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Abstract 

Although reading is an important and generative skill that is important for a child’s future 

academic, economic, and social success, it remains controversial how it develops and what leads 

to reading difficulties. Furthermore, due to the multiple and complex components involved 

during reading, the neuroanatomical mechanisms that support the behavioral differences of 

reading ability are currently not well understood. Therefore, the overarching goal of this thesis 

was to further the understanding of reading and reading difficulties by integrating aspects of their 

neuroscientific, cognitive, and educational accounts, as illustrated by functional magnetic 

resonance imaging (fMRI), eye tracking, and speech recording.  

To simplify the examination of the processes involved in reading, we focused on naming 

speed (NS) tasks, in which participants are required to name sets of simple stimuli as quickly and 

as accurately as possible, because these tasks have been shown to predict concurrent and future 

reading ability in both typically achieving readers and in poor readers. Using NS tasks, we 

examined improvements in behavioral performance associated with typical development from 

childhood to adulthood, and how this differed in children and adults with dyslexia. We also 

examined how behavioral and neural differences between typically achieving readers and readers 

with dyslexia were related, and how they were associated with compensatory strategies used by 

readers with dyslexia to account for their reading disability.  

Overall, the findings of the five studies presented in this thesis indicate how combining 

multiple techniques, such as fMRI, eye tracking, and speech recording, to study reading and 

reading deficits provides a better controlled, more global view of the processes that are involved 

and how these processes differ in individuals with reading difficulties. Future research that 

adopts this multidimensional approach to examining reading difficulties is important because it 
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will not only lead to the optimization of current diagnostic criteria for dyslexia, but also has the 

potential to lead to the early identification of children who are biologically at risk for developing 

dyslexia. This in turn has the potential to lead to more effective and appropriate interventions 

which can positively impact and change the outcome trajectories for those with reading deficits. 
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Chapter 1 

General Introduction 

Examining the neural and cognitive processes of reading 
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An important skill for a child’s overall future social, economic, and academic success is 

the ability to competently read (Norton & Wolf, 2012). While a majority of children are able to 

learn to read with ease, and have average reading ability, characterized by fluent word 

identification and adequate comprehension (Vellutino, Fletcher, Snowling, & Scanlon, 2004), 10 

to 15% of English speaking school-aged children are identified as having reading difficulties, 

and 2 to 4% of these children are diagnosed with dyslexia (Shaywitz & Shaywitz, 2008; 

Vellutino & Fletcher, 2005; Vellutino et al., 2004). Children with reading difficulties, such as 

dyslexia, perform poorly on measures of word reading and reading comprehension in ways that 

cannot be attributed to a lack of intellectual ability, poor reading instruction, and/or sensory 

impairments (Shaywitz, Mody, & Shaywitz, 2006; Vellutino et al., 2004).   

Reading abilities and reading difficulties have both been found to occur on a continuum 

(Shaywitz & Shaywitz, 2005), with typically achieving readers and poor readers maintaining 

their approximate positions on this distribution over time (Kwiatkowska-White, Kirby, & Lee, 

2016). This demonstrates that reading difficulties are persistent and chronic conditions that 

children do not outgrow over time as they mature and/or gain more reading experience (Shaywitz 

& Shaywitz, 2005). On the contrary, if these reading difficulties are not remediated, these 

children have been found to be at a greater risk for future underemployment, unemployment, or 

incarceration (Norton & Wolf, 2012). Therefore, remediating these reading difficulties with 

appropriate and early interventions is crucial for a child’s future outcomes and has the potential 

to change their outcome trajectories (Al Dahhan, Kirby, & Munoz, 2016). However, in order to 

provide both early and appropriate interventions to children with reading difficulties, there first 

needs to be an adequate understanding of the underlying processes involved in reading and how 

these processes differ in individuals with reading difficulties.  
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Even though generations of research have investigated these underlying processes, it is 

still unclear how or why some children develop reading difficulties. While the behavioral 

differences in reading ability are relatively well known, the underlying neural basis of these 

differences is not clearly understood (Al Dahhan et al., 2016; He et al., 2013). The field of 

neuroscience has made consistent progress in understanding the neural processes that support 

reading and the biological basis of reading difficulties at a neural systems level. However, 

despite these advances, our understanding and knowledge of these processes is still in its infancy 

and thus cannot be translated to educational practices in a direct and meaningful way (Bowers, 

2016; Goswami, 2006; Stringer & Tommerdahl, 2015). As further progress is made in 

understanding the underlying neural processes of reading this can aid in the development of more 

targeted interventions and can enhance the early detection of children who are at risk for 

developing reading difficulties. This consequentially can lead to more effective remediations and 

can potentially change the outcome trajectories for children with reading difficulties. 

1.1 Research objectives 

The overarching goal of this thesis is to investigate the neural and cognitive processes 

that underlie reading, and examine how these processes differ between readers with and without 

dyslexia. Chapter 2 begins by highlighting the current challenges of translating neuroscience 

findings of reading processes to educational practices. We argue that interdisciplinary and 

collaborative research among neuroscience, cognition, and education offers the greatest potential 

for understanding the underlying causes of reading difficulties and for providing early and 

efficient interventions. Therefore, the five subsequent studies presented in this thesis aim to 

strengthen the understanding of reading and reading difficulties by integrating aspects of the  

neuroscientific, cognitive, and educational accounts of reading, as illustrated by functional  
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magnetic resonance imaging (fMRI), eye tracking, and/or speech recording.  

