 Participants 

Participants were 83 children between 8 and 14 years old (mean age = 10.91 

years, 45 female, 75 right-handed) in southwestern Ontario, Canada, recruited through 

local schools and social media advertisements. Some recruitment was targeted to children 

with reading disabilities participating in a reading intervention program in local schools. 

As a result, eighteen of the participants had been previously identified with reading 

difficulties by school professionals. The remaining participants had a wide range of 

reading abilities but any poor readers had not been formally identified with reading 

difficulties. All participants’ parents reported that the children were native speakers of 

English and had normal hearing, normal or corrected-to-normal vision, and no known 

neurological impairments. All parents provided informed consent and children provided 

assent to participate at the beginning of the study.  

2.2.2 Procedures 

One and three months prior to the MRI scanning session, all participants 

completed a battery of behavioural tests of reading and cognitive abilities and mock 

scanner training, as described below. The behavioural test battery included measures of 

sight word reading efficiency, decoding efficiency, reading comprehension, and rapid 

automatized naming.  
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Sight word reading efficiency. Children completed the Test of Word Reading 

Efficiency-II (TOWRE-2; Torgesen et al., 2012) Sight Word Efficiency subtest, in which 

they were given a list of words of increasing difficulty and were asked to read as many 

words aloud as possible in 45 seconds. This task measures fluency and accuracy of sight 

word reading. 

Decoding efficiency. Fluency and accuracy of decoding was assessed using the 

TOWRE-2 Phonemic Decoding Efficiency subtest. Children were given a list of nonwords 

of increasing difficulty and were asked to read as many nonwords aloud as possible in 45 

seconds. 

Reading comprehension. Children completed the Woodcock Johnson-III (WJ-III; 

Woodcock et al., 2001) Passage Comprehension subtest as a measure of their ability to 

integrate syntactic and semantic information while reading. In this task, children read 

sentences and paragraphs of increasing difficulty and supplied a missing word.  

Rapid automatized naming (RAN) task. Children were asked to name the items 

in the 5x10 array of letters (k, r, m, g) as quickly and accurately as possible  (Howe, 

Arnell, Klein, Joanisse, & Tannock, 2006; see Appendix A). The task was scored based 

on the number of letters correctly named per second. This task was used to assess rapid 

naming abilities known to contribute to reading skill (Bowers & Wolf, 1993; Denckla & 

Rudel, 1976). 

Nonverbal intelligence. Children completed the Weschler Abbreviated Scale of 

Intelligence Second Edition (WASI-II; Weschler, 2011) Performance IQ measures, which 

included the Block Design and Matrix Reasoning subtests, as a measure of nonverbal 

intelligence. The Block Design task involves viewing a sample model or a picture and 
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replicating the design as quickly as possible using red and white blocks. In the Matrix 

Reasoning task, participant view an unfinished matrix or series and are asked to select an 

item that completes the matrix from an array of five items. The scores on the Block 

Design and Matrix Reasoning subtests were combined to provide a standardized 

Performance IQ score measuring nonverbal intelligence. The nonverbal intelligence 

measures were administered in only 63 of the 83 participants.  

Mock scanner training. Participants were asked to lie still for 10 minutes in a 

mock MRI scanner while listening to an audiobook and recorded noises from an MRI 

scanner. The purpose of this training was to familiarize the participant with the safety 

rules, protocols, and environment associated with the MRI scan. Additionally, head 

movements were monitored via an electromagnetic position tracker (Polhemus FasTrack) 

during the simulated scan, which provided feedback about movement to the child and 

served as an informal assessment of whether they would be able to remain sufficiently 

still during the actual MRI scan to acquire good quality MRI images. No participants 

were excluded from the study based on movement in the simulated scan. 

2.2.3 MRI acquisition and processing 

The imaging session was completed at the University of Western Ontario’s Centre 

for Functional and Metabolic Mapping one to two weeks following the first session. MRI 

data was collected using a Siemens 3 Tesla Prisma scanner with a 32-channel head coil. 

Foam pads were used to minimize head movement. A six-minute T2-weighted resting-

state fMRI scan was acquired using an echo planar imaging pulse sequence and oblique 

axial orientation (TR = 1000 ms; TE = 30ms; flip angle = 45; voxel size = 3 x 3 x 3 mm; 

FOV = 210 x 210 mm; 48 slices). During this scan, the participants were told to lie still 
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while looking at a fixation cross on a display. A high-resolution 3-D T1-weighted 

anatomical scan was also acquired in the sagittal plane (MPRAGE; GRAPPA 

acceleration factor = 2; TR = 2300 ms; TE = 2.98 ms; flip angle = 9; field of view = 256 

x 256 mm; voxel size = 1 x 1 x 1 mm; 192 slices). Participants watched a movie during 

the anatomical scan, which lasted five minutes. In 63 participants, a diffusion tensor 

imaging scan was also acquired during the same session as part of the studies described 

in Chapters 3 and 4. In total, scan time for these participants was approximately 10-15 

minutes. The remaining 20 participants completed three additional fMRI tasks as part of 

another study, with a total scan time of approximately 45 minutes for this group.  

The resting-state fMRI data was pre-processed and denoised using the CONN-

fMRI toolbox 17.a (Whitfield-Gabrieli & Nieto-Castanon, 2012) for SPM12 in Matlab 

R2016b. Pre-processing consisted of realignment, normalization to the MNI anatomical 

template, and spatial smoothing of the functional data using a Gaussian filter of 5mm. 

The structural data was segmented into gray matter, white matter, and cerebrospinal fluid. 

Using the aCompCor noise reduction method, the signal from white matter and 

cerebrospinal fluid masks were computed and included as nuisance parameters within the 

final analysis models (Behzadi, Restom, Liau, & Liu, 2007). Subject motion was 

estimated along three axes each of rotation and translation, and the resulting time series 

was regressed out of the BOLD functional data. Functional volumes that differed more 

than 95% from the mean BOLD signal amplitude were removed from analysis. Band pass 

filtering was performed between 0.008 Hz to 0.09 Hz on the resulting BOLD time-series.  

Following preprocessing and denoising, analyses focused on the association 

between resting-state connectivity from seed regions of interest (ROIs) and individual 
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differences in reading subskills. Seed ROIs were selected based on a previous resting-

state functional connectivity study of reading in children (Koyama et al., 2011) and a 

meta-analysis of brain areas associated with reading in children (Houdé et al., 2010): the 

middle frontal gyrus (MFG), inferior frontal gyrus pars opercularis (IFGoper), inferior 

frontal gyrus pars triangularis (IFGtri), precentral gyrus (PreCG), posterior superior 

temporal gyrus (STGpost), angular gyrus (AG), superior parietal lobule (SPL) including 

the intraparietal sulcus, supplementary motor area (SMA), posterior fusiform gyrus 

(FFG), occipital pole (OP), and thalamus (Thal), all within the left hemisphere. The seeds 

were all identified for analysis using the CONN atlas image volume which defines ROIs 

jointly across all subjects within MNI space (FSL Harvard-Oxford atlas and AAL atlas, 

developed based on: Desikan et al., 2006; Frazier et al., 2005; Goldstein et al., 2007; 

Makris et al., 2006; Tzourio-Mazoyer et al., 2002). The seed ROIs consisted of the entire 

anatomical parcels pictured in Figure 2.1 and their coordinates are detailed in Table 2.1. 

Table 2.1 MNI Coordinates of Seed ROIs. 

Seed ROI (left hemisphere only) 

MNI Coordinate of Seed Centre 

x y z 

MFG: Middle frontal gyrus -38 18 42 

IFGoper: Inferior frontal gyrus, pars opercularis -51 15 15 

IFGtri: Inferior frontal gyrus, pars triangularis -50 29 9 

PreCG: Precentral gyrus -34 -12 49 

STGpost: Superior temporal gyrus, posterior -62 -29 4 

AG: Angular gyrus -50 -56 30 

SPL: Superior parietal lobule -29 -49 57 

SMA: Supplementary motor area -5 -3 56 

FFG: Fusiform gyrus, posterior -34 -54 -16 

OP: Occipital pole -17 -97 7 

Thal: Thalamus -10 -19 6 
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Figure 2.1 Seed regions of interest, shown in a lateral and medial view. 

 

Each subject’s residual BOLD time course was extracted for each seed ROI by 

averaging across all voxels in the seed. A weighted general linear model was used to 

measure correlations between time series of the seed region and all other voxels in the 

brain for each subject, to estimate functional connectivity from each seed region to the 

rest of the brain. The correlation coefficients were Fisher transformed into z-scores to 

increase normality for the second-level analyses. As norms do not exist for the RAN task 

used in the present study, all subsequent analyses for all behavioural measures were 

performed using raw behavioural scores, with age added as a covariate to account for any 

confounding effects of age. Multiple regression analyses were then used to examine 

whether resting-state functional connectivity between seed ROIs and other voxels was 

uniquely associated with scores on any behavioural reading tasks, independent of age. 

False positive control was implemented using a cluster size threshold, defined by false-

discovery rate (FDR) corrected p-values. With functional connectivity datasets, many 

statistical tests can be considered simultaneously to examine connectivity across multiple 
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regions of the brain, and standard procedures for correcting for multiple comparisons 

such as the Bonferroni correction tend to be overly conservative, eliminating both false 

and true positives when applied to large neuroimaging datasets. In contrast, the FDR is 

the proportion of false positives among only those tests for which the null hypothesis is 

rejected. This procedure is adaptable to the properties of the dataset and has been shown 

to have greater sensitivity and power than other methods for multiple correction when 

applied to fMRI datasets (Genovese, Lazar, & Nichols, 2002). 

2.3 Results 

2.3.1 Behavioural results 

Descriptive statistics for standard scores on the behavioural measures are 

presented in Table 2.2. The descriptive statistics showed that the sample included a wide 

range of variability in sight word reading efficiency, decoding efficiency, reading 

comprehension, rapid naming, and nonverbal intelligence. Thirteen children met criteria 

for reading disability, defined as standard scores less than 1.5 standard deviations below 

the mean on at least two of the three normed reading measures. These thirteen children 

were all part of the subsample previously identified by school professionals as struggling 

readers. 

Pearson’s correlations among behavioural measures were calculated using 

standard scores for the TOWRE and WJ-III measures for descriptive purposes (Table 

2.3). As the nonverbal intelligence measures were administered in only 63 of 83 

participants, the Pearson’s correlations examining nonverbal intelligence only included 

this subset of participants. To examine whether motion in the scanner was a significant 

confound, Pearson’s correlations were also conducted between each of the behavioural 
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measures with maximum movement and mean movement during the resting-state scan 

(Table 2.3). This was completed because head motion during scanning can cause artifacts 

in fMRI data (Hajnal et al., 1994) and because ADHD is known to be unusually 

comorbid with RD in children (Semrud-Clikeman et al., 1992) and could contribute to 

increased motion in the MRI scan. A Bonferroni correction was used to correct all 

Pearson’s correlations for multiple comparisons (corrected p < .0025). Most behavioural 

measures were significantly correlated with one another, with the exception of RAN with 

reading comprehension, and nonverbal intelligence with decoding efficiency and RAN, 

each of which did not pass the Bonferroni correction. Maximum movement and mean 

movement were not significantly correlated with any behavioural measures, suggesting 

that motion during the resting-state scan is not a significant confound in the present 

study. All functional connectivity analyses also regressed out subject motion along three 

axes of rotation and translation, to account for the possibility of motion effects that were 

not completely captured by the Pearson’s correlations.  

 

Table 2.2 Descriptive statistics for behavioural tasks. 

 Mean (SD) Range 

Age (years) 10.91 (1.03) 8.83-14.68 

Sight word reading efficiency (standard score) 94.13 (19.60) 55-139 

Decoding efficiency (standard score) 95.16 (18.71) 56-131 

Reading comprehension (standard score) 92.06 (12.42) 46-120 

RAN (# correct/second) 1.88 (0.43) 0.90-2.90 

Nonverbal intelligence (standard score) 108.68 (18.42) 63-147 
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Table 2.3 Pearson’s correlations among behavioural measures and motion parameters. 

 1. 2. 3. 4. 5.  6. 

1. Sight word reading efficiency -      

2. Decoding efficiency 0.88* -     

3. Reading comprehension 0.67* 0.68* -    

4. RAN 0.61* 0.68* 0.30 -   

5. Nonverbal intelligence 0.39* 0.33 0.34* 0.11 -  

6. Maximum movement -0.04 -0.09 -0.16 -0.12 0.05 - 

7. Mean movement -0.01 -0.01 -0.09 -0.23 0.08 0.40* 

Note: * denotes r-values that are significant at corrected p < .0024. 

 

2.3.2 Functional connectivity results 

Multiple regression analyses were conducted for each reading task to examine 

relationships between reading and RSFC from each seed region to other voxels of the 

brain, with age added as a covariate. For the phonemic decoding measure, positive 

relationships were observed between decoding efficiency and RSFC from the left AG 

seed to a right hemisphere cluster (p corr < .01; Figure 2.2A) including voxels in the 

right insular cortex, planum polare, central and frontal opercular cortex, temporal pole, 

and right IFGoper. Additionally, RSFC and decoding efficiency were negatively 

associated for connections from the left MFG seed to bilateral clusters of voxels in the 

lateral occipital cortex and AG (p corr < .01; Figure 2.2B).  

For the sight word efficiency measure, similar negative relationships were 

observed between sight word reading efficiency and RSFC from the left MFG seed to a 

cluster of voxels in the left lateral occipital cortex and left angular gyrus (p corr < .01; 

Figure 2.2D). Connectivity from the left SMA seed to a cluster in the right lateral 
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occipital cortex and right angular gyrus was positively related to sight word reading 

efficiency (p corr < .01; Figure 2.2C). 

Performance on the reading comprehension task was negatively related to 

connectivity from the left IFGoper seed to a cluster of voxels on the right postcentral 

gyrus (p corr < .01; Figure 2.3A), as well as from the left SPL seed to a left hemisphere 

cluster including the left PreCG, MFG, and IFGoper (p corr < .01; Figure 2.3C). Positive 

associations between reading comprehension scores and connectivity from the left MFG 

seed were observed for three clusters of voxels: one cluster located in the right frontal 

pole (p corr < .01; Figure 2.3B), as well as bilateral clusters including voxels from the 

putamen and caudate (p corr < .01). Connectivity from the left STGpost seed was also 

positively related to reading comprehension for a cluster of voxels in the left postcentral 

gyrus, left anterior supramarginal gyrus, and left superior parietal lobule (p corr < .01; 

Figure 2.3D) and a second cluster of voxels in the left precentral and postcentral gyrus (p 

corr < .01; Figure 2.3D).  

Both positive and negative relationships between RAN performance and 

connectivity were observed for RSFC from the left IFGtri seed. Positive relationships 

were observed for two similar bilateral clusters: one right hemisphere cluster including 

voxels from the hippocampus, parahippocampal gyrus, and temporal fusiform cortex (p 

corr < .01); and a left hemisphere cluster including voxels from the contralateral regions 

and also extending to voxels in the cerebellum and thalamus (p corr < .01). The 

relationship between RAN and connectivity was negative for connections from the left 

IFGtri seed to a cluster located in the right occipital pole (p corr < .01; Figure 2.3E).  
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Figure 2.2 Significant seed-to-voxel clusters for the decoding efficiency task (A and B) 

and sight word reading efficiency task (C and D) by seed region. Seeds are shown in 

yellow and cluster colour represents significant positive (red) and negative (blue) t-

values. 
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Figure 2.3 Significant seed-to-voxel clusters for the reading comprehension task (A, B, 

C, and D) and RAN task (E) by seed region. Seeds are shown in yellow and cluster 

colour represents significant positive (red) and negative (blue) t-values. 



53 

 

Given that these subskills are known to be related to one another and scores on 

most tasks were significantly correlated, multiple regressions were next conducted to 

examine the unique contributions of specific subskills to each of the findings. 

Specifically, we conducted additional multiple regression analyses in the seed regions 

implicated in the first analyses, while controlling for each of the other reading subskills. 

Importantly, data for the behavioural tasks met the assumptions of multi-collinearity 

required for multiple regression analyses.  

First, we examined unique effects of decoding efficiency when controlling for 

each of the other subskills in the AG seed and the MFG seed. When controlling for each 

of RAN, reading comprehension, and nonverbal intelligence, decoding efficiency was a 

unique predictor of connectivity from the AG seed to a voxel cluster located around the 

right frontal and central opercular cortex, IFGoper, precentral gyrus, and insular cortex (p 

corr < .01; Figure 2.4A-C). Controlling for reading comprehension also revealed that 

decoding efficiency was uniquely related to connectivity from the AG seed to a similar 

voxel cluster in the left hemisphere, located in the left insular cortex and frontal and 

central opercular cortex (p corr < .01; Figure 2.4A). However, when accounting for sight 

word reading efficiency, decoding efficiency was not uniquely related to connectivity 

from the AG seed. Connectivity from the MFG seed to seven clusters of voxels was 

significantly predicted by decoding efficiency when controlling for RAN scores (p corr < 

.01; Figure 2.4D). Specifically, performance was negatively related to connectivity 

between the MFG and three clusters: one on the right temporal pole and anterior middle 

temporal gyrus, and two located bilaterally on the lateral occipital cortex and AG. 

Decoding efficiency was also positively related to connectivity between the MFG and 
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four clusters: one cluster on the left and right SMA and superior frontal gyrus, a second 

located on the left IFGoper, frontal opercular cortex, and insular cortex, a third on the 

right and left paracingulate gyrus and anterior cingulate gyrus, and a fourth on the right 

frontal opercular cortex, insular cortex, and frontal orbital cortex. Decoding efficiency 

was not uniquely related to connectivity from the MFG seed when controlling for sight 

word reading efficiency, reading comprehension, or nonverbal intelligence.  

 

Figure 2.4 Significant seed-to-voxel clusters for the decoding efficiency task when 

controlling for sight word reading efficiency (A), nonverbal intelligence (B), and RAN 

(C&D). Seeds are shown in yellow. Cluster colour represents significant positive (red) 

and negative (blue) t-values. 
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To investigate whether the patterns of connectivity observed for the reading 

comprehension task were uniquely related to reading comprehension ability or whether 

they were related to other underlying skills that could contribute to better performance on 

a reading comprehension task, sight word reading efficiency, decoding efficiency, RAN, 

and nonverbal intelligence scores were each entered simultaneously with reading 

comprehension into regression models for the IFGoper, SPL, MFG, and STGpost seeds. 

Reading comprehension was not a significant predictor of unique variance in connectivity 

from the MFG or the IFGoper seeds when accounting for decoding efficiency, sight word 

reading efficiency, RAN, or nonverbal intelligence scores. Reading comprehension also 

did not significantly predict connectivity from the SPL seed when controlling for 

decoding efficiency and RAN scores, and from the STG seed when controlling for 

nonverbal intelligence. When accounting for sight word reading efficiency, better reading 

comprehension performance uniquely predicted weaker connectivity from the SPL seed 

to a cluster of voxels in the left PreCG, MFG, IFGoper and to a second cluster in the right 

MFG and superior frontal gyrus (p corr < .01; Figure 2.5A). Controlling for nonverbal 

intelligence in the SPL seed showed that reading comprehension uniquely predicted 

weaker connectivity to a cluster of voxels in the left PreCG, MFG, and superior frontal 

gyrus (p corr < .01; Figure 2.5E). The relationship between reading comprehension and 

connectivity from the STGpost seed was next examined in a similar manner. When 

controlling for sight word reading efficiency, reading comprehension performance was 

uniquely and positively related to connectivity from the STGpost seed to a cluster of 

voxels on the left postcentral gyrus, SPL, and anterior supramarginal gyrus, and 

negatively related to connectivity to a cluster of voxels located in the left FFG, lingual 
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gyrus, a parahippocampal gyrus (p corr < .01; Figure 2.5B). When accounting for 

decoding efficiency and for RAN, similar findings were observed for the STGpost seed, 

such that performance on the passage comprehension task uniquely predicted 

connectivity to a cluster in the left postcentral gyrus, SPL, and anterior supramarginal 

gyrus, and a second cluster in the left FFG, lingual gyrus, and parahippocampal gyrus (p 

corr < .01; Figure 2.5C-D). No significant relationships between reading comprehension 

and connectivity from the left STGpost were observed when accounting for nonverbal 

intelligence scores.  