However, one of the challenges of integrating these different accounts of reading is 

choosing an appropriate task on which to base this investigation. Even though word reading is a 

main component of a majority of theories of reading development and reading difficulties (Kirby 

& Savage, 2008; Perfetti & Stafura, 2014), we did not choose this task as a focus for the studies 

presented in this thesis due to the complexity of the processes that are involved. To simplify the 

examination of these processes, we instead chose to focus on naming speed (NS) tasks, in which 

participants are required to name sets of simple stimuli (e.g., letters or objects) as quickly and as 

accurately as possible. These tasks were chosen because NS performance has been shown to 

predict many aspects of concurrent and future reading ability (word reading and text 

comprehension, accuracy and fluency) in both typically developing readers and poor readers 

(Kirby, Georgiou, Martinussen, & Parrila, 2010; Norton & Wolf, 2012), and have been found to 

activate the same left hemisphere dominant neural network involved in reading (Cummine et al., 

2015; Misra et al., 2004). Due to the similarities between these two tasks, NS has been described 

as a “microcosm of reading” (Wolf & Bowers, 1999), and has been argued to have the potential 

of detecting reading difficulties at an early stage of reading development (Georgiou et al., 2011). 

Therefore, investigating NS performance provides an experimental control for assessing both 

cognitive and neural processes, and is a suitable starting point and a convenient and appropriate 

basis for bridging the gaps between the fields of neuroscience and education.   

In order to examine the possibility of using these tasks for the early detection of reading 

difficulties, it is first important to understand the processes that underlie reading and how they 

evolve over the course of typical development. To address this, in Chapter 3 we measure eye 

movement patterns, speech articulations, and eye-voice span (the synchronization of eye 

3 

 



 

movements and articulations) to examine developmental trends in performance on letter and 

object NS tasks from childhood to adulthood. Using these multiple techniques allows us to 

examine the cognitive, articulatory, and oculomotor processes underlying reading, and the 

coordination of these processes as individuals gain more reading experience. These findings 

create a comprehensive trajectory of NS performance associated with typical development that 

provides an important comparison for individuals with reading disabilities. Therefore, from the 

developmental results in Chapter 3, we next examine eye movement patterns and speech 

articulations during letter NS tasks in both children (Chapter 4) and adults (Chapter 5) with and 

without dyslexia. We examine how these groups differ in behavioral performance, and what 

components of behavior may best predict individuals at risk for developing reading disabilities.  

After establishing behavioral group differences in both children and adults with and 

without dyslexia in Chapters 4 and 5, we next investigate the underlying neural substrates that 

are related to these different patterns of behavior. A critical first step to examining these group 

differences is understanding the neural network that is associated with NS tasks in typically 

achieving readers. Thus, we combine fMRI with eye tracking and speech recording as a novel 

multidisciplinary approach to examine the neural and cognitive processes that underlie reading 

using NS tasks in typically achieving adults (Chapter 6). This was an important study to conduct 

before examining group differences, because when studying reading or general language 

processes behavioral studies usually administer tasks which require spoken responses. However, 

speech production during fMRI studies introduces the possibility of creating motion artifacts, 

and thus researchers have primarily relied on covert naming to examine the neural processes that 

underlie reading. While this decreases the chances of producing motion artifacts, this also 

introduces other issues for these studies. For example, it is unclear during covert naming whether 
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participants are performing the task they are presented with, how accurately they are performing, 

or whether they are performing the task according to the instructions they were given. Therefore, 

in Chapter 6 we account for the presence of these issues by employing both an overt and covert 

session of the same tasks. We find no significant differences in behavioral performance, 

sensorimotor activation (except for regions involved in the motor aspects of speech production), 

or activation within key regions of the left-hemisphere dominant neural reading network. These 

findings validate the use of overt naming in fMRI studies, and expand the possibility of 

replicating findings of traditional behavioral studies that use overt naming tasks. Thus, after 

establishing the neural substrates associated with NS tasks during typical reading, we next 

examine group differences in behavioral performance and neural activation between typically 

achieving adults and readers with dyslexia (Chapter 7). We examine how behavioral and neural 

differences between the groups are related to one another, and how these findings may be 

associated with possible compensatory strategies that are used by readers with dyslexia to 

account for their reading disability. Investigating these different processes provides insight into 

the underlying cognitive and neural etiologies of dyslexia, and explores the possibility of how 

certain behavioral factors may be used to detect the presence of early reading difficulties.  

We conclude the thesis in Chapter 8 by tying together the results presented in this thesis, 

their implications, and the future work that still needs to be conducted to further examine the 

cognitive and neural processes that underlie the behavioral reading differences found in dyslexia. 

Further progress in understanding these processes of reading can aid in the development of more 

targeted interventions, and can also enhance the early detection of children who are at risk for 

developing reading difficulties. This has the potential to lead to more effective remediations and  

can possibly change the outcome trajectories for those with reading deficits. 
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Chapter 2 

Understanding reading and reading difficulties through naming speed tasks: 

Bridging the gaps between neuroscience, cognition, and education 

This chapter has been published in its entirety, and can be cited as: 

Al Dahhan, N. Z., Kirby, J. R., & Munoz, D. P. (2016). Understanding reading and 

reading difficulties: Bridging the gaps between neuroscience, cognition, and education. 