When controlling for each of reading comprehension, sight word reading 

efficiency, and nonverbal intelligence, RAN was positively associated with connectivity 

between the IFGtri seed and a cluster located in the right posterior FFG, posterior 

parrahippocampal gyrus, and hippocampus (p corr < .01; Figure 2.6A,C,D). Controlling 

for each of reading comprehension and sight word reading efficiency also revealed two 

clusters in which connectivity from the IFGtri was uniquely related to RAN, one located 

in the left posterior FFG, posterior parahippocampal gyrus, and hippocampus and a 

second in the left lingual gyrus, precuneous, and left and right intra- and supra-calcarine 

cortex (p corr < .01; Figure 2.6A,C). When accounting for each of sight word reading 

efficiency and decoding efficiency, a significant cluster of unique negative association 

between RAN and connectivity was found between the IFGtri seed and the right insula, 

IFGoper, and frontal opercular cortex (p corr < .01; Figure 2.6A-B). Finally, controlling 

for decoding efficiency also revealed two significant clusters of unique associations with 

RAN from the IFGtri seed, a cluster of positive association in the right supra- and intra-
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calcarine cortices and precuneous, and a cluster of negative association in the left insula, 

IFGoper, and central and frontal opercular cortices (p corr <.01; Figure 2.6B). 

The significant relationships observed for sight word reading efficiency within the 

left MFG and left SMA seeds were also investigated in a similar manner, controlling for 

each of the other reading subskills. When controlling for each of decoding efficiency, 

reading comprehension, RAN, and nonverbal intelligence, sight word reading efficiency 

was not significantly related to connectivity from the left MFG seed or the left SMA 

seed.  



58 

 

Figure 2.5 Significant seed-to-voxel clusters for the reading comprehension task when 

controlling for sight word reading efficiency (A&B), decoding efficiency (C), RAN (D), 

and nonverbal intelligence (E). Seeds are shown in yellow. Cluster colour represents 

significant positive (red) and negative (blue) t-values.  
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Figure 2.6 Significant seed-to-voxel clusters for connectivity from the IFGtri seed for the 

RAN task when controlling for sight word reading efficiency (A), decoding efficiency 

(B), reading comprehension (C), and nonverbal intelligence (D). The IFGtri seed is 

shown in yellow. Cluster colour represents significant positive (red) and negative (blue) 

t-values.  
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2.4 Discussion 

The aim of the present study was to examine how relationships between RSFC 

and behaviour vary across different reading subskills. The results demonstrate both 

common and dissociable RSFC-behaviour relationships for decoding efficiency, sight 

word reading efficiency, reading comprehension, rapid naming, and, more generally, 

nonverbal intelligence. Interestingly, while many positive RSFC-behaviour relationships 

were present indicating stronger functional connectivity in more proficient readers, a 

number of the RSFC-behaviour relationships observed were negative, suggesting that 

poorer readers exhibited stronger functional connectivity between some brain regions. 

These negative associations may represent a pattern of atypical functional connectivity in 

struggling readers, and a shift towards reduced dependence on these networks in 

proficient readers. Alternately, negative associations may represent anticorrelation of 

functional activity in stronger readers, possibly related to inhibition of particular brain 

regions or networks for more efficient reading. Including other reading subskills as 

covariates showed that many relationships between RSFC and behavioural scores 

diverged across the different subskills, suggesting that although these subskills are 

related, different component skills of reading rely on unique functional connections. 

2.4.1 Positive RSFC-behaviour relationships 

Positive RSFC-reading relationships diverged across the different subskills, 

suggesting that the functional connections supporting reading differ for various types of 

reading subskills. Better performance on the decoding efficiency task was uniquely 

characterized by stronger RSFC from the left AG seed to right temporal and frontal 

regions when accounting for reading comprehension, RAN, and nonverbal intelligence, 
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as well as from the left MFG to a number of clusters in the bilateral parietal and frontal 

lobes when accounting for individual differences in RAN. Interestingly, the cluster of 

significant association between decoding efficiency and RSFC from the left AG seed did 

not persist when controlling for sight word reading efficiency, suggesting this may be 

related to single word reading more generally. Better sight word reading efficiency was 

associated with strong RSFC from the left SMA to the right AG and right occipital 

regions, however this relationship did not persist when controlling for each of decoding 

efficiency, reading comprehension, RAN, and nonverbal intelligence, suggesting that 

RSFC between these regions may be accounted for by reading or cognitive abilities more 

generally. The regions implicated here are consistent with previous models of single 

word reading suggesting that a ventral circuit including occipital regions is associated 

with sight word reading efficiency, while dorsal circuit including the angular gyrus and 

other temporo-parietal regions is associated with mapping orthography to phonology 

when decoding efficiency and a more anterior circuit centered around the IFG is related 

to articulatory recoding while reading aloud (for a review see Pugh, Mencl, Jenner, et al., 

2000 and Sandak, Mencl, Frost, & Pugh, 2004). However, the implication of 

interhemispheric connections in positive relationships with these reading subskills is of 

particular interest, given that previous research has tended to focus on left hemisphere 

connectivity. Studies of reading taking a developmental approach suggest an initial 

reliance on both hemispheres for reading with a shift towards more left lateralized 

reading function with maturation or reading experience. For example, fMRI studies of 

subjects ranging in age from school aged to adulthood have observed decreased 

activation of right hemisphere regions with increased age, including right superior and 
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middle frontal regions (Shaywitz et al., 2007) and right inferior temporal regions 

(Turkeltaub, Gareau, Flowers, Zeffiro, & Eden, 2003). In line with this, our findings 

suggest that coordinated activation between the left hemisphere reading network and 

right hemisphere regions play a role in successful reading in school-aged readers.  

Reading comprehension scores were positively related to RSFC from the left 

MFG to the right frontal pole and bilateral dorsal striatum, although analyses controlling 

for decoding efficiency, sight word reading efficiency, and RAN suggested that this 

relationship was not unique to comprehension. Although the dorsal striatum has not been 

previously implicated in RSFC studies of reading, previous fMRI research has shown 

overactivation of the dorsal striatum, particularly the caudate, in adolescents and adults 

with RD (Hoeft et al., 2007; Kronbichler et al., 2006; Richlan et al., 2009a, 2011). This 

has generally been attributed to increased attentional or working memory demands in 

poor adolescent or adult readers and overintegration of the dorsal striatum into fronto-

parietal attention networks (Achal, Hoeft, & Bray, 2016; Hoeft et al., 2007). In early 

readers, the dorsal striatum has been hypothesized to play an important role in learning of 

phonological and orthographic rules (Hancock, Richlan, & Hoeft, 2017). Hyperactivation 

of the dorsal striatum is not consistently observed in children with RD (Richlan et al., 

2011), and a study of school-age children showed that activity in the left caudate was 

positively correlated with later reading ability, but this pattern was not observed in older 

children (McNorgan, Alvarez, Bhullar, Gayda, & Booth, 2011). In line with this, our 

RSFC findings indicated that the dorsal striatum and associated networks may contribute 

to reading success in developing readers, suggesting there may be a developmental shift 

towards less reliance on these networks as reading becomes more automatized in 
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adolescents and adults. We also observed unique positive correlations between reading 

comprehension and RSFC from the left STG to left parietal regions, consistent with 

regions of the ventral attention network. This network has previously been implicated in 

reading fluency (Freedman, Zivan, Farah, & Horowitz-Kraus, 2020; Horowitz-Kraus, 

Toro-Serey, & DiFrancesco, 2015) and narrative processing (Farah & Horowitz-Kraus, 

2019), suggesting the ventral attention network may contribute to comprehension and 

fluency during both reading and oral language processing. Together, our findings suggest 

an important role for striatal and attentional networks in reading success in developing 

readers, particularly with respect to reading comprehension abilities. 

The final positive RSFC-behaviour relationship observed in the present study 

showed that children who performed better on the letter RAN task exhibited stronger 

RSFC from the left IFGtri to the bilateral hippocampi and FFG, when individual 

differences in other subskills were accounted for. Although the hippocampus is more 

commonly associated with language learning (Breitenstein et al., 2005; M. H. Davis, Di 

Betta, Macdonald, & Gaskell, 2009) and memory (Eldridge, Knowlton, Furmanski, 

Bookheimer, & Engel, 2000; Greicius, Krasnow, Boyett-Anderson, et al., 2003; Schacter 

& Wagner, 1999; Zeineh, Engel, Thompson, & Bookheimer, 2003), studies of reading 

have observed that gray matter volume of the hippocampus is associated with form-sound 

mapping (He et al., 2013) and improvement in general reading skills following 

intervention (Krafnick, Flowers, Napoliello, & Eden, 2011). RAN performance has been 

more directly linked to structure and function of the left IFGtri (Cummine, Chouinard, 

Szepesvari, & Georgiou, 2015; Misra, Katzir, Wolf, & Poldrack, 2004; Rollans, Cheema, 

Georgiou, & Cummine, 2017) and FFG (Cummine et al., 2015; Cummine, Szepesvari, 
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Chouinard, Hanif, & Georgiou, 2014; Misra et al., 2004; Raschle, Chang, & Gaab, 2011), 

although FFG activation has been found to be greater for object RAN tasks relative to 

letter RAN tasks (Cummine et al., 2014; Misra et al., 2004). Nonetheless, our finding 

suggests that RSFC from the left IFG to the bilateral hippocampi and FFG may be 

important for fluency of retrieval and articulation of letter names during rapid letter 

naming tasks.  

2.4.2 Negative RSFC-behaviour relationships 

In contrast, a number of negative RSFC-behaviour relationships were observed, 

indicating that poorer readers exhibited stronger RSFC between particular brain regions. 

These negative associations may represent an over-reliance on atypical functional 

connections in struggling readers, and a shift towards reduced dependence on these areas 

in strong readers. Alternately, these could represent inhibition of function between 

regions or functional segregation of different networks in stronger readers, resulting in 

patterns of anticorrelation in RSFC.  

Specifically, children who performed poorly on both the decoding efficiency and 

sight word reading efficiency tasks had stronger RSFC from the left MFG to the bilateral 

AG and occipital cortex. When controlling for RAN, this correlation persisted for 

decoding efficiency but not for sight word reading efficiency, suggesting some unique 

contributions of decoding efficiency to RSFC between these regions when accounting for 

individual differences in rapid naming skills. Previous task-based functional connectivity 

research has suggested that individuals with RD exhibit increased functional connectivity 

from the right angular gyrus during word and nonword reading tasks, possibly as a form 

of compensation (Pugh, Mencl, Shaywitz, et al., 2000). Our results raise the possibility of 
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compensatory reliance on both connectivity from both the left and right angular gyrus to 

the left MFG in struggling readers. Our findings that RAN was negatively associated with 

stronger RSFC from the left IFGtri to the right occipital pole further suggest an atypical 

reliance on functional networks between the left frontal and right occipital lobes for 

recognizing and rapidly naming letters and unfamiliar words.  

Reading comprehension was uniquely related to RSFC between the left STGpost 

seed and areas of the left fusiform and lingual gyri when controlling for other reading 

subskills. This relationship did not persist when controlling for nonverbal intelligence, 

suggesting more general cognitive abilities may be contributing to this effect. Many 

previous neuroimaging studies have documented activity in the FFG in response to visual 

forms of words, related to experience with visual word recognition (Glezer, Jiang, & 

Riesenhuber, 2009; Vinckier et al., 2007). Koyama et al.’s (2011) findings in children 

included similar negative correlations for RSFC to the FFG and single word reading 

performance, which they suggest may reflect a lack of dependence on the FFG in 

developing readers as reading becomes more efficient and automatized. The present study 

builds on this to suggest that connections from the left FFG to superior temporal regions 

associated with language comprehension may have a reduced role in reading 

comprehension in children who are proficient readers, relative to struggling readers.  

Finally, when controlling for sight word reading efficiency and nonverbal 

intelligence, poor reading comprehension was uniquely characterized by stronger RSFC 

from the left SPL to left frontal areas including the PreCG, MFG, and IFGoper. This is 

consistent with previous studies finding increased engagement of the inferior frontal 

gyrus and prefrontal cortex in individuals with RD (Brunswick, McCrory, Price, Frith, & 
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Frith, 1999; Richards et al., 1999; Rumsey et al., 1997; Salmelin, Service, Kiesilä, 

Uutela, & Salonen, 1996; Shaywitz et al., 1998), proposed to reflect an atypical reliance 

on articulatory recoding (Pugh, Mencl, Jenner, et al., 2000). Our findings suggest that 

children struggling with reading comprehension may rely increasingly on functional 

networks between the parietal lobe and frontal regions associated with articulatory 

recoding. 

This study is the first investigation of resting-state functional connectivity and 

reading to consider multiple subskills underlying reading in children, and clearly 

demonstrates that RSFC-reading relationships diverge across different types of reading 

subskills. However, a number of other cognitive measures are known to be related to 

reading and were not included in the current study. Reading competence is also related to 

skills such as phonological awareness (Gathercole, Alloway, Willis, & Adams, 2006), 

listening comprehension (Catts et al., 2005, 2003; Hoover & Gough, 1990), oral language 

(Catts, Fey, Tomblin, & Zhang, 2002), and working memory (Gathercole et al., 2006). 

Given the divergent RSFC-behaviour relationships observed in the present study, it is 

likely that these other cognitive measures may also differ in their relationships with 

RSFC. Nonverbal intelligence was included as a covariate in the present study as it is 

known to be correlated with reading ability (Ferrer, Shaywitz, Holahan, Marchione, & 

Shaywitz, 2010; Hulslander et al., 2004), although the magnitude of this correlation 

varies greatly across studies (Cotton & Crewther, 2009). The findings of the present 

study suggest that although some RSFC-reading relationships may be partially accounted 

for by nonverbal intelligence, many of these effects persisted when controlling for 
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nonverbal intelligence, suggesting effects that are specific to reading-related subskills and 

are not simply associated with general cognitive processes.  

The school age years are periods in which the functional networks of the brain 

undergo dynamic development (Dosenbach et al., 2010). Importantly, although the 

present study included children ranging from 8 to 14 years of age, the analyses in the 

present study included age as a covariate to account for any maturational differences in 

functional connectivity. This suggests that our findings represent individual differences in 

functional connectivity that are specifically linked to performance on reading subskills 

across a wide range of school-aged years. Comparisons of RSFC between children and 

adults have demonstrated that patterns of RSFC and single word reading competence 

differ (Koyama et al., 2011), however it is unclear how other component reading skills 

such as decoding efficiency, comprehension, or rapid naming may be related to RSFC in 

adults or in pre-reading children. The developmental trajectory of RSFC and its role in 

reading is of particular interest given previous findings that hyperactivation of brain 

structures is more frequently reported in adults with RD relative to children with RD, 

suggesting increasing reliance on compensatory processes with age (Richlan et al., 2011). 

Future research including a more comprehensive battery of behavioural measures related 

to reading and investigating both children and adults would shed light on the dynamic 

nature of RSFC-reading competence relationships throughout reading development. 

One additional limitation of this study is that we examined patterns of functional 

connectivity at the group level. Recent evidence suggests that when functional 

connectivity is examined at the individual level, some unique network features and 

topologies are revealed because of individual variability in the functional regions 
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encompassed by group-averaged ROIs (Gordon et al., 2017). Future research using an 

individual connectome approach could more precisely characterize the brain networks 

underlying reading.  

2.4.3 Conclusions 

We examined how functional connectivity at rest relates to individual differences 

in reading subskills in school-aged children. The results suggest that distinct functional 

networks in both hemispheres of the brain support different components of reading ability 

in children. While our findings were consistent with previous models of reading, they 

highlight the importance of interhemispheric connectivity in reading, showing that 

stronger sight word readers exhibited increased RSFC within bilateral ventral networks 

while stronger decoders exhibited increased RSFC within bilateral dorsal and anterior 

regions. Better rapid naming skills were related to stronger RSFC between IFG and 

hippocampal and fusiform areas associated with form-sound mapping. Strong reading 

comprehension skills were associated with stronger RSFC within striatal networks and 

ventral attentional networks, demonstrating the importance of these networks in 

contributing to reading success in early readers. Negative RSFC-behaviour relationships 

were also observed, suggesting that poor readers exhibit increased dependence on 

functional connections from the IFG to occipital regions supporting basic visual 

processing and rapid naming, as well as on functional connections between the FFG and 

superior temporal regions and between the SPL and prefrontal/inferior frontal regions in 

children struggling with reading comprehension. These findings further our 

understanding of the role of functional connectivity in supporting discrete reading 
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processes involved in reading development in children, and highlight the importance of 

considering multiple components of reading. 
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Chapter 3: DTI Connectivity Correlates of Reading Subskills 

in Children 

3.1 Introduction 

Reading is a complex skill involving multiple cognitive processes and types of 

representations. Efficient reading is associated with a number of subskills, including 

decoding, in which readers read unfamiliar words by mapping orthographic 

representations onto phonological and later semantic knowledge; sight word reading, in 

which readers recognize familiar words by mapping orthographic representations directly 

onto semantic knowledge; and comprehension, in which orthographic and phonological 

information is linked to semantic knowledge in order for a reader to understand a word or 

a written text. Rapid automatized naming (RAN) is also known to be an important 

predictor of fluent reading in both developing readers and adults (for a review see Norton 

& Wolf, 2012), and is thought to index the fluent perceptual, attentional, and motoric 

processes involved in reading aloud (Arnell et al., 2009). Neuroimaging research has 

identified specific regions of the brain distributed widely across the cortex that support 

reading and its associated subskills (see Price, 2012), and a growing body of research has 

also highlighted the importance of white matter tracts to support coordination of among 

these cortical regions and facilitate efficient reading (see Vandermosten, Boets, Wouters, 

& Ghesquière, 2012). However, questions still remain regarding how the discrete 

subskills supporting reading may be differentially related to the microstructure of these 

white matter tracts.  

Recent research on structural connectivity in the brain has utilized diffusion 

tensor imaging (DTI), a structural MRI technique which measures diffusion of water 

molecules in the brain to characterize white matter tracts connecting grey matter regions 
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of the brain (Le Bihan et al., 2001). A common measure of DTI connectivity is fractional 

anisotropy (FA), which quantifies the directionality of water diffusion in white matter 

tracts. FA values range between 0 and 1 and characterize fiber density, axon diameter, 

and myelination (Basser & Pierpaoli, 1996). This technique allows for examination of the 

relationship between behavioural measures and white matter integrity to characterize the 

roles that various white matter pathways may have in reading.  

A number of white matter tracts have been linked to reading, many through DTI 

studies examining differences in white matter between individuals with reading disability 

(RD) and typical readers. RD, sometimes known as dyslexia, is characterized by 

difficulty recognizing familiar words and decoding words fluently and accurately (Lyon 

et al., 2003) and is generally associated with difficulties processing phonological 

information (Ramus, 2003; Snowling, Gooch, & Henderson, 2012; Wagner, Torgesen, 

Laughon, Simmons, & Rashotte, 1993). The first and seminal study of white matter 

microstructure in individuals with RD documented reduced FA in bilateral temporo-

parietal regions compared to typical readers (Klingberg et al., 2000). The finding of 

reduced FA in left temporo-parietal regions has been replicated in numerous studies of 

both adults with RD (Gold, Powell, Xuan, Jiang, & Hardy, 2007; Klingberg et al., 2000; 

Richards et al., 2008; Steinbrink et al., 2008), illiterate adults (Thiebaut de Schotten et al., 

2014), and children with RD (Carter et al., 2009; Christodoulou, Murtagh, et al., 2017; 

Deutsch et al., 2005; Niogi & McCandliss, 2006; Rimrodt, Peterson, Denckla, Kaufmann, 

& Cutting, 2010; Vandermosten, Boets, Poelmans, et al., 2012). In many of these studies, 

these temporo-parietal regions were hypothesized to correspond with left arcuate 

fasciculus (Deutsch et al., 2005; Gold et al., 2007; Klingberg et al., 2000; Steinbrink et 
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al., 2008), and more recent methodology using atlas-based or region-of-interest 

localization or using tractography has confirmed this (Carter et al., 2009; Christodoulou, 

Murtagh, et al., 2017; Richards et al., 2008; Rimrodt et al., 2010; Vandermosten, Boets, 

Poelmans, et al., 2012). The arcuate fasciculus is a dorsal tract that connects 

superior/middle temporal regions to inferior frontal regions and is frequently linked to 

spoken and written language processing. Evidence from pre-reading children who went 

on to later develop RD suggest that group differences in the white matter of the left and 

right arcuate fasciculus are present even before the start of literacy acquisition 

(Vanderauwera, Wouters, Vandermosten, & Ghesquière, 2017). As a whole, the literature 

clearly demonstrates that the bilateral arcuate fasciculi play an important role in reading 

ability in both children and adults. 

Studies of individuals with RD and individuals with reading impairments 

following brain lesions suggest that other white matter tracts support written language 

processing, in addition to the arcuate fasciculus. Steinbrink et al. (2008) observed 

reduced FA in left temporo-parietal and bilateral fronto-temporal regions in adults with a 

history of reading difficulties and suggested that these regions of reduced FA 

corresponded with the arcuate fasciculus as well as posterior parts of either the inferior 

fronto-occipital fasciculus (IFOF) or the inferior longitudinal fasciculus (ILF). The IFOF 

is a ventral tract connecting temporal, occipital, and frontal areas, while the ILF travels 

between anterior temporal and occipital brain regions. Studies of individuals with lesions 

to these areas suggest they have a role in linking orthographic representations to lexical 

representations (Epelbaum et al., 2008) and in semantic language processing 

(Mandonnet, Nouet, Gatignol, Capelle, & Duffau, 2007). The uncinate fasciculus, which 
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connects anterior temporal and ventral frontal regions, has also been implicated in 

reading via lesion studies highlighting its importance in processing lexical stimuli and 

semantic associations (Grossman et al., 2004; Lu et al., 2002; Marchina et al., 2011; 

Wilson et al., 2011). Together, these studies suggest a role for both the arcuate fasciculus 

and ventral tracts, including the IFOF, ILF, and uncinate fasciculus, in supporting 

reading-related processes. 

Differences between groups with and without RD also appear to extend to both 

hemispheres of the brain. For example, Richards et al. (2008) observed that adults with 

RD had differences in FA across multiple regions distributed bilaterally across the cortex, 

including regions of reduced FA as well as regions with increased FA. Additionally, 

evidence of increased FA in the corpus callosum (Frye et al., 2009), right cingulum 

(Banfi et al., 2018), right inferior longitudinal fasciculus (Banfi et al., 2018), and right 

superior longitudinal fasciculus (Banfi et al., 2018), and results showing reduced white 

matter lateralization in the posterior superior temporal gyrus and arcuate fasciculus 

(Vandermosten, Poelmans, Sunaert, Ghesquière, & Wouters, 2013) suggest that left 

hemisphere lateralization may be reduced in individuals with RD. A recent study using a 

whole-brain network-based statistics approach found reduced FA in a left occipito-

temporal and temporo-parietal network in children with RD, and observed that reading 

abilities were correlated with the network’s efficiency of communication among 

distributed cortical regions and the network’s capacity for specialized processing within 

more localized area (Lou et al., 2019). Taken together, the current evidence suggests that 

individuals with RD exhibit widespread, bilateral differences in white matter 
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microstructure, and these likely contribute to reduced efficiency of both distributed and 

localized processing in regions of the brain associated with reading.  

Although the studies discussed above have demonstrated clear differences in 

white matter microstructure between individuals with and without RD, reading 

performance is not distributed categorically, but rather, along a continuum. Thresholds 

for determining how to divide individuals into typically-developing and RD groups tend 

to be arbitrary (Lyon et al., 2003) and variable across different studies (Siegel, 2006). In 

line with this, DTI studies examining individual differences in reading ability have 

suggested that previous evidence of atypical white matter in individuals with RD do not 

reflect categorical differences in brain structure, but rather, represent the tail end of the 

distribution. For example, in children and adults, individual differences in behavioural 

measures of single word reading, spelling, and rapid naming are correlated with FA in 

left temporo-parietal regions (Beaulieu et al., 2005; Deutsch et al., 2005; Nagy et al., 

2004; Thiebaut de Schotten, 2014). Reaction time when reading exception words is 

negatively associated with FA of the left uncinate fasciculus, suggesting a role for this 

tract in individual differences in orthographic lexical processing (Cummine et al., 2013). 

Correlations between reading and white matter microstructure also extend to the right 

hemisphere: for example, a study of word reading, decoding, and reading fluency found 

that correlations were bilaterally distributed, implicating both left and right hemisphere 

tracts (Lebel et al., 2013). Similarly, Odegard et al. (2009) found implications for both 

left and right hemisphere tracts in children’s decoding skill, showing that decoding was 

positively correlated with FA in areas of the bilateral IFOF, right uncinate fasciculus, and 

a region located either in the right IFOF or right ILF, and negatively correlated with FA 
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in the corpus callosum. Characteristics of the microstructure of the left arcuate fasciculus 

and of the corpus callosum have also been associated with pre-reading skills such as 

phonological awareness and phonological memory abilities (Dougherty et al., 2007; 

Saygin et al., 2013; Yeatman et al., 2011), suggesting that differences in white matter 

structure related to reading skill may be present prior to reading instruction.  

As a whole, the current literature implicates many different white matter 

structures in both the right and left hemispheres in supporting reading. One reason for 

these widespread findings may be that many previous studies of reading have measured 

reading as a single construct. However, reading performance relies on integration of 

multiple cognitive subskills (Sandak et al., 2012), and therefore examining a more 

comprehensive battery of reading-related skills may help to elucidate the discrete roles of 

bilateral white matter tracts in reading. Indeed, the relationship between FA and reading 

has been found to differ across decoding and sight word reading in children and adults 

(Niogi & McCandliss, 2006; Welcome & Joanisse, 2014). Specifically, Niogi and 

McCandliss (2006) found that in children with and without RD, FA in left temporo-

parietal regions was strongly correlated with word identification skills but not decoding 

skills. In adults, Welcome and Joanisse (2014) demonstrated that decoding skills in adults 

were correlated with white matter structure in the IFOF and uncinate fasciculus, whereas 

reliable associations between white matter structure in this region and sight word reading 

skills were not observed. Additionally, reading comprehension has been associated with 

FA in both the left and right arcuate fasciculus, while sight word reading has similarly 

been associated with FA the inferior longitudinal fasciculus bilaterally (Horowitz-Kraus 

et al., 2014). These studies demonstrate the importance of studying discrete subskills in 
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order to characterize the roles that that different neural pathways play in reading. 

However, questions remain about how individual differences in a more comprehensive 

battery of reading subskills, such as decoding, sight word reading, comprehension, and 

rapid naming, may be linked to white matter structure in children. Importantly, the link 

between white matter and reading may be multifactorial, with reading subskills showing 

both overlapping and discrete relationships with white matter microstructure.  

 The present study aimed to examine how reading subskills in children with a wide 

range of reading abilities relate to differences in microstructure along the length of the 

arcuate fasciculus, uncinate fasciculus, IFOF, and ILF. We examined all tracts bilaterally 

given previous evidence implicating both left and right hemisphere tracts in reading. 

Additionally, previous DTI studies of reading have tended to measure connectivity based 

on averages of FA across the entire tract of interest, which may not fully capture 

microstructure at different points along the tract (Yeatman et al., 2011). For example, a 

study examining the arcuate fasciculus in three distinct sections rather than as a single 

tract found that reading skills were related to FA in only the direct segment, but not in the 

shorter anterior and posterior segments (Gullick & Booth, 2015). Our approach therefore 

focused on distinct tract segments in order to examine the role of discrete areas of each 

white matter tract in reading subskills.  

 Of note, we recruited children with a wide range of reading abilities, including 

children identified as struggling readers, and examined brain-behavior relationships for 

multiple behavioural measures of sight word reading, decoding, reading comprehension, 

and rapid naming. Performance was then correlated with white matter microstructure 

within white matter tracts subserving reading processes in the left and right arcuate 
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fasciculus, IFOF, ILF, and uncinate fasciculus. Nonverbal intelligence was included as a 

covariate, to assess whether the effects observed were specific to reading-related skills or 

whether they could be linked to more general cognitive processes. We predicted that, 

consistent with previous studies, FA would be positively associated with reading in these 

white matter tracts, suggesting that poor readers exhibit reduced connectivity between 

these regions. We also predicted that compensation for poor reading skills may result in 

findings of negative correlations between FA and reading skills, particularly in right 

hemisphere tracts. Importantly, we hypothesized that some patterns of correlations 

between white matter connectivity and individual differences in reading would differ 

across reading subskills, as these skills are related but distinct from one another. 

3.2 Methods 

3.2.1 Participants 

The participants in the present study were a subset of participants in the study 

described in Chapter 2 of this thesis. Sixty-five children between 8 and 14 years old (35 

female; 63 right-handed) were recruited through local schools and social media 

advertisements in the London, Ontario community. A portion of recruitment was targeted 

to classrooms of children with reading disabilities, recruited by letters sent home through 

their school. As a result, eighteen children in the sample had been identified by school 

professionals as having reading difficulties. Recruitment was not targeted for the 

remaining forty-seven participants, as such, this portion of the sample drew from school-

age children with a wide range of reading abilities. All participants’ parents reported via a 

structured questionnaire that the children had normal or corrected-to-normal vision, no 
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hearing impairments, and were neurologically healthy. All parents provided informed 

consent and children provided assent to participate at the beginning of the study. 

3.2.2 Behavioural measures 

Children completed a mock scanner training and a battery of behavioral measures 

one to two weeks prior to the scanning session, as described below.  

Sight word reading efficiency. The Sight Word Efficiency subtest of the Test of 

Word Reading Efficiency II (TOWRE-2; Torgesen et al., 2012) assessed sight word 

reading efficiency ability. Children were given 45 seconds to read as many words as 

possible from a list of words increasing in length and difficulty.  

Decoding efficiency. Decoding efficiency was assessed using the Phonemic 

Decoding Efficiency subtest of the TOWRE-2. Children read as many pronounceable 

nonwords as possible in 45 seconds.  

Reading comprehension. Participants completed the Woodcock-Johnson III (WJ-

III; Woodcock et al., 2001) Passage Comprehension subtest as a measure of reading 

comprehension skills. Participants were asked to read a sentence or paragraph and supply 

a word that could go in a blank space. 

Rapid automatized naming (RAN). Children completed a RAN task (Howe, 

Arnell, Klein, Joanisse, & Tannock, 2006; see Appendix A) in which they were given a 5 

x 10 grid of letters (k, r, m, g) and asked to name each item in the array in order as 

quickly and accurately as possible. The task was scored based on the number of items 

named correctly per second. 

Nonverbal intelligence. Nonverbal intelligence was assessed using the Weschler 

Abbreviated Scale of Intelligence Second Edition (WASI-II; Weschler, 2011) 
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Performance IQ measures, which consisted of the Block Design and Matrix Reasoning 

subtests. In the Block Design subtest, participants viewed a sample model or a picture and 

were asked to replicate the design as quickly as possible using red and white blocks. The 

Matrix Reasoning task involves looking at an unfinished matrix or series and selecting an 

item which completes the matrix from an array of five items. The scores on the Block 

Design and Matrix Reasoning subtests were combined to provide a standardized 

Performance IQ score measuring nonverbal intelligence. 

Mock scanner training. Children were familiarized with the MRI procedures and 

environment. They practiced removing all metal from their person, lay on a bed in a 

simulated scanner, and were asked to lie still for ten minutes while listening to an 

audiobook and recorded sounds from an MRI scanner. Head movements were monitored 

via an electromagnetic position tracker (Polhemus FasTrack) during the simulated scan, 

which provided feedback on the importance of lying still and served as an informal 

assessment of whether they would be able to remain sufficiently still during the actual 

MRI scan to acquire good quality MRI images. No participants were excluded from the 

study based on movement in the simulated scan. 

3.2.3 MRI acquisition and processing 

 Imaging was performed at the University of Western Ontario’s Centre for 

Functional and Metabolic Mapping on a Siemens Magnetom Prisma 3 Tesla scanner with 

a 32-channel head coil. A high-resolution 3-D T1-weighted anatomical scan was acquired 

in the sagittal plane (MPRAGE; GRAPPA acceleration factor = 2; TR = 2.3 s; TE = 2.98 

ms; field of view = 256 x 256 mm; voxel size = 1 mm3; 192 slices). The DTI scans were 

acquired in the transverse plane using an echo planar imaging sequence (64 slices with 
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2mm slice thickness; in-plane voxel size = 2.041 x 2.041 mm; matrix = 96 x 96 x 68; 

field of view = 200 x 200 mm; 64 diffusion directions with b = 1000 s/mm2; TR = 3.0 s; 

TE = 50.6 ms; GRAPPA acceleration factor = 3). A resting-state fMRI scan was also 

acquired during the same session as part of the studies described in Chapters 2 and 4 of 

this thesis, yielding a total scan time of approximately 15 minutes. A subset of 22 

participants also completed three fMRI tasks as part of a separate study, and total scan 

time for these participants was approximately 45 minutes.  

Images were processed and analyzed using the automatic fiber quantification 

(AFQ) version 1.2 (Yeatman, Dougherty, Myall, Wandell, & Feldman, 2012) and SPM8 

toolboxes in MATLAB. Preprocessing included motion and eddy current correction and 

alignment of the DTI data to the T1 weighted anatomical image. White matter 

tractography was then performed using a deterministic streamlined tracking algorithm 

(Yeatman, Dougherty, Myall, et al., 2012) from each white matter voxel identified with a 

fractional anisotropy (FA) value greater than 0.3. From these initial seed voxels, tracking 

continued tracing streamlines along the principal diffusion axes until the estimated FA 

fell below 0.2. Additionally, to avoid effects of crossing fibers, the algorithm also 

stopped tracking if the angle between two segments was greater than 30 degrees. Tracts 

were segmented in MNI standard space and transformed into single-subject space using 

waypoint ROI masks (Wakana et al., 2007). Tracts of interest were identified using 

region of interest (ROI) inclusion, exclusion and waypoint masks as detailed in Wakana 

et al. (2007). Our analyses focused on the arcuate fasciculus, inferior longitudinal 

fasciculus (ILF), inferior fronto-occipital fasciculus (IFOF), and uncinate fasciculus in 

both hemispheres, given previous findings that FA in these tracts tends to differentiate 
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good vs. poor readers. Each tract was defined as the collection of streamlines fitting the 

prescribed ROI masks, and was subsequently cleaned by removing fibers that were more 

than four standard deviations above or below the mean fiber length or deviated spatially 

by more than five standard deviations from the averaged centroid of the fiber tract 

(Yeatman, Dougherty, Myall, et al., 2012). All tracts of interest were identified in all 

subjects, with the exception of the right arcuate fasciculus, which was identified in 50 of 

the 65 subjects. The right arcuate fasciculus tends to be smaller than the left arcuate 

fasciculus and can sometimes not be identified using a deterministic tracking algorithm 

such as the one used in the present study (Catani et al., 2007; Yeatman et al., 2011). 

Independent samples t-tests were conducted to compare age and scores on behavioural 

measures between the participants in which the right arcuate was identified versus the 

participants in which it was not identified.  

For statistical analyses, each fiber tract was then divided into 100 nodes spaced 

equally along the length of the tract, and FA was calculated for DTI voxels falling within 

each node. We then computed partial correlations between raw behavioural scores and 

FA at each node along the tract, with age added as a covariate. Raw scores were used 

here for all behavioural tasks for consistency as the RAN measure used in the present 

study does not have norms available. Age was included as a covariate in analyses to 

account for maturational differences in white matter and behavioural performance. 

To reduce the probability of false positives, a permutation-based correction for 

family-wise error was used to calculate a cluster threshold at a corrected level of p < .05 

for each tract, averaged across the behavioural measures (Nichols & Holmes, 2002). This 

cluster threshold identified the minimum number of consecutive (directly adjacent) nodes 
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reaching an individual significance level of p < .05 for this cluster to be greater than what 

is might occur by chance. The cluster thresholds ranged from 12-20 nodes depending on 

the tract.   

Because our behavioural measures were highly correlated with one another, we 

then used partial correlations to identify the extent to which effects were unique to any 

one sub-measure of reading. The cluster correction was not used for the partial 

correlations as these were largely exploratory and examined whether the zero-order 

correlations were modulated by other tasks.  

3.3 Results 

3.3.1 Behavioural results  

Descriptive statistics for the behavioural tasks, presented in Table 3.1, show that 

the sample included a wide range of variability in nonverbal intelligence, sight word 

reading efficiency, decoding efficiency, reading comprehension, and rapid naming 

abilities. Thirteen children met criteria for reading disability, defined as standard scores 

less than 1.5 standard deviations below the mean on at least two of the three normed 

reading measures. These thirteen children were all part of the subsample previously 

identified by school professionals as struggling readers.  

Pearson’s correlations among behavioural measures indicated that all measures 

were significantly correlated with one another, with the exception of nonverbal 

intelligence with decoding efficiency, reading comprehension, and RAN, each of which 

did not pass the Bonferroni correction for multiple comparisons (corrected p < .0025; 

Table 3.2). Pearson’s correlations between behavioural measures and motion during the 

DTI scan were also examined to ensure this was not a confounding variable, given 
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previous reports that head motion during scanning can bias measurement of diffusion 

values such as FA (Ling et al., 2012). Maximum translation was measured by summing 

the three movement parameters of each scan to identify the maximum amount of 

movement for each participant. Mean movement was calculated by calculating each 

child’s average translation parameters in each dimension. Pearson’s correlations were 

then conducted between the resulting maximum and mean movement and the behavioural 

scores (corrected p < .0025; Table 3.2). Maximum movement and mean movement were 

not significantly correlated with any behavioural measures, suggesting that motion during 

the DTI scan was not a significant confound in the present study. The preprocessing steps 

for all DTI data also included motion correction, to account for the possibility of motion 

effects that were not completely captured by the Pearson’s correlations.  

 

Table 3.1 Descriptive statistics for behavioural tasks. 

 Mean (SD) Range 

Age (years) 10.90 (1.19) 8.83-14.68 

Sight word reading efficiency (standard score) 94.18 (20.86) 55-139 

Decoding efficiency (standard score) 94.06 (19.65) 56-129 

Reading comprehension (standard score) 91.31 (12.64) 46-118 

RAN (#correct/second) 1.89 (0.44) 0.90-2.84 

Nonverbal intelligence (standard score) 106.83 (18.08) 63-147 

 

3.3.2 DTI connectivity results 

Partial correlations were performed at each of 100 nodes on each tract, for every 

reading task, with age added as a covariate. In the left arcuate fasciculus, positive 

correlations were observed at overlapping nodes in the posterior region of the tract for the 

decoding efficiency task (19 consecutive nodes, average r = 0.29) and the RAN task (20 
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consecutive nodes, average r = 0.37; Figure 3.1A). The partial correlations for the right 

arcuate fasciculus included only the 50 subjects in which this tract was identified, as 15 

subjects failed to show enough streamlines to identify this tract. Positive correlations 

were observed at overlapping nodes of the right arcuate fasciculus between FA and sight 

word reading efficiency (21 nodes, average r = 0.39) and decoding efficiency (19 nodes, 

average r = 0.38; Figure 3.2A).  

 

Table 3.2 Pearson’s correlations among behavioural measures. 

 1. 2. 3. 4. 5. 6. 

1. Sight word reading efficiency -      

2. Decoding efficiency 0.87* -     

3. Reading comprehension 0.77* 0.74* -    

4. RAN 0.57* 0.67* 0.38* -   

5. Nonverbal intelligence 0.40* 0.33 0.34 0.12 -  

6. Maximum movement -0.02 -0.01 0.01 -0.06 -0.26 - 

7. Mean movement -0.08 -0.11 -0.04 -0.06 -0.30 0.90* 

Note: * denotes r-value significant at corrected p < .0024. 

 

Given that most behavioural measures were highly correlated with one another, 

partial correlations were conducted to examine whether the observed effects in the 

bilateral arcuate fasciculi persisted when other subskills were controlled for. Specifically, 

the correlation between decoding efficiency and FA as well as the correlation between 

RAN and FA in the left arcuate were examined while controlling for each of the other 

subskills. The posterior cluster of significant correlations with decoding efficiency was 

no longer significant when controlling for RAN, decreased substantially in cluster size 

when controlling for sight word reading efficiency (4 nodes, average r = 0.26), and 
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decreased only slightly in cluster size when controlling for comprehension (17 nodes, 

average r = 0.29) and nonverbal intelligence (5 and 13 nodes, average r = 0.27; Figure 

3.1C). However, a more anterior cluster of correlations between decoding efficiency and 

FA emerged when controlling for each of the other subskills (RAN: 13 nodes, average r = 

0.33; sight word reading efficiency: 19 nodes and 4 nodes, average r  = 0.30; reading 

comprehension: 23 nodes, average r = 0.29; nonverbal intelligence: 17 nodes, average r = 

0.33; Figure 3.1C). The correlation between RAN and FA persisted in 20 nodes when 

controlling for nonverbal intelligence (average r = 0.33), but decreased to a cluster of 15 

nodes when controlling for reading comprehension (average r = 0.32), 10 nodes when 

controlling for sight word reading efficiency (average r = 0.26), and only 3 nodes when 

controlling for decoding efficiency scores (average r = 0.26; Figure 3.1C). These findings 

suggest that FA in this tract strongly reflects decoding efficiency abilities in anterior 

regions of the tract and rapid naming skill and single word reading skill in posterior 

regions of the tract, and that FA is largely independent of reading comprehension abilities 

and nonverbal intelligence.  