AERA Open, 2, 1-15. 
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2.1 Abstract 

Although reading is an important and generative skill, it remains controversial how 

reading skills and reading difficulties develop. Currently, the fields of neuroscience, cognition, 

and education each have complex models to describe reading and elucidate where in the reading 

process deficits occur. We suggest that integrating the neural, cognitive, and educational 

accounts of reading offers the promise of transformative change in understanding reading 

development and reading difficulties. As a starting point for bridging the gaps among these 

fields, we used naming speed (NS) tasks as the basis for this review because they provide a 

“microcosm” of the processes involved during reading. We use NS tasks to investigate how 

incorporating cognitive psychology with neuroimaging techniques, under the guidance of 

educational theories, can further the understanding of learning and instruction, and may lead to 

the identification of the neural signatures of reading difficulties that may be hidden from view 

earlier in development.  
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2.2 Introduction 

The ability to read is crucial for children’s future academic, economic, and social success 

(Norton & Wolf, 2012; Olitskey & Nelson, 2003; Snow, Burns, & Griffen, 1998). A majority of 

children are able to learn to read with ease, and have average reading ability, characterized by 

fluent word identification and adequate comprehension (Vellutino & Fletcher, 2005). However, 

10 to 15% of English speaking school-aged children have reading difficulties, and 2 to 4% of 

children are diagnosed with dyslexia (Shaywitz & Shaywitz, 2008; Snow et al., 1998; Vellutino 

& Fletcher, 2005; Vellutino, Fletcher, Snowling, & Scanlon, 2004). Children with reading 

difficulties perform poorly on measures of word reading and reading comprehension in ways that 

cannot be attributed to sensory impairments, lack of intellectual ability, or poor reading 

instruction (Shaywitz, 2003; Shaywitz, Mody, & Shaywitz, 2006; Vellutino et al., 2004). 

Children who struggle to learn to read have been described in many ways. The term 

dyslexia is usually reserved for more severe or persistent word reading difficulties, but other 

terms such as low reading ability, poor reading, reading difficulties, and reading problems are 

also used, often without clear distinctions among terms, but sometimes carrying implications 

about the proposed causes and the likelihood of successful remediation. For the purposes of this 

paper, we use the less theoretically-laden term reading difficulties, making no assumptions about 

the causes or the potential for remediation.  

Epidemiological research has shown that reading ability and reading difficulties occur on 

a continuum (Gilger, Borecki, Smith, DeFries, & Pennington, 1996; Shaywitz, Escobar, 

Shaywitz, Fletcher, & Makuch, 1992; Shaywitz & Shaywitz, 2005). Typically achieving readers 

and poor readers tend to maintain their relative positions along this continuum over time (Felton, 

Naylor, & Wood, 1990; Francis, Shaywitz, Stuebing, Shaywitz, & Fletcher, 1996; Kwiatkowska-
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White, Kirby, & Lee, 2016). Children with severe reading difficulties continue to struggle in 

reading as they mature, demonstrating that at least some reading difficulties are persistent and 

chronic conditions (Shaywitz & Shaywitz, 2005). Children with reading difficulties are less 

likely to graduate from high school and are at a greater risk for future unemployment, 

underemployment, and incarceration (Grigorenko, 2006; Humphrey & Mullins, 2002; Norton & 

Wolf, 2012; Snow et al., 1998; Svensson, Lundberg, & Jacobson, 2001). Therefore, providing 

appropriate and early interventions to these children is essential to their future outcomes and can 

change their overall trajectories (Norton & Wolf, 2012; Snow et al., 1998; Vellutino, Scanlon, & 

Tanzman, 1998). However, developing effective intervention methods requires diagnostic 

assessment, which in turn requires understanding the underlying nature of these reading 

difficulties. 

Despite generations of research investigating the causes of reading difficulties, it is still 

unclear how or why some individuals develop them, and whether there are subgroups of children 

with reading difficulties due to distinct causal factors. Successful reading has many components, 

ranging from oral language skills to word reading and reading comprehension strategies. Due to 

this multi-componential nature, deficits in any subsystem may result in reading difficulties, and 

strengths in some subsystems may compensate for weaknesses in others. Furthermore, 

individuals may have deficits in single or multiple components, or may be unable to integrate 

information across sub-processes.  

Whereas educational practice and theory focus on reading behavior and attempt to 

explain that behavior in terms of instructional methods, cognitive theories endeavor to explain 

that behavior in terms of covert psychological processes, and neuroscience aims to provide 

neurophysiological evidence on the validity of those processes. Each field has investigated 
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reading, but usually without paying attention to developments in both of these other fields. 

Education and cognition have strong links, as do cognition and neuroscience, but education and 

neuroscience make little contact (cf. Bruer, 1997). We suggest that integrating findings across 

fields offers the promise of transformative change in understanding reading development and 

reading difficulties.  