In the right arcuate fasciculus, partial correlations between sight word reading 

efficiency and FA and between decoding efficiency and FA were examined while 

controlling for each of the reading subskills. These showed that the correlation between 

sight word reading efficiency and FA originally observed in the centre of the tract no 

longer reached significance when accounting for other subskills, although two small 

surrounding clusters of positive correlation persisted when controlling for RAN (2 nodes 

and 5 nodes, average r = 0.29; Figure 3.2C). The correlation between sight word reading 

efficiency and FA only persisted in 3 nodes (average r = 0.29) when controlling for 
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nonverbal intelligence. A more posterior cluster of positive correlation also emerged 

when controlling for decoding efficiency (12 nodes, average r = 0.35) and for reading 

comprehension (6 nodes, average r = 0.30), as well as a small cluster of negative 

correlation in posterior nodes when controlling for decoding efficiency (2 nodes, average 

r = -0.29; Figure 3.2C). Interestingly, the relationship between decoding efficiency and 

FA in the right arcuate showed an opposite effect when controlling for sight word reading 

efficiency, in which the most posterior nodes of the tract exhibited positive correlations 

(4 nodes (average r = 0.28) and 9 nodes (average r = 0.34)) and a cluster of negative 

correlation emerged in more central nodes of the tract (7 nodes, average r = -0.36; Figure 

3.2C). Significant correlations between decoding efficiency and FA were only present in 

a small number of nodes when controlling for nonverbal intelligence (7 nodes, average r 

= 0.30) and did not persist when controlling for RAN and for reading comprehension. 

These results indicate that although sight word reading efficiency and decoding 

efficiency were related to FA in the right arcuate fasciculus, these effects were not 

entirely unique to single word reading skills, and other reading subskills contributed to 

this relationship.  

Partial correlations were next performed at each of 100 nodes on the left and right 

uncinate fasciculus, for every reading task, with age added as a covariate. In the left 

uncinate fasciculus, FA values at inferior nodes were negatively correlated with 

performance on the sight word reading efficiency (34 nodes, average r = -0.48), decoding 

efficiency (42 nodes, average r = -0.43), reading comprehension (43 nodes, average r = -

0.53), and RAN (31 nodes, average r = -0.39) tasks in overlapping posterior regions of 

the tract (Figure 3.3A). Negative correlations were also observed contralaterally, in which 
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FA values at posterior nodes of the right uncinate fasciculus were correlated with sight 

word reading efficiency (26 nodes, average r = -0.44), decoding efficiency (31 nodes, 

average r = -0.49), reading comprehension (35 nodes, average r = -0.46), and RAN (32 

nodes, average r = -0.53; Figure 3.4A).  
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Figure 3.1 A) White matter correlations of FA and reading subskills in the left arcuate 

fasciculus, controlling for age. The colourbar shows significant r-values. B) Scatterplots 

for reading subskills and FA averaged across significant nodes shown in panel A. C) 

Partial correlations between FA and reading subskills, while controlling for other 

subskills. 
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Figure 3.2 A) White matter correlations of FA and reading subskills in the right arcuate 

fasciculus, controlling for age. The colourbar shows significant r-values. B) Scatterplots 

for reading subskills and FA averaged across significant nodes shown in panel A. C) 

Partial correlations between FA and reading subskills, while controlling for other 

subskills. 
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Partial correlations were next conducted between each pairing of the reading 

subskills to examine which made independent contributions to the relationship between 

reading and FA in the uncinate fasciculi. In the left uncinate fasciculus, partial 

correlations between sight word reading efficiency and FA showed that the effect 

persisted when controlling for nonverbal intelligence (37 nodes, average r = -0.35), 

decreased in cluster size when controlling for each of decoding efficiency (13 nodes, 

average r = -0.30) and RAN (24 nodes, average r = -0.36), and was no longer significant 

when controlling for comprehension (Figure 3.3C). Similarly, the effect between 

decoding efficiency and FA persisted when controlling for nonverbal intelligence (37 

nodes, average r = -0.35), decreased in cluster size when controlling for RAN (24 nodes, 

average r = -0.39), and was no longer significant when controlling for sight word reading 

efficiency or reading comprehension (Figure 3.3C). Partial correlations between 

comprehension and FA persisted when controlling for RAN (35 nodes, average r = -0.38) 

and nonverbal intelligence (38 nodes, average r = -0.40) and decreased slightly in cluster 

size when controlling for sight word reading efficiency (17 nodes, average r = -0.29) and 

decoding efficiency (26 nodes, average r = -0.33; Figure 3.3C). Finally, the relationship 

between RAN and FA was no longer significant when accounting each of the other 

reading subskills but persisted when accounting for nonverbal intelligence (36 nodes, 

average r = -0.30). Together, these findings suggest that FA in the left uncinate fasciculus 

is largely accounted for by reading comprehension, although single word reading 

measures account for this effect to a small degree when rapid naming is controlled for.  

In the right uncinate fasciculus, the negative correlation between sight word 

reading efficiency and FA persisted when accounting for nonverbal intelligence (30 
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nodes, average r = -0.38), but was no longer significant when accounting for other 

reading subskills (Figure 3.4C). Small clusters of positive correlations between sight 

word reading efficiency and FA were observed more anteriorly when controlling for 

RAN (5 nodes, average r = 0.25) and decoding efficiency (10 nodes, average r = 0.26; 

Figure 3.4C). The effect observed between decoding efficiency and FA persisted when 

controlling for nonverbal intelligence (33 nodes, average r = -0.41), was reduced in 

cluster size when controlling for RAN (7 nodes, average r = -0.26), and was no longer 

significant when controlling for sight word reading efficiency and reading comprehension 

(Figure 3.4C), although a small more anterior cluster of negative correlations between 

decoding efficiency and FA was observed when controlling for sight word reading 

efficiency (4 nodes, average r = -0.25). Partial correlations between reading 

comprehension and FA showed that effects persisted when controlling for nonverbal 

intelligence (32 nodes, average r = -0.38) and decreased in cluster size when accounting 

for RAN (22 nodes, average r = -0.30) and for sight word reading efficiency (12 nodes, 

average r = -0.26; Figure 3.4C). A more anterior cluster of positive correlations between 

FA and reading comprehension emerged when controlling for RAN (15 nodes, average r 

= 0.29) and decoding efficiency (17 nodes, average r = 0.31; Figure 3.4C). Finally, the 

negative relationship between RAN and FA persisted when accounting for nonverbal 

intelligence (42 nodes, average r = -0.40), and was reduced only marginally in cluster 

size when accounting for sight word reading efficiency (21 nodes, average r = -0.32), 

decoding efficiency (18 nodes, average r = -0.29), and reading comprehension (23 nodes, 

average r = -0.36). In general, these partial correlations suggest that RAN contributed 

strongly to unique variance in FA in the posterior right uncinate fasciculus, although 
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reading comprehension accounted for some unique variance in the more anterior region 

of the tract.  

In the right ILF, significant negative correlations were observed between FA and 

scores on the reading comprehension task in 23 nodes in the anterior region of the tract 

(average r = -0.43; Figure 3.5A).  Partial correlations showed that the negative correlation 

between reading comprehension and FA persisted when controlling for RAN (20 nodes, 

average r = -0.31) and for nonverbal intelligence (10 nodes, average r = -0.40; Figure 

3.5C). When controlling for each of decoding efficiency and sight word reading 

efficiency, some clusters of correlation between comprehension and FA persisted but 

were fragmented into three smaller clusters (decoding efficiency: 2 nodes (average r = -

0.26), 6 nodes (average r = -0.26), and 6 nodes (average r = -0.29); sight word reading 

efficiency: 5 nodes (average r = -0.28), 5 nodes (average r = -0.26), and 6 nodes (average 

r = -0.28); Figure 3.5C). These findings suggest that microstructure in this tract strongly 

reflects reading comprehension, although this effect is modulated somewhat by single 

word reading skills, which may reflect the general interrelatedness of different reading 

subskills and overall reading success.  

In the left ILF and in the right and left IFOF, no significant correlations were 

observed in cluster sizes large enough to pass the cluster-size correction.  
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Figure 3.3 A) White matter correlations of FA and reading subskills in the left uncinate 

fasciculus, controlling for age. The colourbar shows significant r-values. B) Scatterplots 

for reading subskills and FA averaged across significant nodes shown in panel A. C) 

Partial correlations between FA and reading subskills, while controlling for other 

subskills. 
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Figure 3.4 A) White matter correlations of FA and reading subskills in the right uncinate 

fasciculus, controlling for age. The colourbar shows significant r-values. B) Scatterplots 

for reading subskills and FA averaged across significant nodes shown in panel A. C) 

Partial correlations between FA and reading subskills, while controlling for other 

subskills. 



103 

 

 

Figure 3.5 A) White matter correlations of FA and reading comprehension in the right 

ILF, controlling for age. The colourbar shows significant r-values. B) Scatterplots for 

reading comprehension and FA averaged across significant nodes shown in panel A. C) 

Partial correlations between FA and reading comprehension, while controlling for other 

subskills.  

 

To examine whether reading subskills and FA were represented by continuous or 

categorical distributions, scatterplots were also generated within each tract for tasks 

which showed significant clusters in the zero-order correlations. For these scatterplots, 

each participant’s FA values in the significant nodes for each task were averaged in each 

tract. As shown in Figures 3.1B, 3.2B, 3.3B, 3.4B, and 3.5B, the scores and FA values 

show a relatively linear relationship for all tasks and tracts. This suggests that findings in 
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the present study were not simply driven by poor readers and represent a relationship 

between FA and reading subskills that applies to the full distribution of reading abilities. 

To further examine whether the results reflected maturational differences, 

Pearson’s correlations were conducted between age and FA in each tract of interest. No 

significant correlations passing the cluster-size correction were observed in any of the 

tracts, suggesting that the observed correlations between reading subskills and FA are not 

related to differences in age. An exploratory analysis was conducted examining whether 

age and FA were correlated across all 10 tracts in both hemispheres, including the 

bilateral thalamic radiation, corticospinal tract, cingulum, superior longitudinal 

fasciculus, and callosum forceps major and minor, in addition to the tracts of interest of 

the present study. Clusters of positive correlations between FA and age were observed in 

the left and right thalamic radiations, and negative correlations were found in the right 

corticospinal tract, the branch of the left cingulum extending to the hippocampus, and the 

callosum forceps minor. This suggests that, as expected, differences in FA related to 

maturation were present in the sample, although not in the four tracts of interest of the 

present study.  

The deterministic tractography technique we used is known to sometimes fail to 

identify tracts, particularly in the case of the right arcuate fasciculus which tends to be 

smaller than the left arcuate fasciculus (Yeatman et al., 2011).  To address this, 

independent samples t-tests were conducted to compare the group of subjects in which a 

right arcuate could be identified (n = 50) to the group of subjects in which a right arcuate 

could not be identified (n = 15), to examine whether these groups differed in terms of age 

or cognitive abilities. The two groups did not differ significantly in age (t(63) = -1.22, p = 
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0.23), decoding efficiency (t(63) = 0.04, p = 0.96), sight word reading efficiency (t(63) = 

1.19, p = 0.24), RAN (t(63) = -0.98, p = 0.33), reading comprehension (t(63) = 0.70, p = 

0.48), or nonverbal intelligence (t(63) = 0.71, p = 0.48), suggesting that the ability to 

identify a participant’s right arcuate fasciculus was not related to developmental or 

cognitive differences and that significant findings in this tract cannot be attributed to the 

exclusion of these individuals. 

3.4 Discussion 

 The present study aimed to examine how different components of reading ability, 

including sight word reading efficiency, decoding efficiency, reading comprehension, and 

rapid naming, relate to the microstructure of reading-related white matter tracts in 

children. Previous studies of structural connectivity and reading ability in good and poor 

readers have tended to measure reading ability using a composite measure or from the 

perspective of phonological decoding. These studies have identified multiple tracts 

reflecting individual differences in reading skill. Of note, the present results demonstrate 

that the relationship between regional white matter integrity and reading ability in 

children is dissociable between different reading subskills.  

One of our main findings was that more coherent white matter microstructure in 

the dorsal tracts was related to better single word abilities, as well as rapid naming 

abilities in the left hemisphere. In the left arcuate fasciculus, dissociable relationships 

were observed for decoding efficiency and RAN, in which better RAN scores were 

related to greater FA in a small posterior region of the tract while stronger decoding 

efficiency was uniquely related to greater FA in anterior regions. The significant effects 

observed posteriorly were also modulated to some degree by sight word reading 
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efficiency, but reading comprehension and nonverbal intelligence accounted for little 

variance in FA in this region. The implication of the left arcuate fasciculus in decoding 

and RAN was consistent with previous studies showing that integrity of the left arcuate is 

reduced in individuals with RD (Christodoulou, Cyr, et al., 2017; Klingberg et al., 2000; 

Richards et al., 2008; Steinbrink et al., 2008), who tend to perform poorly on decoding 

and rapid naming tasks (Denckla & Rudel, 1976; Ziegler, Perry, Ma-Wyatt, Ladner, & 

Schulte-Körne, 2003). This is also consistent with research relating FA in this dorsal tract 

to phonological and articulatory processes (Bernal & Ardila, 2009; Dick & Tremblay, 

2012; Marchina et al., 2011; Shinoura et al., 2013; Vandermosten et al., 2012; Yeatman 

et al., 2011), both processes which have key roles in oral letter naming and in linking 

orthographic representations to phonological representations while decoding words 

aloud. In contrast with our findings, Saygin et al. (2013) found no relation between mean 

FA of the left arcuate and RAN despite strong associations between FA and phonological 

awareness in this tract. One possible reason for this discrepancy is our approach 

examining FA at 100 nodes along each tract, rather than examining mean FA across a 

large portion of the tract, as this is likely to have revealed effects in smaller clusters of 

nodes. However, when we controlled for decoding efficiency, the correlation between FA 

and RAN only persisted in a small number of posterior nodes, suggesting that this tract 

plays larger role in the phonological processes involved in decoding with smaller 

contributions to rapid naming ability. 

In the right arcuate fasciculus, FA strongly reflected sight word reading efficiency 

and decoding efficiency, but these effects were modulated by reading comprehension and 

nonverbal intelligence. Unique negative correlations with decoding efficiency were also 
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observed when sight word reading efficiency was controlled for, suggesting opposite 

relationships for FA with sight word reading efficiency and FA with decoding efficiency 

in this posterior right arcuate region. In comparison to the left arcuate fasciculus, the right 

arcuate fasciculus is relatively understudied in reading research, in part because many 

other previous DTI studies have not successfully identified the right arcuate fasciculus in 

many subjects. This is likely due to limitations in the DTI fiber-tracking methodologies 

used, and use of a probabilistic tracking algorithm has suggested that a right arcuate 

fasciculus may be smaller than the left arcuate but is present in all healthy subjects 

(Yeatman et al., 2011). In the present study, we identified the right arcuate fasciculus in 

50 out of the 65 subjects using deterministic tractography and performed analyses for this 

tract only on these 50 subjects. Importantly, we found no significant differences in age or 

cognitive measures between participants in which the right arcuate was and was not 

identified, suggesting the identifiability of this tract was not related to maturational 

factors, reading skills, or general intelligence. Our findings of unique negative 

correlations with decoding efficiency as well as positive correlations with sight word 

reading efficiency, both modulated to a degree by nonverbal intelligence and reading 

comprehension, contrast with the results of studies examining the right arcuate fasciculus. 

Yeatman et al. (2011) found no correlation between single-word reading in children and 

FA of the right arcuate, while Horowitz-Kraus et al. (2014) found that FA of the right 

arcuate was related to comprehension but not sight word reading in adolescents and 

adults. Although both of these studies assessed general intelligence for the purposes of 

describing their sample, they did not include this measure in their analyses examining 

relationships between FA and behavioural measures. However, general intelligence is 
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known to be related to reading abilities in typical readers (Ferrer et al., 2010; Hulslander 

et al., 2004), which may account for the correlation between reading comprehension and 

FA in Horowitz-Kraus et al. (2014). The inclusion of nonverbal intelligence in our 

analyses may in part explain the discrepancy between the findings of the present study 

and past research, and suggests a role for the right arcuate fasciculus in general cognition 

as well as in single word reading.  

In ventral tracts including the right ILF and bilateral uncinate fasciculi, white 

matter integrity and reading subskills were negatively correlated, suggesting that poorer 

readers have greater integrity within these ventral white matter tracts. Previous research 

suggests that the left hemisphere ventral stream tracts, including the ILF, IFOF, and 

uncinate fasciculus, are important for processing lexical stimuli (Cummine et al., 2013; 

Dick & Tremblay, 2012; Shinoura et al., 2013; Wilson et al., 2011), but right hemisphere 

tracts are less frequently examined in DTI studies of reading. Our primary findings in 

ventral tracts were that in the bilateral uncinate fasciculi, poorer performance on all 

reading subskills was related to greater white matter integrity. The white matter-

behaviour relationships were shown to be largely related to reading comprehension in the 

left uncinate fasciculus, while RAN and reading comprehension both contributed in the 

right uncinate fasciculus. In the right ILF, poor reading comprehension was related to 

greater FA, and this relationship was partially accounted for by differences in sight word 

reading efficiency, decoding efficiency, and nonverbal intelligence. These negative 

correlations suggest an over-reliance on these ventral tracts in struggling readers, and are 

consistent with findings of Banfi et al. (2018) showing a negative correlation between FA 

of the right ILF and performance on sight word reading and decoding tasks. In line with 
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our findings in the right ILF and right uncinate fasciculus, studies of functional 

connectivity have also observed that school-age children with RD have increased overall 

functional connectivity in the right hemisphere and tend to attain left-lateralization of 

language more slowly and to a lesser degree (Finn et al., 2014), suggesting a strong 

reliance on right hemisphere connectivity in school-aged struggling readers as a form of 

compensation.  

Interestingly, when we controlled for decoding efficiency, RAN, and nonverbal 

intelligence, small clusters of positive correlations between reading comprehension and 

FA were revealed in the right uncinate fasciculus. This trend suggests some specific role 

of the right uncinate in processing semantic information, consistent with previous studies 

implicating right temporal lobe areas (Plante, Ramage, & Magloire, 2006; Plante, 

Schmithorst, Holland, & Byars, 2006; Robertson et al., 2000) and right ventral tracts 

(Horowitz-Kraus et al., 2014) in reading and language comprehension. An alternate 

interpretation is that reading comprehension performance represents the cumulative effect 

of all the reading subskills: completing this task necessarily involves single-word reading 

skills implicated in sight word reading and decoding measures, in addition to language 

comprehension abilities more generally.  

Throughout development, FA of white matter tracts tends to increase, in a way 

that varies somewhat across tracts (Lebel, Walker, Leemans, Phillips, & Beaulieu, 2008). 

Given that age and reading skill are highly correlated with one another, the analyses of 

the present study included age as a covariate to account for any maturational differences 

in white matter in the school-aged participants. Our subsequent analysis finding no 

significant correlations between age and FA in the tracts of interest suggests that the 
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results of the present study do not simply represent age-related differences in white 

matter. Rather, our findings represent individual differences in focal white matter 

microstructure that are specifically linked to performance on reading subskills across a 

wide range of school-aged years.  

A key question when considering the developmental trajectory of reading and the 

brain is whether the individual differences observed in white matter microstructure are a 

cause or a consequence of individual differences in reading ability. One possibility is that 

characteristics of white matter early on in childhood influence variation in reading ability 

and limit the impact of environmental factors on reading. For example, Hoeft et al. 

(2011) found that organization of white matter in the right superior longitudinal 

fasciculus predicted later response to intervention in adolescents with RD, suggesting that 

these white matter characteristics were a limiting factor for gains in reading skill. 