Our goal is not to reduce education to neuroscience, or to eliminate the contributions of 

any field. Each field makes its contributions: neuroimaging and lesion studies advance and 

validate cognitive models, cognitive models provide a foundation for guiding instruction and the 

investigation of the brain bases of reading, and educational theories identify key aspects of 

reading and indicate how instruction affects reading acquisition. Bridging the gaps among the 

neural, cognitive, and educational accounts of reading should lead to a collaborative network 

among these disciplines that will generate the multidisciplinary research needed to test and 

integrate the different approaches, with the potential of leading to improved practice.   

One of the challenges of bridging the gaps among the fields, and a good illustration of the 

separation among them, is choosing a task or set of tasks on which to base the integration. Some 

educators might resist choosing a single task, or they might choose one that would be impossible 

to model given all the unconstrained variables (e.g., reading a novel for pleasure). Neuroscience 

requires a controlled environment if the neural underpinnings are to be investigated. Although 

word reading is a key central component in most theories of reading development and reading 

difficulties (Kirby & Savage, 2008; Perfetti & Stafura, 2014), we did not choose it due to the 

complexity of the processes that are involved. Instead, we chose to focus on naming speed (NS) 

tasks as the basis for this review. In NS tasks, participants are required to name a set of simple 

stimuli (letters, digits, colors, or objects) as quickly and accurately as possible. NS performance 
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predicts many aspects of concurrent and future reading ability (word reading and text 

comprehension, accuracy and fluency) in both typically developing readers and those with 

reading difficulties (Kirby, Georgiou, Martinussen, & Parrila, 2010; Norton & Wolf, 2012). We 

chose NS tasks for several reasons. First, they provide a better experimental control and a more 

simplified example of certain processes that are necessary during reading than actual reading 

tasks. Second, there is continuing disagreement about the mechanism by which NS relates to 

reading (e.g., Kirby et al., 2010), so examining NS may clarify this. Third, as we argue later in 

this paper, NS tasks activate the neural network involved in reading (and have been described as 

a “microcosm” of reading; Wolf & Bowers, 1999). We acknowledge that NS is only one of many 

possible tasks to study and that not all children with reading difficulties demonstrate poor NS 

performance. We see NS as a starting point, and as a convenient and useful basis for beginning 

to bridge the gaps among the fields of neuroscience, cognition, and education. 

2.3 From neural function to educational practice 

Despite advances in understanding the neurodevelopment and neural processes that are 

involved during reading, they have yet to influence educational practices or be translated into 

specific applications for educational settings (Bowers, 2016; Goswami, 2006; Stringer & 

Tommerdahl, 2015). This is because our knowledge and understanding of these neural processes 

is still in its infancy and currently cannot be linked to educational practice in a direct and 

meaningful way (Bruer, 1997). More research needs to be conducted to further understand 

reading processes in typically achieving readers before researchers can determine how these 

processes differ in children with reading difficulties, and then develop specific interventions  

and/or educational practices to target these difficulties (Hruby & Goswami, 2011).  
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It may also be impossible, or at least very difficult, to translate neuroscience findings 

directly into educational practice (Bowers, 2016). Not only do neuroscientists and educators 

speak different languages and rely upon very different knowledge bases, but they also have 

fundamentally different approaches to studying topics such as reading (e.g., Stanovich, 2003). 

Whereas educators tend to view reading somewhat holistically, resisting its reduction into a set 

of subskills, neuroscientists study very explicit and simple subskills. With these differences in 

mind, two decades ago, Bruer (1997) described the link between neuroscience and education as a 

“bridge too far.”  

Today the link between these two fields is more credible (Goswami, 2006), but still 

weaker and less travelled than those between cognition and education and cognition and 

neuroscience (Figure 2.1). The bridge between cognition and education has already led to 

elaborate models of educationally relevant tasks, for instance in literacy and numeracy, and 

cognitive psychology has already developed and contributed to a number of effective 

instructional tools and teaching packages (Stringer & Tommerdahl, 2015). These programs range 

from those that target specific processes, such as temporal auditory processing in children who 

may be at risk for developing learning disabilities (Merzenich et al., 1996), to programs that help 

build basic mathematical skills, such as Number Worlds (Griffen, 2003). 
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Figure 2.1. General framework that bridges the current gap among the neural, cognitive, 
and educational accounts of reading. This figure portrays the current established bridges that 
cognitive science individually shares with both neuroscience and education (black arrow), and 
the tenuous bridge between neuroscience and education (dotted arrow). This framework will lead 
to a collaborative network among these disciplines that jointly illuminates processes and 
problems. 
 

Neuroscientists in turn are also well connected with cognitive psychology. They explore 

the neural structures and neural circuitry that are involved in various cognitive processes, and 

these increasingly are used to describe models of reading (Hruby & Goswami, 2011; Paulesu, 

Danelli, & Berlingeri, 2014; Shaywitz, et al., 2006). For example, neuroimaging has allowed 

researchers to quantify the neural differences between average readers and readers with dyslexia 

(Norton, Beach, & Gabrieli, 2015) and examine how NS tasks are related to reading (e.g., 

Cummine, Chouinard, Szepesvari, & Georgiou, 2015; Misra, Katzir, Wolf, & Poldrack, 2004).  

Due to the complexity of reading and the processes that are involved, neuroscience, 

cognitive psychology, and education each have mutually supportive roles in further 

understanding reading and the underlying causes of reading difficulties. For example, cognitive 

models can help educators cross-reference their theories with subskills that play roles in 
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comprehensive models of reading (Hoeft et al., 2007; Perfetti & Stafura, 2014), and demonstrate 

to them the importance of basic or lower-level processes (e.g., phonological awareness, NS). 

Neuroscientists in turn can make use of those cognitive models to select key subskills to 

investigate. Educators can study the importance of higher-level processes, such as strategies and 

deeper processing (e.g., McNamara & Magliano, 2009), which may pose interesting challenges 

for the others to model. Reducing the complexity of these processes to a single level of analysis 

is inefficient when trying to develop effective and appropriate educational practices (Hruby & 

Goswami, 2011).  

Incorporating cognitive psychology with neuroimaging techniques, under the guidance of 

educational theories, can further the understanding of learning and instruction, and may lead to 

the identification of the neural signatures of reading difficulties that may be hidden from view 

earlier in development (Goswami, 2006). For example, neuroimaging researchers have begun to 

identify biomarkers that have complemented or enhanced current behavioral measures when 

predicting future reading outcomes (e.g., Bach, Richardson, Brandeis, Martin, & Brem, 2013; 

Hoeft et al., 2011; Myers et al., 2014). The integration of research and findings across fields 

should lead to progress in understanding the underlying nature of reading difficulties and may 

support the development of personalized intervention programs that target individual reading 

deficits. In this review, we relate aspects of the neuroscientific, cognitive, and educational 

accounts of reading by focusing on one subskill of reading, NS. We first discuss the processes 

that are involved in reading development and the influence of NS on reading outcomes, and then 

we examine the link between NS and reading through cognition and neuroscience. 
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2.4 Processes involved in reading development 

Reading is undeniably a large topic, covering everything from early letter recognition to 

the critical analysis and integration of extensive texts. Virtually all reading theories recognize 

that a key, fundamental component of this process is word reading (Kirby & Savage, 2008), and 

the basic aspect of most reading difficulties is an inability to read words (Shaywitz & Shaywitz, 

2008; Stanovich, 2003). Other reading difficulties are limited specifically to comprehension 

processes (e.g., Cain & Oakhill, 2007), but these may be general language difficulties and are not 

our focus here. Without losing sight of the fact that reading goes far beyond word reading, and 

understanding that word reading is a means to the end of reading comprehension and learning 

from text, the word reading of typically achieving readers and learners with reading difficulties is 

an important focus of educational and cognitive research. Typically achieving students’ word 

reading is characterized by accurate and fluent word identification (Norton & Wolf, 2012; 

Vellutino et al., 2004). These latter components are important in the reading process, because 

inaccurate or disfluent word reading acts as a bottleneck in reading, preventing readers from 

attaining deeper levels of comprehension (Perfetti & Lesgold, 1979). 

Successful word reading development involves the inter-relation and integration of 

phonology (how words sound), orthography (how they appear visually), and semantics (what 

they mean). This is shown in the connectionist or triangle model of reading, illustrated in Figure 

2.2A (Harm & Seidenberg, 2004; Plaut, McClelland, Seidenberg, & Patterson, 1996; Seidenberg 

& McClelland, 1989). Before learning to read, phonology has rich connections with meaning – 

this is oral language, both expressive and receptive. The fundamental proposal of the 

connectionist model is that during the initial stages of learning to read a word, the pronunciation 

of that word is generated by propagating activation from units that process orthographic input to 
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other units that process phonological input, which in turn are connected to units that process 

meaning. With practice, direct connections develop between orthographic input and meaning 

units. Therefore, knowledge of words is distributed within this connectionist model and is 

represented by the connections linking orthography, phonology, and semantics. As this network 

becomes more automated, word knowledge increases in quality; combined with knowledge of 

morphology and how to use words in different syntactic and semantic contexts, this automaticity 

and interconnectedness constitutes lexical quality (Kirby & Bowers, in press; Perfetti, 2007). 

This abstract connectionist model of reading can also be mapped onto the neural systems that are 

involved during reading (Figure 2.2B).  

 

Figure 2.2. Cognitive and neural models of reading. (A) Connectionist model that serves as a 
general framework for lexical processing (Seidenberg & McClelland, 1989). (B) The three neural 
systems of reading in the left hemisphere: (1) anterior system in the left inferior frontal gyrus or 
Broca's area; (2) dorsal temporoparietal system involving angular gyrus, supramarginal gyrus 
and posterior portions of the superior temporal gyrus; and (3) ventral occipitotemporal system 
involving portions of the middle temporal gyrus and middle occipital gyrus (Shaywitz, 2003). 
Brain areas in (B) are colored to indicate the processes in (A). 
 