Alternately, change in white matter microstructure can be a function of experience 

(Yeatman et al., 2012). Consistent with this are studies showing changes in white matter 

integrity throughout development following reading intervention in individuals with RD 

(Gebauer et al., 2012; Keller & Just, 2009). It is likely that a combination of these two 

views best describes the relationship between white matter and reading: variability in 

white matter likely stems from both endogenous and environmental factors. The 

relationship between white matter and particular reading subskills is also likely to vary 

throughout development, as readers gain experience and some skills become more 

automatized. Further longitudinal research examining both neuroimaging and behavioural 

data is needed to better understand the dynamic nature of the relationship between 

reading subskills and white matter throughout development.  
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While this study is the first of its kind to examine white matter integrity in 

children with a wide range of reading abilities through the lens of multiple reading 

subskills, there are many other cognitive measures that are known to be related to reading 

and that were not included in the present study, for example phonological awareness 

(Gathercole et al., 2006), listening comprehension (Catts et al., 2005, 2003; Hoover & 

Gough, 1990), oral language (Catts et al., 2002), and working memory (Gathercole et al., 

2006). Given that the relationships between white matter and reading diverged across the 

different tracts and subskills included in the present study, future research including other 

reading-related measures could more fully capture how different cognitive components of 

reading may be uniquely associated with integrity of these tracts.  

3.4.1 Conclusion 

Our results provide evidence for multiple components of reading ability that are 

supported by distinct structural characteristics of the brain. Importantly, we observed 

both positive and negative correlations between reading ability and white matter integrity, 

such that arcuate fasciculus microstructure is positively associated with reading-related 

skills, particularly rapid naming and decoding efficiency in the left hemisphere and sight 

word reading efficiency in the right hemisphere. Conversely, struggling readers showed 

increased FA in right ILF and the bilateral uncinate especially with respect to reading 

comprehension and rapid naming. These findings shed new light on prior studies linking 

poor reading to white matter integrity and development, by demonstrating the 

contribution of multiple components of reading skill. Additionally, the present study 

showed that white matter integrity and reading abilities were related across a wide range 

of reading abilities, supporting the view that findings of atypical white matter structure in 



112 

 

individuals with RD reflect differences along the tail end of the distribution rather than a 

categorical difference in reading and brain structure.  
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Chapter 4: Functional and Structural Connectivity and 

Reading Intervention in Children 

4.1 Introduction 

Although many children learn to read quickly and accurately, approximately 10% 

of otherwise typically developing children struggle to learn to read (Lyon et al., 2003). 

Reading disability (RD), sometimes known as dyslexia, is characterized by difficulties 

reading words fluently and accurately, and is associated with difficulty processing 

phonological information (Ramus, 2003; Snowling et al., 2012; Wagner et al., 1993). 

Phonology-based interventions have been shown to be effective in improving reading in 

children with RD (Bus & Van Ijzendoorn, 1999; Duff & Clarke, 2011; National Reading 

Panel, 1989) and result in measurable improvements in phonological reading skills 

(Lovett, Steinbach, & Frijters, 2000). However, significant challenges remain in 

characterizing the cause of RD and understanding variability in the degree to which 

individuals respond to reading intervention. Although a large body of neuroimaging 

research has identified specific neural differences associated with RD (Maisog et al., 

2008; Paulesu et al., 2014; Richlan, Kronbichler, & Wimmer, 2009b), much remains to 

be understood with respect to the neural correlates of RD and response to reading 

intervention.  

 Previous studies of changes in the brain related to reading instruction have tended 

to focus on differences in functional activity of the brain before, during, and after 

intervention. A descriptive review of 22 reading intervention studies using fMRI and 

magnetoencephalography (MEG) found that pre-intervention, RD was generally 

associated with underactivity in bilateral regions including the inferior, middle, and 

superior frontal gyri, middle and superior temporal gyri, occipital regions, postcentral 
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gyri, inferior parietal lobule, and insulae, with a relative increase in activity in these 

regions post-intervention (Barquero, Davis, & Cutting, 2014). A further meta-analysis of 

a subset of eight of the 22 studies found that participants with RD exhibited increased 

activation in the left thalamus, right insula, bilateral inferior frontal gyri, right posterior 

cingulate, and left middle occipital gyrus following reading intervention. Overall, this 

body of research suggests that differences in localized brain activity are associated with 

intervention in individuals with RD.  

 Relatively fewer studies have examined how reading intervention is related to 

changes in functional and structural connectivity between brain regions, although this is 

of great interest given that efficient reading requires coordinated processing across many 

areas of the brain. Functional connectivity can be measured based on interregional 

correlations in neural activity during an fMRI scan, either using a task-based or resting-

state approach. In a task-based approach, the participant might complete a reading or 

related phonological processing task during the fMRI scan, and functional connectivity is 

assessed by examining the correlations in the time course of the BOLD response during 

that task. Alternatively, functional networks can be studied while the participant is in a 

resting-state, by measuring temporal correlations in the low frequency fluctuations of the 

fMRI signal of different brain regions (Biswal et al., 1995). Resting-state functional 

connectivity reflects the brain’s functional networks (Fox & Raichle, 2007), such that 

areas of the brain that are functionally-related tend to be highly correlated in terms of 

their time courses of spontaneous BOLD activity. The resting-state functional 

connectivity (RSFC) technique is advantageous in that the functional data is not 

influenced by particular task demands, differences in task performance, or differences in 
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participants’ processing strategies. An alternate method of assessing connectivity in the 

brain is via diffusion tensor imaging (DTI), which can serve as a measure of structural 

connectivity of the brain’s white matter tracts. DTI is a structural MRI technique which 

measures diffusion of water molecules in the brain. The directionality of water diffusion, 

quantified as fractional anisotropy (FA), characterizes structure of the brain’s white 

matter tracts including factors such as fiber density, axon diameter, and myelination 

(Basser & Pierpaoli, 1996). Reading ability in typical readers as well as individuals with 

RD has been linked to both RSFC (Farris et al., 2011; Koyama et al., 2013, 2011; Schurz 

et al., 2015; Chapter 2 of this thesis) and DTI connectivity (for a review see 

Vandermosten, Boets, Wouters, & Ghesquière, 2012; Chapter 3 of this thesis), 

demonstrating the role of functional and structural connectivity in reading. 

A small number of studies have used RSFC approaches to quantify differences in 

the brain’s functional connectivity before and after reading intervention, shedding light 

on the changes in the brain’s function which underlie behavioural improvements in 

reading ability. Koyama et al. (2013) used a cross-sectional approach to compare RSFC 

between typically developing (TD) controls and three groups of children with RD that 

had not been remediated, partially remediated, and fully remediated. Findings showed 

that, compared to TD controls, RSFC was reduced between the left intraparietal sulcus 

and left middle frontal gyrus in all groups with RD, regardless of treatment status. 

However, when compared to the TD controls and RD group with no remediation, the 

partial and full remediation groups exhibited increased RSFC between the left fusiform 

gyrus and right middle occipital gyrus, suggesting a role for remediation in increasing 

reliance on visual reading areas, perhaps as a form of compensation for weak 
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phonological processing. Koyama et al. (2013) also observed more negative RSFC 

between the left fusiform gyrus and right medial prefrontal cortex in the full remediation 

group relative to the other RD groups and the TD controls, and suggested this may be 

related to functional segregation between the reading network and default mode network.  

Additionally, a series of longitudinal studies examining changes in RSFC 

following an executive-function based reading training program documented increased 

RSFC within the cingulo-opercular network (Horowitz-Kraus, Toro-Serey, et al., 2015) 

as well as increased RSFC between the cingulo-opercular network, specifically the right 

anterior cingulate cortex, and the left fusiform gyrus (Horowitz-Kraus & Holland, 2015). 

Children with RD completing this program also exhibited increased RSFC between the 

visual processing network and networks associated with executive function, dorsal 

attention, and language (Horowitz-Kraus, Difrancesco, Kay, Wang, & Holland, 2015) as 

well as increased overall functional connectivity in the brain, based on measures of global 

efficiency (Horowitz-Kraus, Toro-Serey, et al., 2015). Changes in RSFC observed in 

these studies were positively correlated with improvement on behavioural measures of 

word reading (Horowitz-Kraus, Difrancesco, et al., 2015; Horowitz-Kraus & Holland, 

2015; Horowitz-Kraus, Toro-Serey, et al., 2015), reading comprehension (Horowitz-

Kraus, Difrancesco, et al., 2015), and visual attention (Horowitz-Kraus & Holland, 2015). 

As a whole, these studies suggest that reading intervention is associated with changes in 

RSFC within the reading network as well as RSFC to areas outside of the reading 

network, and these changes in functional connectivity tend to also correlate with the 

degree of reading improvement observed behaviourally. However, no studies to date have 
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used a longitudinal approach to examine what changes in RSFC are present following a 

phonology-based intervention.  

 Similarly, studies using DTI approaches have suggested that changes in white 

matter structure are associated with improvement in reading skills. For example, in 

children with a wide range of reading abilities, changes white matter volume in left 

temporo-parietal regions predicted gains in reading skill, above and beyond other factors 

such as familiar risk, environment, preliteracy ability, and cognitive capacity (Myers et 

al., 2014). In children with RD, although reduced FA in the left anterior centrum 

semiovale was observed pre-intervention compared to good readers, no between-group 

differences were observed in FA in this left frontal region following a phonology-based 

reading intervention (Keller & Just, 2009). DTI data collected at more regular intervals 

throughout an intensive 8-week intervention suggests that observed changes in white 

matter are distributed and occur jointly with improvements in reading skill (Huber, 

Donnelly, Rokem, & Yeatman, 2018a). Specifically, participants were scanned before 

beginning the intervention, and following 2.5 weeks, five weeks, and eight weeks of 

intervention. Huber et al. (2018) observed an increase in FA as a function of intervention 

time in the left arcuate fasciculus and the left inferior longitudinal fasciculus. Further 

changes in white matter were widespread across both association and projection tracts. 

However, the intervention group was not more similar to typical readers in terms of white 

matter properties following the intervention, suggesting that the observed white matter 

changes represent compensatory mechanisms rather than normalization of neural 

properties.  
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Comparisons of groups who do and do not respond to reading intervention also 

suggest that structural connectivity following intervention is related to the degree of 

improvement observed in reading skills. Davis and colleagues (2010) showed that greater 

response to reading intervention, as measured by pre- and post-intervention word 

identification, decoding, and fluency tasks, was associated with greater white matter 

connectivity between the left angular gyrus and left insula following the intervention. 

Additionally, better intervention response on a word attack task was related to greater 

connectivity between the left inferior frontal gyrus pars triangularis and the superior 

temporal gyrus. Interestingly, response to intervention was also negatively correlated 

with structural connections from the right thalamus to the right inferior frontal gyrus pars 

triangularis, from the left thalamus to the left superior temporal gyrus, and from the right 

inferior frontal gyrus pars triangularis to the right superior temporal gyrus. Together, 

these studies demonstrate that reading intervention is associated with measurable changes 

in white matter distributed across many white matter tracts, and that these neural changes 

are related to the degree of improvement observed behaviourally.  

 Given that there is significant variability in the degree to which children with RD 

respond to intervention, one question of interest is whether response to intervention may 

also be predicted by differences in the brain that are present prior to reading intervention. 

Research suggests that this variability can be predicted by performance on behavioural 

pre-reading tasks such as rapid automatized naming (Al Otaiba & Fuchs, 2002; Fletcher 

et al., 2011; Frijters et al., 2011; Partanen, Siegel, & Giaschi, 2019; Tilanus, Segers, & 

Verhoeven, 2019) and phonological awareness (Barth, Catts, & Anthony, 2009; Jongejan, 

Verhoeven, & Siegel, 2007; Misra et al., 2004; Partanen et al., 2019; Tilanus et al., 2019), 
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as well as reading tasks including word recognition, decoding, reading comprehension, 

reading fluency, and spelling (Partanen et al., 2019; Tilanus et al., 2019). However, the 

neurobiological factors that underlie these behavioural predictors are not well understood.  

Although no studies to date have examined how RSFC may predict response to 

intervention, fMRI studies focusing on localized brain activity during reading tasks 

suggest that pre-intervention brain function in reading network regions is a predictor of 

behavioural reading improvement following intervention. For example, adolescents with 

RD with greater activation in the right inferior frontal gyrus during a rhyme-judgement 

task showed better behavioural response during a subsequent reading intervention (Hoeft 

et al., 2011). Similarly, increased MEG activity in left middle, superior temporal, and 

ventral occipitotemporal regions and in right medial temporal regions predicted greater 

reading improvement in adolescents (Rezaie et al., 2011). This same study also found that 

activity in these regions was a better predictor of intervention response than behavioural 

measures of pre-intervention reading accuracy or fluency. With respect to white matter 

connectivity, children with RD with greater FA in the right superior longitudinal 

fasciculus, including the arcuate fasciculus, showed greater improvement in single word 

reading skills over the subsequent 2.5 years (Hoeft et al., 2011). These studies 

demonstrate that some structural and functional differences in the brain can predict 

subsequent gains in reading ability. However, further research is needed to understand 

how functional connectivity between reading network areas may predict response 

following intervention, and to examine whether structural connectivity is also a predictor 

of response following intervention in more widespread white matter tracts known to 

support reading.  
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The present study aimed to extend the existing body of research examining how 

changes in structural and functional connectivity relate to the amount of growth observed 

in reading skills following a phonology-based reading intervention. Specifically, 

participants in the present study completed the Empower Reading: Decoding and 

Spelling program (Lovett, Lacerenza, Steinbach, & De Palma, 2014), which combines a 

phonology-based approach with explicit instruction of word identification strategies and 

metacognitive strategies. Readers are trained to use a metacognitive dialogue to select 

and implement word recognition strategies and monitor their effectiveness of each word 

recognition strategy in successfully decoding the word. The Empower Reading: 

Decoding and Spelling program has been shown to result in significant and generalizable 

gains in decoding, word recognition, reading accuracy, reading rate, and reading 

comprehension in children with RD from a variety of socioeconomic statuses, races, and 

IQ levels (Lovett & Steinbach, 1997; Morris et al., 2012). 

In the present study, we measured DTI connectivity and RSFC in children with 

RD before and after they completed the Empower program, to assess changes in 

connectivity from pre- to post-intervention and examine how these changes may vary 

based on individual differences in improvement in reading skills. DTI connectivity and 

RSFC were also measured at the beginning and end of the academic year in a second 

group of children with a wide range of reading abilities, for the purposes of comparing 

how any changes in connectivity in children receiving intervention may compare to 

changes associated with regular classroom reading instruction. The present study also 

aimed to examine whether any measures of connectivity prior to intervention were 

predictors of behavioural gains in reading following intervention.  
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4.2 Methods 

4.2.1 Participants 

Thirty-eight children between 8 and 11 years old were recruited through local 

schools and social media advertisements in the London, Ontario community. These 

participants represent a subset of those who participated in the studies described in 

Chapters 2 and 3 of this thesis. Participants were categorized into two groups based on 

their participation in a reading intervention. The reading intervention (RI) group was 

comprised of 19 children who had been identified by school professionals as having 

significant reading difficulties and were enrolled in Empower Reading: Decoding and 

Spelling, a reading intervention administered in their school. The non-intervention (NI) 

group was made up of the remaining 18 participants, who were not receiving any reading 

intervention beyond their regular classroom reading instruction. The participants in the 

non-intervention group had a wide range of reading abilities but any poor readers in this 

group had not been formally identified with reading difficulties. The parents of all 

participants reported via a structured questionnaire that the children had normal or 

corrected-to-normal vision, no hearing impairments, and were neurologically healthy. All 

parents provided informed consent and children provided assent to participate at the 

beginning of the study. 

4.2.2 Procedures 

At the beginning of study, all participants completed a battery of standardized 

behavioural measures to assess reading ability and nonverbal intelligence in both groups 

prior to reading intervention. For the participants in the RI group, this session took place 

in the fall before they began the Empower Reading program. The Woodcock-Johnson III 
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(WJ-III; Woodcock et al., 2001) Letter-Word Identification, Reading Fluency, and 

Passage Comprehension subtests were used to assess single word reading, sentence 

reading fluency, and reading comprehension, respectively. The Sight Word Efficiency 

subtest of the Test of Word Reading Efficiency II (TOWRE-2; Torgesen et al., 2012) 

assessed sight word reading fluency, while the Phonemic Decoding Efficiency subtest of 

the TOWRE-2 measured fluency of decoding of pronounceable pseudowords. Nonverbal 

intelligence was assessed using the Weschler Abbreviated Scale of Intelligence Second 

Edition (WASI-II; Weschler, 2011) Performance IQ measures, which includes the Block 

Design and Matrix Reasoning subtests. The scores on these two subtests were combined 

to provide a Performance IQ score measuring nonverbal intelligence. More details 

regarding these standardized measures are available in Chapters 2 and 3 of this thesis.  

MRI sessions took place between one and two weeks following the first session, 

including an anatomical, resting-state, and diffusion tensor imaging scan. Participants in 

the RI group then began the Empower Reading program at their school. Informal 

Empower progress measures were administered by teachers at the beginning and end of 

the Empower program. Between eight and ten months later, after completing the 

Empower program, participants completed a second, similar MRI session. Participants in 

the NI group only received regular classroom reading instruction as per the Ontario 

education curriculum, following their first MRI scan. Their second scan was completed 

between eight and ten months later. A total of 14 participants did not participate in the 

second MRI scan (n = 7 in RI group, n = 7 in NI group) because they had moved, were 

not available, or were no longer able to safely participate in an MRI scan due to 

permanent dental appliances. This yielded a total sample size of 24 for the present study: 
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13 participants in the RI group (7 female; 12 right-handed) and 11 participants in the NI 

group (8 female; 10 right-handed).  

4.2.3 Intervention 

 The participants in the RI group received the Empower Reading: Decoding and 

Spelling program within their school over the course of one academic year. The program 

consists of 110 lessons with one hour of instruction each, delivered in a small-group 

format approximately 3-4 times per week. The program content is focused on word 

identification and word attack strategies to facilitate reading fluency and reading 

comprehension. Additionally, the program emphasizes use of metacognitive strategies for 

children to monitor their own use of the decoding and spelling strategies. Teachers 

administering the intervention received training workshops, in-school coaching, and 

mentorship, continued in every year in which they were instructing the Empower 

Reading program (Lovett et al., 2008). For more details on the Empower Reading: 

Decoding and Spelling program, see Lovett, Lacerenza, Steinbach, and De Palma (2014).  

As part of the Empower Reading program, children in the RI group also 

completed a number of informal assessments of reading skills to measure progress, as 

described below (see Appendix B). These measures were administered by teachers prior 

to beginning the program and in the final lessons of the 110-hour program (M = 105 

hours of intervention completed, SD = 8.66 hours). All the tasks described below were 

scored based on the percent correct items.  

Letter sound identification. The participants were shown letters one at a time and 

were asked to identify the sound the letter makes. For letters with more than one 

associated sound (e.g. a, g, y), participants were prompted to provide an additional 
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response. The stimuli and scoring sheets for this measure are presented in Appendix B 

(Letter Sound Identification task). 

Sound combinations. The participants viewed 26 cards with letter combinations 

(e.g., oo, ing, tion) that are targeted in the Empower Reading program and were asked to 

identify the sound made by the letter combination. For letter combinations with more 

than one associated sound (e.g. oo, ea, ow), participants were prompted to provide an 

additional response. The stimuli and scoring sheets for this measure are presented in 

Appendix B (Sound Combinations task). 

Target word reading. Participants were asked to read each of the 40 mono- or bi-

syllabic keywords (e.g. cow, good, baby) taught in the Empower Reading program’s 

rhyming strategy materials. Children were given seven seconds to read each word. The 

stimuli and scoring sheets for this measure are presented in Appendix B (Keyword Test). 

Mono- and bi-syllabic word reading. The children read 60 mono- and bi-syllabic 

words not taught in the Empower Reading program (e.g. fuzz, mode, queenly). This task 

measured children’s ability to generalize their knowledge of keywords and sounds taught 

in Empower Reading to new words. Children were given seven seconds to read each 

word. The stimuli and scoring sheets for this measure are presented in Appendix B 

(Transfer Word Test). 

Multisyllabic word reading. The participants were asked to read multisyllabic 

words (e.g. needlessly, unemployment, distress). This task measured children’s ability to 

decode multi-syllabic words using the Empower Reading strategies. Participants 

completed 55 items and were allowed up to one minute to read each word. The stimuli 

and scoring sheets for this measure are presented in Appendix B (Challenge Word Test). 
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4.2.4 MRI acquisition and processing 

Pre-intervention MRI sessions took place between one and two weeks following 

the behavioural session. A second MRI session using the same scanning parameters and 

protocols took place between 8 and 10 months following the first MRI scan, after the RI 

group had completed the Empower Reading intervention. All imaging was performed at 

the University of Western Ontario’s Centre for Functional and Metabolic Mapping on a 

Siemens Magnetom Prisma 3 Tesla scanner with a 32-channel head coil. Foam pads were 

used to minimize head movement. A 6-minute T2-weighted resting-state fMRI scan was 

first acquired using an echo planar imaging pulse sequence and oblique axial orientation 

(TR = 1000 ms; TE = 30ms; flip angle = 45; voxel size = 3 x 3 x 3 mm; FOV = 210 x 210 

mm; 48 slices). During the resting-state scan, the participants were instructed to lie still 

and look at a fixation cross on a display. The DTI scans were next acquired in the 

transverse plane using an echo planar imaging sequence (64 slices with 2mm slice 

thickness; in-plane voxel size = 2.041 x 2.041 mm; matrix = 96 x 96 x 68; field of view = 

200 x 200 mm; 64 diffusion directions with b = 1000 s/mm2; TR = 3.0 s; TE = 50.6 ms; 

GRAPPA acceleration factor = 3). Finally, a high-resolution 3-D T1-weighted anatomical 

scan was acquired in the sagittal plane (MPRAGE; GRAPPA acceleration factor = 2; TR 

= 2.3 s; TE = 2.98 ms; field of view = 256 x 256 mm; voxel size = 1 mm3; 192 slices). 

Participants watched a movie during the DTI and anatomical scans. In total, scan time 

was approximately 15 minutes. 

4.2.5 Resting-state fMRI data processing and analysis 

The resting-state fMRI data was pre-processed using the same steps described in 

Chapter 2, with the CONN-fMRI toolbox 17.a (Whitfield-Gabrieli & Nieto-Castanon, 
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2012) for SPM12 in Matlab R2016b. These pre-processing steps included realignment, 

normalization to the MNI anatomical template, and functional smoothing of data using a 

Gaussian filter of 5mm. Next, structural data was segmented into gray matter, white 

matter, and cerebrospinal fluid. The aCompCor noise reduction method (Behzadi et al., 

2007) was used to compute the BOLD signal from white matter and cerebrospinal fluid 

masks and these signals were included as nuisance parameters within the final analysis 

models. Subject motion was estimated based on three axes each of rotation and 

translation and the resulting time series was regressed out of the BOLD functional data. 

Functional outliers, defined as volumes that differed more than 95% from the mean 

BOLD signal amplitude, were removed from analysis. Band pass filtering was performed 

between 0.008 Hz to 0.09 Hz on the resulting BOLD time-series. The seed regions of 

interest (ROIs) for the resting-state connectivity analyses were selected, as in Chapter 2 

of this thesis, based on a previous resting-state functional connectivity study of reading in 

children (Koyama et al., 2011) and a meta-analysis of brain areas associated with reading 

in children (Houdé et al., 2010). The seed ROIs, pictured in Figure 4.1, consisted of the 

middle frontal gyrus (MFG), inferior frontal gyrus pars opercularis (IFGoper), inferior 

frontal gyrus pars triangularis (IFGtri), precentral gyrus (PreCG), posterior superior 

temporal gyrus (STGpost), angular gyrus (AG), superior parietal lobule (SPL) including 

the intraparietal sulcus, supplementary motor area (SMA), posterior fusiform gyrus 

(FFG), occipital pole (OP), and thalamus (Thal), all within the left hemisphere. The seeds 

were all identified for analysis using the CONN atlas image volume which defines ROIs 

jointly across all subjects within MNI space (FSL Harvard-Oxford atlas and AAL atlas, 

developed based on: Desikan et al., 2006; Frazier et al., 2005; Goldstein et al., 2007; 
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Makris et al., 2006; Tzourio-Mazoyer et al., 2002). The coordinates of the centre of each 

seed ROI are detailed in Table 4.1. 

Each subject’s residual BOLD time course was extracted for each seed ROI. A 

weighted general linear model was used to measure correlations between time series of 

the seed region and all other voxels in the brain for each subject, to estimate functional 

connectivity from each seed region to the rest of the brain. The correlation coefficients 

were Fisher transformed into z-scores to increase normality for the second-level analyses. 

General linear modelling was used to examine RSFC from each seed region, with time 

(Time 1, Time 2) included as a within-subjects independent variable and group (RI, NI) 

as a between-subjects independent variable. False positive control was implemented at 

the cluster-level using a cluster size threshold, defined by false-discovery rate (FDR) 

corrected p-values.  

 

Table 4.1 MNI coordinates of centre of seed ROIs. 

Seed ROI (left hemisphere only) 

MNI Coordinate of Seed Centre 

x y z 

MFG: Middle frontal gyrus -38 18 42 

IFGoper: Inferior frontal gyrus, pars opercularis -51 15 15 

IFGtri: Inferior frontal gyrus, pars triangularis -50 29 9 

PreCG: Precentral gyrus -34 -12 49 

STGpost: Superior temporal gyrus, posterior -62 -29 4 

AG: Angular gyrus -50 -56 30 

SPL: Superior parietal lobule -29 -49 57 

SMA: Supplementary motor area -5 -3 56 

FFG: Fusiform gyrus, posterior -34 -54 -16 

OP: Occipital pole -17 -97 7 

Thal: Thalamus -10 -19 6 
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Figure 4.1 Seed regions of interest, shown in a lateral and medial view. 

 

Subsequent analyses focused on how resting-state functional connectivity prior to 

intervention was related to change in reading skills throughout reading intervention. 

Behavioural change in reading skills was calculated by subtracting pre-intervention 

scores from post-intervention scores on each of the progress monitoring measures, 

including the letter sound identification, sound combination, target word reading, mono-

and bi-syllabic word reading, and multisyllabic word reading tasks. General linear 

models were then used to examine whether Time 1 resting-state functional connectivity 

between seed ROIs and other voxels was uniquely associated with behavioural change on 

any intervention progress monitoring measures, independent of age. False positive 

control again consisted of a cluster size threshold, defined by false-discovery rate (FDR) 

corrected p-values.  

4.2.6 DTI data processing and analysis 

DTI images were processed using the same steps described in Chapter 3, with the 

automatic fiber quantification (AFQ) version 1.2 (Yeatman, Dougherty, Myall, Wandell, 
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& Feldman, 2012) and SPM8 toolboxes in MATLAB. The preprocessing steps consisted 

of motion and eddy current correction and alignment of the DTI data to the anatomical 

image. A deterministic streamlined tracking algorithm (Yeatman et al., 2012) was 

implemented for white matter tractography, beginning from each white matter voxel with 

a fractional anisotropy (FA) value greater than 0.3. This algorithm traced streamlines 

from the seed voxels, continuing along the principal diffusion axes until the estimated FA 

was less than 0.2. Tracking was also stopped if the angle between two segments was 

greater than 30 degrees, in order to avoid effects of crossing fibers. Tracts were 

segmented in MNI standard space and transformed into single-subject space using 

waypoint ROI masks (Wakana et al., 2007). Tracts of interest included the arcuate 

fasciculus, inferior longitudinal fasciculus (ILF), inferior fronto-occipital fasciculus 

(IFOF), and uncinate fasciculus in both hemispheres, based on previous findings 

implicating these tracts in reading and findings in Chapter 3 of this thesis. These tracts of 

interest were identified using region of interest (ROI) inclusion, exclusion and waypoint 

masks as detailed in Wakana et al. (2007). As expected, based on previous research 

suggesting the right arcuate fasciculus can sometimes not be identified by deterministic 

tracking algorithms (Catani et al., 2007; Yeatman et al., 2011), the right arcuate 

fasciculus was only identified at both time points in 16 out of the 24 subjects. This 

included one subject in the RI group and four subjects in the NI group in which the right 

arcuate fasciculus could not be identified at both time points, one subject in the RI group 

in which it was identified in the Time 1 scan data but not at Time 2, and two subjects in 

the NI group in which it was not identified in the Time 2 scan data but not at Time 1. All 

other tracts of interest were identified in all subjects at both time points.  
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As described in Chapter 2, each tract was cleaned by removing fibers that 

deviated in length by more than four standard deviations above or below the mean fiber 

length or that deviated spatially by more than five standard deviations from the averaged 

centroid of the fiber tract (Yeatman et al., 2012). Each fiber tract was divided into 100 

nodes spaced equally along the length of the tract and FA was calculated at each node of 

each tract.  

Changes in DTI connectivity were examined using mixed ANOVAs with group 

(RI, NI) as a between-subjects factor and time (Time 1, Time 2) as a within-subjects 

factor. These were conducted in each tract of interest at 100 nodes along the tract. To 

examine how structural connectivity prior to intervention was related to the amount of 

behavioural change in reading skills during the intervention, partial correlations were 

performed between the Time 1 scan FA values and the behavioural change scores for 

each progress monitoring measure. These were performed at each of 100 nodes on every 

tract, with age added as a covariate.  

Due to the small sample size of the present study and consequent lack of 

statistical power, the permutation-based correction for family-wise error used in Chapter 

3 of this thesis was likely to be overly conservative for implementation in the DTI 

analyses. Instead, a smaller cluster threshold of 10 was used, such that only clusters of 10 

or more consecutive (directly adjacent) nodes reaching an individual significance level of 

p < .05 were considered as significant findings. 
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4.3 Results 

4.3.1 Behavioural results 

Descriptive statistics for the standardized measures administered at the beginning 

of the study are shown in Table 4.2 for the NI group and RI group. Independent samples 

t-tests comparing the NI group and RI group showed that the two groups did not differ 

significantly in age (t(22) = 1.13, p = .27) and in nonverbal intelligence (t(22) = 1.85, p = 

.07). As expected, the RI group scored significantly lower than the NI group on all pre-

intervention measures of reading, including sight word reading efficiency (t(22) = 5.85, p 

< .01), phonemic decoding efficiency (t(22) = 4.34, p < .01), letter word identification 

(t(22) = 3.82, p < .01), reading fluency (t(22) = 4.55, p < .01), and reading 

comprehension (t(22) = 3.65, p < .01).  

Table 4.3 presents the descriptive statistics for the progress monitoring measures 

administered in the RI group at the beginning and end of the reading intervention 

program. As expected, paired-samples t-tests showed that scores on all measures were 

significantly higher at the final assessment compared to the initial assessment, including 

the letter sound identification task (t(12) = -2.28, p < .05), sound combinations task (t(12) 

= -10.49, p < .01), target word reading task (t(12) = -3.86, p < .01), mono- and bi-syllabic 

word reading task (t(12) = -5.74, p < .01), and multisyllabic word reading task (t(12) = -

7.89, p < .01). Figure 4.2 shows a boxplot of percent change on each measure, calculated 

by subtracting each participant’s percent correct score at the initial assessment from the 

percent correct at the final assessment.  
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Table 4.2 Demographic characteristics of the sample. 

 NI Group  

(n=11) 

RI Group  

(n=13) 

 
Mean (SD) Mean (SD) 

Age (years) 10.43 (0.81) 10.09 (0.69) 

Reading Measures   

     TOWRE-2 Sight Word Efficiency 91.36 (10.30) 67.46 (9.69)* 

     TOWRE-2 Phonemic Decoding Efficiency 87.27 (9.49) 71.08 (8.76)* 

     WJ-III Letter Word Identification 98.64 (12.83) 79.15 (12.11)* 

     WJ-III Reading Fluency 96.09 (9.18) 76.77 (11.26)* 

     WJ-III Passage Comprehension 92.45 (8.56) 75.00 (13.73)* 

Nonverbal Intelligence   

     WASI-II Performance IQ 109.64 (20.42) 97.23 (11.92) 

Note: * denotes a significant difference between groups (p < .01). 

 

 

Table 4.3 Intervention progress monitoring data collected in RI group. 

 Initial 

(0 lessons) 

Final 

(90-110 lessons) 

Measure Mean (SD) Mean (SD) 

Letter Sound Identification (% correct) 77.34 (16.68) 92.10 (25.29) * 

Sound Combinations (% correct) 41.03 (12.87) 84.10 (10.55) ** 

Target Word Reading (% correct) 60.00 (37.37) 99.23 (1.57) ** 

Mono- and Bi-Syllabic Word Reading (% correct) 43.33 (28.64) 85.13 (10.98) ** 

Multisyllabic Words (% correct) 33.56 (29.09) 87.13 (11.31) ** 

Note: * denotes a significant difference between initial and final assessments at p < .05,  

** denotes a significant difference at p < .01. 
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Figure 4.2 Boxplot showing percent change from pre- to post-intervention for each 

progress monitoring task. Dots show individual data points for each task. 

 

Because movement during MRI scanning is known to create artifacts in brain 

imaging data and can drive false positive group differences in connectivity (Power, 

Barnes, Snyder, Schlaggar, & Petersen, 2012), two-sample t-tests were used to compare 

motion parameters in each of the resting-state and DTI scans between the RI group and 

the NI group. The RI and NI groups did not differ significantly in terms of their 

maximum motion, t(22) = -1.62, p = .12, and mean motion, t(22) = -1.79, p = .09, in the 

resting-state MRI scans at both time points. Similarly, maximum motion (Time 1: t(22) = 
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-0.99, p = .33; Time 2: t(22) = 0.08, p = .94) and mean motion (Time 1: t(22) = -1.03, p = 

.32; Time 2: t(22) = -0.18, p = .85) did not differ between groups in the DTI scan at both 

time points. This suggests that motion artifacts in the resting-state and DTI data are 

unlikely to contribute to between-group differences in functional and structural 

connectivity. To account for the possibility that motion effects were not completely 

captured in these analyses, functional connectivity analyses also regressed out subject 

motion and DTI preprocessing steps included motion correction.  

4.3.2 Changes in resting-state functional connectivity over time 

 In order to examine changes in RSFC in the RI group, general linear models were 

conducted at each seed ROI with time as a within-subjects factor and group as a between-

subjects factor. Significant interactions of group and time were observed for RSFC from 

the left PreCG and the left SMA seed ROIs. Specifically, significant interactions were 

observed for RSFC from the left PreCG seed to two clusters of voxels, both of which 

were located in the left frontal pole (Cluster A: t(22) = 6.50, p corr < .001; Cluster B: 

t(22) = 6.03, p corr < .001; Figure 4.3A; summarized in Table 4.4). For both of these 

clusters, the RI group exhibited significantly more negative RSFC compared to the NI 

group at Time 1 (Cluster A: t(22) = -2.91, p < .01; Cluster B: t(12) = -2.90, p < .01), 

however at Time 2 this pattern was reversed and the NI group demonstrated significantly 

more negative RSFC than the RI group (Cluster A; t(22) = 3.88, p < .01; Cluster B: t(22) 

= 6.44, p < .001). Within-group comparisons showed that the RSFC between these 

regions became significantly less negative in the RI group from Time 1 to Time 2 

(Cluster A: t(12) = -3.36, p < .01; Cluster B: t(12) = -2.38, p < .05) but significantly more 

negative in the NI group (Cluster A: t(10) = 5.66, p < .001; Cluster B: t(10) = 5.46, p < 
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.001). These results suggest that the PreCG and frontal lobe regions became significantly 

less anti-correlated in the RI group, whereas a greater degree of anti-correlation in 

functional activity was observed over time in the NI group.  

 The left SMA seed also showed significant interactions of group and time for 

RSFC to a voxel cluster in the left frontal pole (t(22) = 5.72, p corr < .001; Figure 4.3B; 

summarized in Table 4.4). Further between-group comparisons showed that Time 1 

RSFC from the SMA seed to the left frontal pole was significantly more negative in the 

RI group relative to the NI group (t(22) = -3.69, p < .01), while at Time 1 RSFC was 

significantly more negative in the NI group compared to the RI group (t(22) = 4.21, p < 

.001). RSFC to this cluster did not change significantly from Time 1 to Time 2 in the RI 

group (t(12) = -1.88, p = .08), whereas it became significantly more negative in the NI 

group (t(10) = 5.94, p < .001). These results suggest that the RI group exhibited anti-

correlations between the SMA and left frontal regions prior to intervention and did not 

change significantly over time, whereas the NI group exhibited little functional 

connection between these regions initially with a shift towards anti-correlation over time.  

 

Table 4.4 Summary of significant interaction effects in resting-state functional 

connectivity data. 

Seed 

Region 

Between groups 

at Time 1 

Between groups 

at Time 2 

Change over 

time within RI 

Group 

Change over 

time within NI 

Group 

Left PreCG  

 

Greater anti-

correlation in  

RI Group 

Greater anti-

correlation in  

NI Group 

Reduced anti-

correlation  

Increased anti-

correlation  

Left SMA 

Greater anti-

correlation in  

RI Group 

Greater anti-

correlation in  

NI Group 

No significant 

change 

Increased anti-

correlation  
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Figure 4.3 Seed-to-voxel clusters showing significant group by time interaction by seed 

region. Seeds are shown in yellow and cluster colour represents significant t-values. Bar 

graphs show RSFC for each group and time point, error bars represent standard error of 

the mean.  
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To examine whether change in RSFC was related to change in behavioural 

reading ability, general linear models were conducted on RSFC in the RI group only, 

with time as a within-subjects factor and behavioural change scores for each reading task 

as a between-subjects factor. Behavioural change scores were calculated by subtracting 

each individual’s initial progress monitoring measure scores from their final scores for 

each of the progress monitoring tasks. Analyses were then conducted at each seed ROI 

for each progress monitoring task. Change on the sound combinations task was 

negatively related to change in RSFC from the IFGoper seed to a cluster on the precuneus 

and left lingual gyrus (t(12) = -7.95, p corr < .001; Figure 4.4A) and positively related to 

change from the thalamus seed to a cluster on the right postcentral gyrus (t(12) = 6.05, p 

corr < .001; Figure 4.4B). Change on the target word reading task was positively 

associated with change in RSFC from the left IFGtri seed to a cluster of voxels within the 

left postcentral gyrus (t(12) = 7.64, p corr < .001; Figure 4.4C). Change scores for the 

letter sound identification, mono- and bi-syllabic word reading, and multi-syllabic word 

reading tasks were not significantly associated with change in RSFC from any seed ROIs.   
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Figure 4.4 Seed-to-voxel clusters showing significant association with change in 

behavioural scores by seed region and task. Seeds are shown in yellow and cluster colour 

represents significant t-values. 

 

4.3.3 Changes in DTI connectivity over time 

 Changes in DTI connectivity over time were examined using mixed ANOVAs, 

which were conducted in each tract of interest with group as a between-subjects factor 

and time as a within-subjects factor. The purpose of these analyses was to examine 

changes in FA over time in the whole sample, and to examine whether any changes in FA 

were specific to the group receiving reading intervention, relative to the group receiving 

only classroom reading instruction. Analyses in the right arcuate fasciculus included only 

the 16 participants in which the right arcuate was identified by the deterministic tracking 
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algorithm in the DTI data from both time points. For the purposes of visualization and 

post-hoc analyses of significant interactions, the mean FA of all nodes in each significant 

cluster was calculated. Post-hoc t-tests were then performed using the mean FA in each 

cluster to further examine any interactions and main effects. For the purposes of 

correcting for Type 1 error, only clusters of 10 or more consecutive nodes reaching an 

individual significance level of p < .05 were considered to as significant findings.  

In the right arcuate fasciculus, a main effect of time was observed in more frontal 

nodes of this tract (13 nodes, Figure 4.5A), demonstrating significantly reduced FA at 

Time 2 compared to Time 1. No significant group by time interaction was present in the 

right arcuate fasciculus. Similarly, in the right uncinate fasciculus (Figure 4.5B), a main 

effect of time was also observed in a cluster of 15 nodes located near the middle of the 

tract, but no significant interaction of group and time was found. The main effect of time 

in the right uncinate fasciculus was characterized by significantly greater FA at Time 2 

compared to Time 1. In the left arcuate fasciculus, left uncinate fasciculus, bilateral ILF, 

and bilateral IFOF, no significant main effects or interactions were observed in 10 or 

more consecutive nodes. 

To examine whether change in FA was related to change in behavioural reading 

ability, Pearson’s correlations were conducted between the behavioural change scores for 

each progress monitoring measure and change in FA. Change in FA was calculated by 

subtracting Time 1 FA values from Time 2 FA values for each subject, in each of the 100 

nodes within each tract of interest. A cluster threshold of 10 or more consecutive nodes 

showing individual significant effects (p < .05) was again applied to correct these 

analyses for multiple comparisons. Change in multi-syllabic word reading was positively 



146 

 

correlated with change in FA values in 13 consecutive nodes in the right arcuate 

fasciculus (average r = 0.70; Figure 4.6). No correlations passed the cluster correlation in 

any other tracts and for any other behavioural measures.  