Neuroscience has made consistent progress in understanding the neural mechanisms that 

support reading (Ansari, De Smedt, & Grabner, 2012), and the neural differences that are 

associated with reading difficulties (Norton et al., 2015), making use of functional magnetic 
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resonance imaging (fMRI) (Shaywitz et al., 2006; Shaywitz & Shaywitz, 2005; Vellutino & 

Fletcher, 2005) and other imaging techniques. fMRI is a “snapshot” imaging method of the brain 

that is sensitive to changes in the blood oxygenation level dependent (BOLD) signal that reflects 

neural activation. During a task such as reading, specific areas of the brain become more 

activated, leading to an increase in oxygen supplied to these regions. fMRI detects these subtle 

changes in blood oxygen providing real-time information about which brain areas are activated 

or deactivated during task performance (Price & McCrory, 2005). This can then be compared 

between conditions and/or groups of participants to evaluate the relative magnitudes of their 

different responses (Frackowiak et al., 2004; Shaywitz et al., 2006).   

The majority of the workload for skilled reading in typically achieving readers is 

performed by a left-hemisphere network of occipitotemporal, temporoparietal, and frontal 

cortical regions (Figure 2.2B; Martin, Schurz, Kronbichler, & Richlan, 2015; Norton et al., 2015; 

Price & Mechelli, 2005; Shaywitz & Shaywitz, 2008). These regions are responsible for 

translating visual (orthographic) information onto auditory (phonological) and conceptual 

(semantic) representations (Figure 2.2A; Pugh et al., 2001; Turkeltaub, Eden, Jones, & Zeffiro, 

2002). Visual information is transmitted along the ventral stream occipitotemporal pathway to 

the mid-fusiform gyrus, also known as the visual word-form area. This region is thought to be 

responsible for the translation of visual input into orthographic representations. The neural 

systems that are responsible for translating visual word information into phonological codes and 

associating meaning with those words are distributed along the dorsal stream pathway that 

includes the left lateral temporal, inferior parietal, and inferior frontal cortices (Turkeltaub, 

Gareau, Flowers, Zeffiro, & Eden, 2003).  
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To become fluent readers, individuals need to be able to move automatically or at least 

quickly from input to output, that is, from orthography to semantics. This degree of automaticity 

is reflected in the strengths of each of the linkages in the connectionist model (Figure 2.2A). 

These connections become more automatized with increased experience or exposure to words. 

Automaticity allows developing readers to deal with increasingly large units of text as single 

units, from individual letters to orthographic and morphological chunks to entire words. This 

degree in automaticity is reflected in the neurocircuitry of reading; as children become skilled 

readers there is an increase in activity in the left-hemisphere network and a gradual decrease in 

right hemisphere areas that are involved in visual memory (Turkeltaub et al., 2003). Within this 

left-hemisphere reading network, more neural activity takes place in the occipitotemporal region 

of the reading network as children become skilled readers (Figure 2.2B) which serves for the 

rapid, automatic, and fluent identification of visually presented words (Norton & Wolf, 2012; 

Shaywitz et al., 2003). This posterior reading system is functionally disrupted in individuals with 

reading difficulties and is presumably compensated for by an increased reliance on both inferior 

frontal regions of the reading network and right hemisphere posterior regions (Norton et al., 

2015; Price & Mechelli, 2005; Pugh et al., 2001; Richlan, 2012; Richlan, Kronbichler, & 

Wimmer, 2009; 2011; Shaywitz & Shaywitz, 2005). The functional disruption of this posterior 

system may be one of the key reasons for why readers with severe reading difficulties cannot 

recognize familiar words rapidly and effortlessly, but the cause of this disruption is not yet clear 

(Dehaene, Cohen, Sigman, & Vinckier, 2005).  

These neuroimaging findings enhance our understanding of an already established 

psychological model of reading. Therefore, even though these neuroimaging findings do little to 

directly influence educators in a classroom (Bowers, 2016), this knowledge has expanded our 
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understanding of both the potential underlying etiologies of reading difficulties and the 

compensatory strategies that are used and is making promising advances to help inform current 

reading research, theories, and policies. As further progress is made by neuroscientists in 

understanding these underlying processes, this could lead to establishing biomarkers to help 

identify children who may be at-risk for developing reading difficulties in order to provide them 

with early assessments and effective interventions. 

2.5 Deficits in cognitive processes leading to reading difficulties 

Multiple perceptual, cognitive, and neurological skills have been causally implicated in 

reading difficulties. The connectionist model of reading proposes that severe word reading 

difficulties may be due either to poor representations or inefficient connections in any part of the 

network connecting orthography, phonology, and semantics (Figure 2.2A; Rayner & Reichle, 

2010). For example, the most widely accepted theory of reading difficulties is the phonological 

deficit hypothesis, which posits a deficit in the consolidation and/or retrieval of phonological or 

sound-based codes (Snowling, 2000). This phonological deficit is argued to impede the 

acquisition of alphabetic knowledge and decoding which affects the succession of development 

in word recognition, fluent reading, and comprehension (Misra et al., 2004). A phonological 

deficit would interfere with the functioning of the Phonology node in Figure 2.2A. 

Another established theory is the NS deficit hypothesis: 60 to 75% of individuals with 

reading difficulties have been found to have impaired timing mechanisms which affects reading 

fluency (Katzir et al., 2008; Norton & Wolf, 2012; Waber, Wolff, Forbes, & Weiler, 2000; Wolf 

et al., 2002). NS reflects the automaticity of the entire network in Figure 2.2A. The following 

section explains the nature of NS tasks and the ways in which NS is related to reading ability. 