 

 

Figure 4.5 Significant main effects of time in the right arcuate fasciculus (A) and right 

uncinate fasciculus (B). The colourbar shows significant F-values. Bar plots show FA 

values averaged across significant nodes, with error bars representing standard error of the 

mean. 
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Figure 4.6 Correlation between change in FA and change in multi-syllabic reading scores 

within the right arcuate fasciculus. The colourbar shows significant r-values. The 

scatterplot shows the correlation between change in reading skills and change in FA 

averaged across all nodes within the significant cluster. 

 

4.3.4 Resting-state functional connectivity predictors of response following 

intervention  

Subsequent analyses focused on how resting-state functional connectivity prior to 

intervention may predict change in reading skills throughout reading intervention. Here, 

multiple regression analyses were used to examine whether Time 1 resting-state 

functional connectivity between seed ROIs and other voxels were uniquely associated 

with behavioural change on any intervention progress monitoring measures, independent 

of age.  

Behavioural change on the letter sound identification task was positively 

associated with Time 1 RSFC from the left IFGtri seed to a cluster of voxels located in 

the left occipital pole (p corr < .05; Figure 4.7A). For the sound combination task, three 

clusters of significant associations with behavioural change were observed for Time 1 
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RSFC from the left IFGoper seed (p corr < .05; Figure 4.7B). Change in sound 

combination scores was positively associated with RSFC from the IFGoper seed to 

voxels in the right putamen as well as voxels in the right anterior supramarginal gyrus 

and right postcentral gyrus. In addition, negative associations were found between change 

in sound combination scores and RSFC from the IFGoper seed to a cluster in the 

precuneus cortex and posterior cingulate gyrus. For the target word reading task, change 

in behavioural scores was positively associated with Time 1 RSFC from the left MFG 

seed to an adjacent cluster of voxels located in the left frontal pole and left superior 

frontal gyrus (p corr < .05; Figure 4.7C). Change in scores on the mono- and bi-syllabic 

word reading task was negatively associated with Time 1 RSFC from the left STGpost 

seed to three clusters of voxels: a cluster located in the right frontal pole and superior 

frontal gyrus, a cluster in the left frontal pole, paracingulate gyrus, and frontal medial 

cortex, and a cluster in the left hippocampus and amygdala (p corr < .05; Figure 4.7E). 

Change on this task was also negatively associated with Time 1 RSFC from the left 

thalamus seed to voxels in the right angular gyrus and posterior supramarginal gyrus (p 

corr < .05; Figure 4.7D). No significant relationships were observed between change in 

scores on the multisyllabic word reading task and RSFC from any of the seed ROIs.  
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Figure 4.7 Seed-to-voxel clusters showing significant association between Time 1 RSFC 

and change in reading skills, by task. Seeds are shown in yellow and cluster colour 

represents significant t-values. 
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4.3.5 DTI predictors of behavioural response following intervention 

To examine how structural connectivity prior to intervention was related to the 

amount of behavioural change in reading skills during the intervention, partial 

correlations were performed between the Time 1 scan FA values and the behavioural 

change scores for each progress monitoring measure. A cluster threshold of 10 or more 

consecutive nodes showing individual significant effects (p < .05) was again used to 

correct these analyses for multiple comparisons. Analyses in the right arcuate fasciculus 

included only the 12 participants from the RI group in which the right arcuate was 

identified by the deterministic tracking algorithm in the Time 1 DTI data.  

Behavioural changes in scores on the letter sound identification (Figure 4.8A) 

were negatively correlated with FA in the left uncinate fasciculus (13 nodes, average r = -

0.60), left ILF (18 nodes, average r = -0.69), and left IFOF (18 nodes, average r = -0.79). 

In the right hemisphere tracts, changes in letter sound identification scores were also 

negatively correlated with FA only in the right arcuate fasciculus (14 nodes, average r =-

0.75). No correlations between FA and change in letter sound identification scores passed 

the cluster correction in the left arcuate fasciculus, right uncinate fasciculus, right ILF, 

and right IFOF. For the target word reading task (Figure 4.8B), changes in behavioural 

scores were positively correlated with FA in the left uncinate fasciculus (14 nodes, 

average r = 0.78). Significant correlations passing the cluster correlation were not 

observed in the right uncinate fasciculus or in the bilateral arcuate fasciculus, ILF, and 

IFOF.  Finally, changes in multisyllabic word reading (Figure 4.8C) were positively 

correlated with FA in the left uncinate fasciculus (14 nodes, average r = 0.82) and right 

uncinate fasciculus (13 nodes, average r = 0.64). Negative correlations with FA were 
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observed in the right ILF (10 nodes, average r = -0.69). No significant effects passing the 

cluster correlation were observed in the left ILF, bilateral arcuate fasciculus, or bilateral 

IFOF when examining correlations between FA and change in multisyllabic word reading 

scores. When examining correlations between FA and change in sound combination 

scores and between FA and change in mono- and bi-syllabic word reading scores, no 

clusters of correlations passed the threshold for multiple comparisons for any of the tracts 

of interest.  
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Figure 4.8 Correlations between FA and change in reading skills, by task. The colourbar 

shows significant r-values for all correlations. Scatterplots show correlation between 

change in reading skills and average FA across nodes showing significant correlation. 

 

4.4 Discussion 

The present study examined brain connectivity correlates of reading ability in 

children with RD before and after completing the Empower Reading program. The 

results of the present study suggest that some measurable changes in RSFC accompanied 

improvements in behavioural reading ability following the 110-hour, phonology-based 
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reading intervention program. However, the results failed to replicate previous findings 

(Huber, Donnelly, Rokem, & Yeatman, 2018b; Keller & Just, 2009) demonstrating 

changes in white matter microstructure linked to reading intervention in RD. Although 

significant improvements in reading ability were observed on each of the progress 

monitoring measures in the reading intervention group, there was a large degree of 

individual variability in the amount of improvement on each task. Subsequent analyses 

examining pre-intervention connectivity and response following intervention suggested 

that distinct characteristics of white matter connectivity and RSFC prior to intervention 

were associated with these individual differences in behavioural growth in reading 

ability.    

4.4.1 Resting-state functional connectivity and reading intervention 

 The primary findings with respect to changes in RSFC from pre- to post-

intervention showed that the RI group exhibited an increase in RSFC (reduced anti-

correlation) between the left precentral gyrus and left frontal lobe regions, while the NI 

group exhibited a decrease in RSFC (increased anti-correlation). In addition, RSFC 

between the left SMA and left frontal lobe regions decreased in the NI group (increased 

anti-correlation) but did not change in the RI group. Anti-correlations are thought to 

represent opposing functionality or inhibitory relationships between regions, resulting in 

negatively correlated activity during the fMRI scan (Fox et al., 2005; Fransson, 2005; 

Greicius, Krasnow, Reiss, & Menon, 2003). Previously, anti-correlation between areas of 

the reading network and frontal regions has been linked to greater automatization of 

reading abilities (Koyama et al., 2011, 2010). In line with this, the present findings 

suggest greater functional segregation of left frontal lobe regions from the left precentral 
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gyrus and left supplementary motor area increased over time in school-aged children with 

average reading abilities. Although gains in behavioural reading ability over time were 

not measured in the NI group, it is possible that this change in RSFC in the NI group was 

related to increased automatization of reading ability over the course of the nine months 

between MRI scans. Interestingly, the present findings suggest that the group with RD 

exhibited reduced functional segregation post-intervention between the left frontal lobe 

and left precentral gyrus, which is suggestive of a compensatory shift in connectivity 

following reading intervention rather than a process of normalization towards the patterns 

of connectivity observed in the NI group. RD has often been linked to increased 

compensatory engagement of frontal regions including the inferior frontal gyrus and 

other areas of the prefrontal cortex (Brunswick, McCrory, Price, Frith, & Frith, 1999; 

Richards et al., 1999; Rumsey et al., 1997; Salmelin, Service, Kiesilä, Uutela, & Salonen, 

1996; Shaywitz et al., 1998), however this has been associated with persistent poor 

reading (Shaywitz et al., 2003) rather than with partially or fully remediated RD. One 

possible explanation is that over the course of the intervention, children in the reading 

intervention group learned compensatory reading strategies that required increased 

reliance on frontal lobe regions. For example, the Empower Reading program includes a 

significant focus on training children to use metacognitive strategies to monitor their 

success using decoding and spelling strategies. Frontal lobe regions, particularly the 

prefrontal cortex, have been consistently linked to metacognitive processes (Baird, 

Smallwood, Gorgolewski, & Margulies, 2013; Fleck, Daselaar, Dobbins, & Cabeza, 

2006; Fleming, Huijgen, & Dolan, 2012; Fleming, Weil, Nagy, Dolan, & Rees, 2010; 

Hilgenstock, Weiss, & Witte, 2014; McCurdy et al., 2013; Yokoyama et al., 2010). In 
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line with this, the present results suggest that post-intervention, children with RD relied 

increasingly on connectivity between reading network regions and the frontal lobe to 

support use of these compensatory metacognitive strategies when reading.  

Given the observed variability in response following intervention, our subsequent 

RSFC analyses focused on how individual differences in this regard were related to 

changes in RSFC, and whether these differences in response could be predicted by 

characteristics of RSFC prior to the intervention. Interestingly, the findings of both these 

analyses consistently implicated the left IFG, both in terms of change in RSFC post-

intervention and in predicting response following intervention. Specifically, improved 

ability to identify sound combinations was associated with reduced RSFC over time 

between the left IFGoper and precuneus, while improved performance on the target word 

reading task was related to increased RSFC over time from the left IFGtri to the left 

postcentral gyrus. With respect to predictors of response following intervention, greater 

pre-intervention RSFC from the left IFG to left occipital regions, right putamen, right 

supramarginal gyrus, and right postcentral gyrus, and lower pre-intervention RSFC from 

the left IFG to the precuneus and posterior cingulate were associated with greater 

response following intervention on tasks involving identification of grapheme-phoneme 

correspondences (letter sound identification and sound combinations tasks). These 

findings are novel given that no previous studies using a resting-state approach have 

related characteristics of RSFC to response to a phonology-based reading intervention. 

They contrast with previous findings of greater activation of the right IFG in children 

with RD who subsequently showed greater improvement in reading (Hoeft et al., 2011), 

although this work examined local activation rather than functional connectivity. 
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However, previous neurobiological models of reading have highlighted the left IFG as 

crucial for binding orthographic and phonological information and for articulatory 

processes (Sandak et al., 2004).  

In addition, the implication of anti-correlations between the left IFG to default 

mode network regions including the precuneus and cingulate gyrus is consistent with 

previous work suggesting that automatization of reading is related to functional 

segregation of reading and default mode networks (Koyama et al., 2013, 2011, 2010). In 

a comparison of groups of children with RD that had not been remediated, had been 

partially remediated, and had been fully remediated, Koyama et al. (2013) found greater 

functional segregation between reading network and default mode network regions, 

possibly associated with greater automatization of reading following successful reading 

intervention. In line with this, the present results suggest that children with RD who 

exhibit greater pre-intervention functional segregation of the left IFG with default mode 

network regions, along with greater pre-intervention functional coordination with left 

occipital, right striatal, and right parietal regions, go on to show greater subsequent 

improvement in identifying grapheme-phoneme correspondences. In addition, children 

with a greater response following intervention also showed increased functional 

segregation of the default mode network when comparing pre- and post-intervention 

RSFC. Because no Time 2 reading data was collected in the NI group in the present 

study, it cannot be determined whether this represents a process of compensation or 

normalization in the RI group. However, previous evidence showing greater functional 

segregation of the reading and default mode network in proficient readers (Koyama et al., 

2011, 2010) suggests the findings of the present study are more consistent with a process 
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of normalization of functional connectivity between the reading and default mode 

networks in the group receiving reading intervention. 

 The left thalamus seed was also implicated in analyses examining changes in 

RSFC over time and predicting subsequent response following intervention. Specifically, 

improved ability to identify sound combinations was associated with increased RSFC 

over time between the left thalamus and right postcentral gyrus. Increased response 

following intervention with respect to mono- and bi-syllabic reading was predicted by 

greater pre-intervention RSFC from the left thalamus to the right angular and 

supramarginal gyri. Together, these results suggest that gains in reading skill were 

associated with greater pre-intervention functional coordination of the left thalamus and 

right parietal areas and a further increase in functional coordination among these areas 

following intervention. Previous research linking activation of the thalamus to reading 

skill has been mixed, with some studies linking increased functional activation to RD 

(Díaz, Hintz, Kiebel, & Von Kriegstein, 2012; Maisog et al., 2008) and others finding 

greater thalamic activation in stronger readers (Pugh et al., 2013). With respect to 

functional connectivity, learning to read has been linked to increased RSFC between the 

bilateral thalamus and right occipital cortex in previously illiterate adults (Skeide et al., 

2017). The results of the present study extend these findings to children with RD to 

suggest that gains in reading are associated with increased functional connectivity of the 

left thalamus and right parietal regions, both in terms of pre-intervention RSFC and 

changes in RSFC over time. This relationship may be specific to children or to global 

measures of functional connectivity, as a recent study of local connectivity showed that 

reduced intrinsic functional connectivity of the thalamus with neighbouring voxels was 
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associated with better performance on measures of reading, arithmetic, and intelligence in 

adults (Koyama, Molfese, Milham, Mencl, & Pugh, 2020). 

4.4.2 DTI connectivity and reading intervention 

With respect to the DTI analyses, although changes in white matter microstructure 

were observed over time in the right arcuate and uncinate fasciculi in the full sample, the 

present results did not find any changes in white matter microstructure that were 

specifically associated with the reading intervention group. This was surprising, given 

previous findings of distributed changes in white matter associated with reading 

intervention in RD (Huber et al., 2018b; Keller & Just, 2009). A likely explanation is that 

the small sample size of the present study did not offer sufficient statistical power to 

reveal significant longitudinal effects. A relatively conservative correction for multiple 

comparisons was implemented in the analyses to reduce the risk of Type I error, likely 

also contributing to the null results.  

Interestingly, examining the relationship between change in FA and change in 

behavioural reading ability in the reading intervention group revealed that increased FA 

in the right arcuate from pre- to post-intervention was strongly related to improved multi-

syllabic word reading ability. This strong correlation between change in FA and gains in 

reading abilities suggests a role for the right arcuate fasciculus in supporting improved 

word reading from pre- to post-intervention. Much of previous research has linked 

integrity of the left arcuate fasciculus to phonological processes (Bernal & Ardila, 2009; 

Dick & Tremblay, 2012; Marchina et al., 2011; Saygin et al., 2013; Shinoura et al., 2013; 

Vandermosten et al., 2012; Yeatman et al., 2011), which readers are likely to rely on 

when reading multi-syllabic, low familiarity words as was required by the multi-syllabic 
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word reading measure. Our findings suggest a possible role for contralateral white matter 

integrity in developing word reading skills in struggling readers. This is also consistent 

with the findings of Chapter 3 of this thesis, which showed that FA of the right arcuate 

fasciculus was positively correlated with decoding efficiency and sight word reading 

efficiency.  

Analyses examining whether response following intervention could be predicted 

by pre-intervention FA showed that improvement on the letter sound identification task 

was associated with reduced pre-intervention FA within the left uncinate fasciculus, left 

ILF, left IFOF, and right arcuate fasciculus. Improvement on the target word reading and 

multi-syllabic word reading tasks was related to greater pre-intervention FA in an 

overlapping region of the left uncinate fasciculus, with multi-syllabic word reading 

improvement also linked to greater pre-intervention FA in the right uncinate fasciculus 

and lower pre-intervention FA in the right ILF. Previous research has linked ventral tracts 

including the uncinate fasciculus, ILF, and IFOF with processing lexical and semantic 

stimuli (Epelbaum et al., 2008; Grossman et al., 2004; Lu et al., 2002; Mandonnet et al., 

2007; Marchina et al., 2011; Wilson et al., 2011). The present findings build on this to 

suggest that strong pre-intervention integrity of the uncinate fasciculus is important for 

subsequent word reading success, however reduced pre-intervention integrity within 

ventral tracts is associated with greater subsequent letter-word identification success. The 

result linking right arcuate integrity to subsequent letter-sound knowledge improvement 

contrasts with findings of Hoeft et al. (2011), which linked stronger integrity of the right 

superior longitudinal fasciculus (including the right arcuate fasciculus) to greater single 

word reading improvement over the subsequent 2.5 years.  
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Previous DTI work including four timepoints of behavioural and neuroimaging 

data over eight weeks of reading intervention has demonstrated that changes in white 

matter are rapid, occur in concert with changes in reading ability, and vary in terms of the 

time course of change observed across tracts (Huber et al., 2018b). Huber et al. (2018b) 

hypothesize that environmental differences between groups at the time of data collection 

could potentially influence FA measurements and impact brain-behaviour effects. A 

similar longitudinal design has not been implemented in functional connectivity research, 

however given the link between brain structure and function it is likely that changes in 

functional connectivity also occur rapidly and jointly with behavioural changes. The 

present study included two MRI sessions approximately nine months apart, and therefore 

cannot fully capture the time course of changes in structural and functional connectivity 

accompanying gains in reading skill. This is of particular interest given the design of the 

Empower program, in which different types of reading and metacognitive strategies are 

introduced at various points throughout the 110-hour program. A study with more 

frequently collected behavioural and neuroimaging data could shed light on the changes 

in neural connectivity that occur in concert with the introduction of particular types of 

strategies and resulting growth in reading skill.  

As mentioned, a limitation of the present study is the relatively small sample size 

of both participant groups, and as a result the findings of the present study should be 

interpreted with caution. This was a particular concern with respect to the DTI analyses 

examining the right arcuate fasciculus, as the deterministic tracking algorithm only 

identified this tract in a subset of participants. Additionally, the present study compared a 

group of children with RD receiving reading intervention to a group of children with a 
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wide range of reading abilities not receiving intervention. This work was not intended to 

be a randomized control trial, due to the lack of power and the ethical limitations on 

withholding intervention from children who would otherwise be eligible. The non-

intervention group in the present study was included for the purpose of capturing changes 

in connectivity linked to maturation and regular classroom reading instruction and 

comparing these effects with the changes observed in the reading intervention group. 

However, the pre-intervention discrepancy in reading ability between the two groups 

could have impacted the effects observed in the present study. Future research including a 

reading-matched control group receiving no intervention or receiving an alternate reading 

intervention could more specifically link changes in connectivity to gains in reading 

following phonology-based reading intervention.  

An additional limitation of the present study is that response following 

intervention was measured simply by calculating the difference between pre- and post-

intervention scores on the informal progress monitoring measures. While this method 

captured individual differences in the amount of change in performance on this task, it 

did not take into account whether changes in neuroimaging data or behavioural data 

differed based on initial severity of RD. Given that response following intervention is 

known to be associated with pre-intervention reading skills, including word recognition, 

decoding, reading comprehension, reading fluency, and spelling (Partanen et al., 2019; 

Tilanus et al., 2019), it is possible that changes in structural and functional connectivity 

could differ based on pre-intervention severity of RD.  

The difference scores approach for assessing response following intervention also 

did not provide information about whether the changes observed in each individual 
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represent meaningful changes in reading ability. Frijters, Lovett, Sevcik, and Morris 

(2013) suggest four possible methods for characterizing individual change following 

intervention: 1) comparing post-intervention scores to age-appropriate standard scores; 2) 

using the Jacobson-Truax index (Jacobson, Follette, & Revenstorf, 1984) to assess 

whether change from pre- to post-intervention is statistically reliable; 3) estimating 

individuals’ growth rates using hierarchical linear modelling if data is available for 

multiple timepoints; and 4) assessing change based on a fixed criterion across multiple 

outcome measures. These methods could not be implemented in the present study 

because norms were not available for the progress monitoring measures, because no well-

matched control group was available, and because data was only collected at two 

timepoints. However, these methods may provide additional sensitivity for future studies 

in characterizing individual differences in meaningful response to intervention.  

4.4.3 Conclusions 

 In summary, the present study provides some evidence of changes in RSFC and 

white matter associated with gains in reading skills in children with RD following a 

phonology-based reading intervention. Children with RD showed increasing functional 

connectivity among reading network regions and frontal regions from pre- to post- 

intervention, increased functional segregation of reading and default mode networks, and 

increased white matter integrity of the right arcuate fasciculus. Response following 

intervention was also predicted by reduced pre-intervention functional connectivity 

between reading regions and default mode network and by increased pre-intervention 

function connectivity between the left thalamus and right parietal regions. Structural 

predictors of response following intervention included lower pre-intervention white 
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matter integrity of ventral tracts with respect to gains in letter-sound identification, and 

greater pre-intervention white matter integrity of the bilateral uncinate fasciculi with 

respect to gains in single word reading. These findings shed new light on the changes in 

functional and structural connectivity underlying gains in reading following reading 

intervention, suggesting these changes represent a combination of processes of 

compensation and normalization of brain connectivity. Additionally, the present study 

showed that functional and structural connectivity are related to subsequent gains on 

different types of reading tasks, suggesting that distinct characteristics of brain networks 

prior to reading intervention can predict response to intervention. 
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Chapter 5: General Discussion 

 Despite growing research on the neural substrates of reading ability, much 

remains to be understood about the role of neural connectivity in developing readers. 

Many previous studies of brain connectivity and reading have used single word reading 

measures or composite measures of reading, and these measures do not capture the 

different subskills required for efficient reading. Additionally, much of previous literature 

has focused on comparisons of typical readers to individuals with reading disability (RD), 

although reading ability is known to be distributed continuously across these groups. In 

this thesis, I addressed these issues by examining how subskills of reading, including 

sight word reading efficiency, decoding efficiency, reading comprehension, and rapid 

naming, relate to structural and functional brain connectivity. Additionally, I used an 

individual differences approach to examine how functional and structural brain 

connectivity are associated with individual differences in reading ability and in response 

following intervention. In the present chapter, I will summarize the main findings from 

Chapters 2, 3, and 4, and make recommendations for future directions.  

5.1 Relevant Findings 

5.1.1 Brain connectivity correlates of individual differences in reading subskills 

 Reading is known to rely on cortical regions distributed across many areas of the 

cortex. Studies of functional connectivity have consistently demonstrated the importance 

of coordinated activity for efficient and accurate reading, as measured using both task-

based (Hampson et al., 2006; Horwitz, Rumsey, & Donohue, 1998; Pugh et al., 2000; van 

der Mark et al., 2011) and resting-state approaches (Farris et al., 2011; Hampson et al., 

2006; Koyama et al., 2013, 2011, 2010; Schurz et al., 2015a). However, prior studies 
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have assessed reading based on single-word reading measures or composite measures of 

reading ability. I was interested in examining how discrete subskills related to reading, 

such as decoding efficiency, sight word reading efficiency, reading comprehension, and 

rapid automatized naming (RAN), were associated with resting-state functional 

connectivity (RSFC) in the brain’s reading network.  

The findings of Chapter 2 showed both positive and negative RSFC-behaviour 

relationships, some of which diverged across different reading subskills. Positive 

relationships included increased RSFC in bilateral dorsal and anterior regions in children 

with greater decoding efficiency, in bilateral ventral regions in children with greater sight 

word reading efficiency, within striatal and attentional networks in children with stronger 

reading comprehension skills, and between left frontal and bilateral fusiform and 

hippocampal regions in children with stronger rapid naming abilities. In contrast, 

negative relationships suggested compensatory patterns of functional connectivity with 

respect to connections between the left frontal and bilateral angular gyrus and occipital 

regions in children with poor single word reading and rapid naming skills, and 

connections between left superior temporal and fusiform areas and between the left 

superior parietal lobule and left frontal areas in children with poor reading 

comprehension skills. Importantly, the results suggest that although reading subskills rely 

to some extent on shared functional networks, there are also distinct functional 

connections supporting different components of reading ability in children.  

Chapter 3 built on the findings reported in Chapter 2 by using a similar approach 

to examine the relationship between reading subskills and structural brain connectivity in 

children. Like research in functional connectivity, previous studies of structural 
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connectivity have largely measured reading as a single construct. A small number of 

diffusion tensor imaging (DTI) studies considering multiple subskills of reading have 

provided preliminary evidence that different neural pathways play discrete roles in 

supporting different reading processes (Horowitz-Kraus et al., 2014; Niogi & 

McCandliss, 2006; Welcome & Joanisse, 2014). I was interested in extending this 

research to examine reading in school-aged children and to include other reading 

subskills, such as sight word reading efficiency, decoding efficiency, reading 

comprehension, and RAN. Thus, in the study described in Chapter 3, I used DTI to assess 

white matter microstructure in reading-related tracts of the brain, and examined how 

white matter integrity was associated with individual differences in reading subskills.  

The main findings of the study described in Chapter 3 were positive correlations 

between reading subskills and white matter integrity of the bilateral arcuate fasciculi, as 

well as negative correlations between reading subskills and white matter integrity of the 

right inferior longitudinal fasciculus and bilateral uncinate fasciculi. Specifically, 

increased fractional anisotropy in the left arcuate fasciculus was associated with better 

decoding efficiency and rapid naming abilities, consistent with a large body of previous 

research linking the left arcuate fasciculus to phonological and articulatory processing 

(Bernal & Ardila, 2009; Dick & Tremblay, 2012; Marchina et al., 2011; Saygin et al., 

2013; Shinoura et al., 2013; Vandermosten et al., 2012; Yeatman et al., 2011). Similar to 

the resting-state functional connectivity findings detailed in Chapter 2, the results 

presented in Chapter 3 implicate right hemisphere tracts in addition to the left hemisphere 

tracts more frequently studied in reading research. Increased integrity of the right arcuate 

fasciculus was associated with better single word reading skills, although this effect was 
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partially accounted for by reading comprehension skills and nonverbal intelligence. The 

findings in ventral tracts suggest an overreliance on the bilateral uncinate fasciculi and 

right ILF in children struggling with reading comprehension, as well as rapid naming 

with respect to the right uncinate fasciculus.  

Although previous reading research has tended to focus on left hemisphere 

connectivity, the findings presented in Chapters 2 and 3 both highlight the role of 

interhemispheric and right hemisphere connectivity in reading ability in children. This is 

consistent with developmental studies finding an early reliance on bilateral regions for 

reading, with a later shift towards more left lateralized reading function with age and 

reading experience (Finn et al., 2014; Shaywitz et al., 2007; Turkeltaub et al., 2003). 

These findings emphasize the importance of considering both left and right hemisphere 

cortical regions and white matter tracts in studies of reading in the brain.  

One question of interest concerns whether there were commonalities in the 

findings of Chapters 2 and 3, given the intuitive relationship between functional and 

structural connectivity. However, little overlap was observed between the results of the 

two studies: in general the grey matter seed to voxel connections implicated in significant 

RSFC findings did not correspond to the grey matter regions linked by the white matter 

tracts implicated in the DTI findings. This is likely related to some extent to the 

methodology used in each study for examining connectivity. The analyses described in 

Chapter 2 examined resting-state functional connectivity extending from pre-identified 

left hemisphere seed regions to all other voxels in both hemispheres of the brain, and no 

right hemisphere seed regions were included as regions of interest in this study. The 

majority of the significant brain-behaviour relationships found in Chapter 2 implicated 
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resting-state functional connectivity from left hemisphere to clusters of voxels in the right 

hemisphere of the brain. In contrast, the analyses described in Chapter 3 examined white 

matter microstructure in four bilateral association tracts, which connect regions within the 

same hemisphere of the brain: the arcuate fasciculus, uncinate fasciculus, inferior fronto-

occipital fasciculus, and inferior longitudinal fasciculus. The structural analyses did not 

include any commissural tracts, which cross between hemispheres of the brain and could 

therefore potentially overlap with the many functional connectivity findings crossing 

from the left hemisphere seeds to voxel clusters in the right hemisphere. An additional 

limitation in finding commonalities between the results of Chapters 2 and 3 is that the 

white matter tracts of interest in Chapter 3 do not involve fibers connecting to the parietal 

lobe, and the within-hemisphere functional connections found to be associated with 

reading in Chapter 2 tended to implicate functional connectivity between left hemisphere 

seed regions and left parietal regions. It is therefore possible that further analyses of these 

data or further studies examining functional seed regions in the right hemisphere, 

commissural white matter tracts, or tracts with fibers extending to the parietal lobe (for 

example, examining the whole superior longitudinal fasciculus rather than focusing only 

on the more lateral fibers forming the arcuate fasciculus) could potentially reveal more 

commonalities between patterns of resting-state functional connectivity and white matter 

microstructure. 

Importantly, although brain function and structure are intuitively related to one 

another, functional connectivity is not expected to correspond directly to structural 

connectivity (Horwitz et al., 1992; Horwitz, 1994). A previous longitudinal study found 

that functional connectivity of the visual word form area in 8-year-old children was 
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predicted by structural connectivity at age 5, but not by functional connectivity at age 5, 

suggesting that early structural connectivity may precede and impact functional 

development of brain regions (Saygin et al., 2016). Additionally, as functional 

connectivity is measured based on temporal correlations in activation rather than direct 

neuronal communication, two brain regions that are structurally connected may not 

always show functional connectivity during the fMRI scan. This is particularly relevant 

for task-based functional connectivity studies as the specific demands of the task will 

impact local activation, in turn impacting patterns of correlation between different 

regions. Conversely, two regions that show functional connectivity may not be directly 

connected via white matter fibers, as they could both receive input from a third brain 

region resulting in correlation in the time course of activation. As a result, although 

functional and structural connectivity are related measures, they are not expected to 

overlap completely in their relationship to behaviour.  

Together, Chapters 2 and 3 of this thesis present evidence of individual 

differences in structural and functional connectivity that are specifically linked to reading 

performance across a wide range of school-age years. These findings suggest the link 

between brain connectivity and reading is multifactorial, with reading subskills showing 

both overlapping and discrete relationships with functional and structural connectivity. 

This highlights the importance of considering multiple cognitive components of reading 

ability when measuring reading. 

5.1.2 Brain connectivity and reading intervention in RD 

Given that individual differences in reading ability are linked to characteristics of 

functional and structural connectivity, one question of interest concerns how measures of 
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brain connectivity change following reading intervention in children with RD. 

Phonology-based reading interventions are known to be effective in improving reading in 

RD (Bus & Van Ijzendoorn, 1999; Duff & Clarke, 2011; Lovett, Steinbach, & Frijters, 

2000; National Reading Panel, 1989), however much remains to be understood with 

respect to how brain connectivity is related to gains in reading and response to 

intervention. I was interested in examining what changes in RSFC and white matter 

microstructure were observed in children with RD receiving a phonology-based reading 

intervention. 

The findings presented in Chapter 4 showed that changes in RSFC associated with 

reading intervention in RD were characterized by reduced anti-correlation of the left 

parietal regions with left frontal lobe regions, suggesting an increase in functional 

coordination or a decrease in inhibitory relationships between these areas. Interestingly, 

the opposite pattern was observed in children with a wide range of reading skills 

receiving only classroom reading instruction. This group exhibited increased anti-

correlation of left parietal and left frontal regions over time, consistent with previous 

studies linking functional segregation of reading network regions and frontal regions to 

automatization of reading abilities in more proficient readers (Koyama et al., 2011, 

2010). The reverse effect in the group of children with RD may be related to development 

of compensatory strategies requiring coordination of reading network and frontal lobe 

regions, particularly as the Empower Reading program involves metacognitive strategy 

training. Further analyses also suggested that gains in reading in children with RD were 

associated with related patterns of RSFC from the left inferior frontal gyrus, both with 

respect to pre-intervention connectivity and changes in connectivity over time. 
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Specifically, children who showed greater gains in reading abilities exhibited increased 

RSFC over time from the left inferior frontal gyrus to left occipital, right parietal, and 

right striatal regions, as well as weaker pre-intervention RSFC and reduced RSFC over 

time from the left inferior frontal gyrus to default mode network regions. Additionally, 

gains in reading skill were associated with greater pre-intervention functional 

coordination of the left thalamus and right parietal areas and a further increase in 

functional coordination among these areas following intervention. These findings suggest 

that functional coordination of the left inferior frontal gyrus with left occipital, right 

parietal, and right striatal regions and of the left thalamus with right parietal regions, 

along with functional segregation of the inferior frontal gyrus with the default mode 

network, play an important role in gains in reading ability in children with RD.  

Findings of changes in structural connectivity presented in Chapter 4 suggested 

that improved word reading abilities were related to increased white matter integrity of 

the right arcuate fasciculus. These findings were consistent with those of Chapter 3 of 

this thesis, which showed that greater integrity of the right arcuate was associated with 

stronger single word reading skills. Additionally, the results presented in Chapter 4 

showed that distinct characteristics of white matter prior to intervention predicted gains 

on different reading tasks. Specifically, reduced pre-intervention integrity of the left 

uncinate fasciculus, left inferior longitudinal fasciculus, left inferior fronto-occipital 

fasciculus, and right arcuate fasciculus was associated with greater gains in letter sound 

identification, while greater pre-intervention integrity of the left uncinate and right 

uncinate and lower pre-intervention integrity in the right inferior longitudinal fasciculus 

were related to greater gains in single word reading abilities.  
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Importantly, the results presented in Chapter 4 should be interpreted with caution 

due to the small sample size and resulting low statistical power and small effects. 

However, the findings provide preliminary evidence that measurable changes in resting-

state functional connectivity and white matter connectivity are linked to gains in reading 

in children with RD. In the context of previous research in typical readers, these findings 

suggest that changes in brain connectivity during intervention in children with RD 

include both normalization to more typical patterns of connectivity and compensatory 

reliance on atypical patterns of connectivity to support reading strategies targeted in the 

intervention.  

The findings presented in Chapter 4 also show the importance of considering 

individual differences in response to intervention in studies of RD, as changes in 

functional and structural connectivity were related to individual differences in gains in 

reading. It is well known that there is significant variability in response to intervention in 

children with RD (Vellutino et al., 1996), and this has led to the implementation of a 3-

tier response to intervention (RTI) approach to preventing, identifying, and remediating 

RD in educational settings (IDEA, 2004). The first tier of the RTI model focuses on 

prevention, via implementation of a core reading program at the classroom level. 

Children who do not respond at Tier 1 proceed to Tier 2, in which they receive more 

intensive treatment in a small group format, for example the Empower Reading program. 

Children who continue to be unresponsive at Tier 2 are then moved to Tier 3, in which 

they are provided with more direct, intensive intervention, generally in a one-on-one 

setting. The results of the present study advance the field’s understanding of neurological 

factors underlying response following intervention at the Tier 2 level, and suggest that 
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brain structure and function differ significantly based on the degree to which children 

respond to intervention. Additionally, the relationship between connectivity and response 

following intervention varied for different types of progress monitoring measures, 

highlighting that, as shown in Chapters 2 and 3, the link between brain connectivity and 

reading is multifactorial. The results presented in Chapter 4 also showed that distinct pre-

intervention characteristics of functional and structural connectivity were related to 

subsequent gains in reading. This suggests that neurological markers prior to intervention 

may predict subsequent response to intervention, which has important implications for 

improving identification and treatment of RD.  

5.2 Directions for Future Research 

While the findings of this thesis add to the existing literature demonstrating the 

role of functional and structural connectivity in reading ability, they also generate 

additional questions to motivate future research. In particular, although this thesis showed 

that distinct characteristics of functional and structural connectivity are related to reading, 

the relationship between brain structure and function in supporting cognitive processes is 

not well understood. Recent developments in network-based analysis methods in 

neuroscience have focused on mapping and quantifying connectome patterns in the 

human brain (for reviews see Sporns, 2014; Tompson, Falk, Vettel, & Bassett, 2018). 

Network models of the brain describe the brain as a set interrelated nodes, representing 

cortical regions, and edges, representing white matter tracts connecting nodes (Petersen 

& Sporns, 2015; Rubinov & Sporns, 2010). This approach extends studies of specific 

functional networks and white matter pathways, such as the present thesis, to examine the 

full connectome. A small number of recent studies have used whole-brain network 
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analysis methods to characterize local and global network deficits in RD with respect to 

functional connectivity (Bailey, Aboud, Nguyen, & Cutting, 2018; Finn et al., 2014), 

gray matter structure (Hosseini et al., 2013; Liu et al., 2015; Qi et al., 2016), and white 

matter structure (Bathelt, Gathercole, Butterfield, & Astle, 2018; Lou et al., 2019). 

Network-based analyses have not yet been applied in studies of reading to examine the 

relationships between connectome structure and function, however, these approaches 

hold much promise for understanding the relationships between network architecture and 

function in the brain and their role in individual differences in reading ability.  

An additional area for future research would be to more clearly characterize 

neurological markers of response to intervention, as this has important implications for 

identification and treatment of RD. The present study is one of few to examine neural 

predictors of response following intervention in RD, and research is needed to further 

characterize these neurological markers and examine whether they are valid and reliable 

predictors of response to intervention. Further studies could also extend these findings to 

other neuroimaging techniques that are less costly than MRI and may be more feasible 

for use in an educational setting. For example, recent developments in functional near-

infrared spectroscopy hold promise for studying cognitive development in educational 

settings (Soltanlou, Sitnikova, Nuerk, & Dresler, 2018). Further research in this area 

would assist in defining neurobiological markers of RD and of response to intervention, 

to ultimately improve identification of RD and implementation of reading intervention 

programs. 

The findings of this thesis clearly showed that the relationship between reading 

and the brain is multifaceted, highlighting the importance of considering multiple 
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components of reading rather than using composite measures to assess reading ability. 

However, the battery of reading subskills assessed in Chapters 3 and 4 is by no means 

exhaustive, as many other cognitive skills are known to impact reading ability. For 

example, phonological awareness (Gathercole et al., 2006), listening comprehension 

(Catts et al., 2005, 2003; Hoover & Gough, 1990), oral language (Catts et al., 2002), and 

working memory (Gathercole et al., 2006) are all known to be related to reading ability in 

children and are likely to show distinct relationships to functional and structural 

connectivity in the brain. With the respect to reading intervention, an interesting 

consideration for future studies concerns the specific subskills targeted in the intervention 

program, as the timeline for introduction of different intervention targets may result in 

distinct changes in brain connectivity over time. For example, the Empower program 

includes metacognitive training as well as reading strategies introduced at different time 

points throughout program, beginning with letter-sound identification and sound blending 

training and moving towards strategies for identifying larger subsyllabic units such as 

vowel clusters, prefixes, and suffixes (Lovett, Lacerenza, Steinbach, & De Palma, 2014). 

Given the findings of Chapters 2 and 3 showing that different reading subskills are 

related to distinct characteristics of functional and structural connectivity, and the 

findings of Chapter 4 showing that gains in reading on different types of reading tasks 

were also distinctly related to changes in connectivity, one question of interest for future 

studies concerns how the time course of introduction of different types of reading 

strategies during intervention may be reflected in the time course of changes in the brain. 

This is particularly relevant given that changes in white matter structure are known to 

occur rapidly and in concert with gains in reading ability during intensive reading 
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intervention (Huber et al., 2018b). A similar design to that of Huber et al. (2018) in which 

neuroimaging data is collected at regular time points throughout the intervention would 

be well suited to examining the time course of changes in the brain and whether these 

changes are linked to the introduction of different types of reading strategies.  

As this dissertation has explored, reading is an extraordinarily complex skill 

supported by an intricate network of brain regions. The complexity of reading is reflected 

in the many types of cognitive processing involved and the multi-faceted relationship of 

each of these cognitive processes to brain structure and function. Each of the studies 

described in this thesis showed that individual differences in reading ability modulate 

resting-state functional connectivity and white matter microstructure. Although recent 

advances in neuroimaging technology have furthered our understanding of the role of 

connectivity in reading ability and RD, there is yet to be a neurobiological model of 

reading and RD that fully accounts for the role of connectivity in individual differences in 

cognitive components of reading. By considering distinct reading subskills of reading, 

individual differences, and the role of connectivity, a comprehensive neurobiological 

model of reading and RD can be developed to more fully capture the neural substrates of 

reading. Such research will also contribute to improved methods of prevention, 

identification, and treatment of RD, to optimize long-term outcomes for children of all 

reading abilities.  
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Appendices 

Appendix A: Letter RAN task administered in studies in Chapters 2 and 3 

Participants were first shown the practice sheet below and asked to name the four letters. 

Participants were then shown the following form and asked to name each letter as quickly 

and accurately as possible, moving through the array row by row. Total naming time and 

number of letters named correctly and incorrectly were recorded. The task was scored 

based on the number of items named correctly per second.  
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Appendix B: Informal intervention progress monitoring materials administered in study 

described in Chapter 4 
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Appendix C: Ethics approval for the studies described in Chapters 3, 4, and 5 
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