We focus on NS because it is a network efficiency measure of reading and captures some of the 
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key components of orthographic processing in word recognition, which in turn is the foundation 

of reading ability. 

2.6 NS as the microcosm of reading 

NS tasks were developed based on the hypothesis that rapid naming is both a precursor 

and concurrent correlate of both accurate and efficient reading (Denckla & Rudel, 1976; Kirby, 

Parrila, & Pfeiffer, 2003). These tasks measure how quickly and accurately participants can 

name a set of visually presented highly familiar stimuli (e.g., letters) presented randomly in a 

visual array, usually consisting of 50 items presented in five rows, in a left-to-right, top-to-

bottom serial fashion (Figure 2.3A; Denckla & Rudel, 1976; Kirby et al., 2010; Neuhaus, 

Foorman, Francis, & Carlson, 2001; Norton & Wolf, 2012; Wolf & Bowers, 1999; Wolf, 

Bowers, & Biddle, 2000). 

Studies have found that continuous NS tasks (in which stimuli are presented in a serial 

list) are stronger and more consistent predictors of reading ability and discriminate task 

performance between readers with and without reading difficulties compared with discrete NS 

tasks (in which stimuli are presented individually; Denckla & Cutting, 1999). This indicates that 

the increased number of processes involved in serial naming tasks, such as visual scanning, 

saccadic eye movements, and sequencing of multiple items, represent a 'microcosm' of the 

processes required for fluent reading (Wolf & Bowers, 1999). Both tasks require individuals to 

attend to and identify a stimulus, use the visual information to access stored orthographic and 

phonological representations, access and retrieve phonological labels, integrate semantic and 

conceptual information, and then activate the motor regions of the brain to articulate the stimulus 

(Wolf & Bowers, 1999).  
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Figure 2.3. (A) Letter naming speed (NS) task (Denckla & Rudel, 1976). During these tasks 
participants are instructed to name the letters out loud as quickly and accurately as possible from 
left to right starting at the top row. (B) Eye movement records and articulations during the first 
line of a letter NS task for a typically achieving reader in Grade 4. Eye-voice span represents the 
number of letters participants’ eyes are ahead of the articulation of the first letter in a NS task. 
Note. AT = Articulation time, PT = Pause time. 
 

Slow NS performance differentiates between readers with and without reading difficulties 

(Kirby et al., 2003; Papadopoulos, Georgiou, & Kendeou, 2009). Three hypotheses have been 

proposed to explain how slow NS contributes to reading difficulties, each of which concerns the 

orthographic component and its links to the phonological component of the connectionist model 

(Figure 2.2A; see Kirby et al., 2010; Norton & Wolf, 2012). First, slow NS prevents the 

appropriate amalgamation of the connections between phonemes and orthographic patterns in 

subword and word representations. Second, it limits the quality of orthographic representations 

in long-term memory, in the sense that lower quality representations are not activated reliably by 
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appropriate input. Third, it increases the amount of practice needed before an orthographic code 

is learned as a lexical or sublexical unit, and before representations of sufficient quality are 

achieved. Therefore, if children are slow in identifying individual letters in a NS task, then single 

letters in a word will not be activated in sufficiently close temporal proximity to allow them to 

become sensitive to letter patterns that frequently co-occur in print (Wolf et al., 2000).  

 Wolf and Bowers (1999) proposed that there are multiple subtypes of reading difficulties 

(dyslexia, in their terms) characterized by the presence or absence of phonological processing 

deficits, NS deficits, or both. Readers with a double deficit are the most at-risk for developing a 

reading difficulty and are the most impaired readers (Kirby et al., 2010; Norton & Wolf, 2012; 

Vellutino et al., 2004; Wolf & Bowers, 1999; Wolf et al., 2002). The independence of 

phonological processing and NS is supported by findings that phonological awareness and NS 

tasks are only moderately correlated in both reading impaired (Cornwall, 1992) and typically 

achieving samples (Blachman, 1984) (about r = 0.3), indicating that, even though NS has an 

influential phonological component needed when retrieving labels of presented items, it is still 

distinct from phonological awareness and contributes independent variance to reading fluency 

(Kirby et al., 2010; 2003; Norton & Wolf, 2012; Swanson, Tainin, Neoechea, & Hammill, 2003). 

In theory, NS indexes the efficiency of the entire reading network, while phonological awareness 

assesses the quality of the processing and representations in one node of that network (Figure 

2.2A). This distinction between these two skills has also been found at the neural level in which 

NS tasks has been found to be related to a distributed network across the four lobes of the brain, 

whereas phonological decoding tasks has been found to be related to gray matter volume in the 

left perisylvian cortex (He et al., 2013).  

24 

 



 

NS has been argued to be an earlier and a simpler approximation of the reading process 

(e.g., Denckla & Cutting, 1999). NS tasks can help identify individuals who may have problems 

in the future with fluent reading because they assess the foundational subskills needed to develop 

more complex grapheme-phoneme knowledge (Kirby et al., 2010). However, even though many 

hypotheses have been proposed, it is still unclear exactly how NS is related to reading, and what 

specific cognitive processes are involved in NS (Georgiou, Parrila, & Kirby, 2006; 2009; Kirby 

et al., 2010). In the following section we review recent studies that have begun to determine 

which processes tapped by NS tasks are most related to reading.  

2.7 Studies linking NS to reading through cognition and neuroscience 

2.7.1 Effects of stimulus manipulations 

Because NS tasks have both visual and phonological features, several studies have varied 

the stimulus characteristics to determine if either is more important. Some researchers have 

argued that NS is fundamentally a phonological task because it assesses how rapidly participants 

can access phonological codes (Torgesen, Wagner, & Rashotte, 1994; Torgesen, Wagner, 

Rashotte, Burgess, & Hecht, 1997), whereas others have argued that NS also assesses the 

automaticity of recognizing symbolic visual stimuli, thus implicating orthographic processes 

(Bowers & Newby-Clarke, 2002; Wolf et al., 2000). Increasing the phonological similarity of the 

stimuli in a letter NS task should negatively affect naming performance if NS is related to 

reading via phonological processing, and increasing their visual similarity should negatively 

affect naming performance if NS is related to reading via orthographic processing (Al Dahhan et 

al., 2014; Al Dahhan, Kirby, Brien, & Munoz, 2016).   

Compton (2003) adapted Denckla and Rudel’s (1976) letter NS task, which used the 

letters a, d, o, p, and s, to test the phonological and orthographic hypotheses in first-grade 
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children with and without reading difficulties (Figure 2.3A). Compton replaced o with v in the 

matrix to make the letters more phonologically similar (because v rhymes with d and p), replaced 

o with q in the matrix to make the letters more visually similar (because q is visually similar with 

d and p), or replaced o with b in the matrix to make the letters both more visually and 

phonologically similar (because b both rhymes and is visually similar with d and p). He found 

that although the visually similar NS task significantly impaired participants’ speed and 

accuracy, it was the two tasks that increased phonological processing (PS and VPS tasks) that 

predicted more unique variance in later word identification skill.  

A limitation of these results is that it is not clear whether these differences are due to the 

fact that most of the participants were at risk of or already had a reading disability. Compton’s 

results may also be affected by the age of the participants. Grade 1 is a period of time in which 

phonological processing dominates because children are learning how to read (Georgiou, Parrila, 

Kirby, & Stephenson, 2008; Kirby et al., 2003), which may explain why Compton found that the 

phonologically similar task was a better predictor of future reading. However, these results have 

been supported by studies using other tasks (e.g., Jones, Obregon, Kelly, & Branigan, 2008). 

English-speaking adults with severe reading difficulties are slower compared to typically 

achieving readers on NS tasks that increased either visual or phonological similarity of the letters 

(Al Dahhan et al., 2014; Jones et al., 2008).  

2.7.2 Pause time and articulation time components of NS  

Another series of studies has separated NS times into two components, the articulation 

times of stimulus names and the pause times between articulations (Figure 2.3B; Georgiou et al., 

2006; Jones et al., 2008; Neuhaus et al., 2001; Norton & Wolf, 2012). Pause times indicate how 

long individuals need to process a stimulus and prepare a response to name that stimulus (Clarke, 
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Hulme, & Snowling, 2005; Georgiou et al., 2006; 2009; Kirby et al., 2010), making it a marker 

for the response preparation aspect of executive control (Li et al., 2009). Articulation times, on 

the other hand, indicate how automated the pronunciation response is. Pause times, more so than 

articulation times, have been found to be significantly related to reading ability, and the 

variability children show in NS tasks is predominantly due to the average length of pauses and 

not the average length of articulations (Al Dahhan et al., 2016; Neuhaus et al., 2001). Pause 

times emphasize the importance of automaticity in the reading network, especially with regard to 

the activation of the phonological codes from the visual-orthographic areas. 

2.7.3 Eye movements during letter NS tasks  

Eye movement records are valuable in uncovering the cognitive and perceptual processes 

of average readers (Hyona & Olson, 1995; Olitsky & Nelson, 2003; Rayner, 1985; 1997; Rayner, 

Juhasz, & Pollatsek, 2005; Starr & Rayner, 2001). During reading and NS tasks, three primary 

characteristics occur (Figure 2.3B). First, there is a series of eye movements, or saccades, in 

which the eyes move very rapidly to fixate from one letter in the display to the next. Second, 

these saccades are separated by periods of time in which the eyes are relatively still, called 

fixations, when detailed visual processing occurs. Due to the high velocity of the saccade, no 

useful visual information is acquired when the eyes are moving; readers only acquire information 

from text during fixations (Olitsky & Nelson, 2003; Rayner, 1997). Third, 10-15% of the time 

readers move their eyes backwards in the text to reread material – these are termed regressions. 

Regressions may be due to problems in comprehending the material, hypermetric eye 

movements, or inference making (Olitsky & Nelson, 2003). For average readers there is a 

developmental trend in eye movements: as reading skill increases, fixation duration decreases, 

average saccade length increases, and the frequency of regressions decreases, all of which are 
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indications of faster information processing (Olitsky & Nelson, 2003). Compared to average 

readers, readers with reading difficulties make longer and more fixations, saccades with smaller 

amplitudes, and more regressions (Al Dahhan et al., 2014; 2016; Olitsky & Nelson, 2003).  

Currently NS tasks are the only assessment tool that directly measures the serial ocular-

motor programming required in reading (Kuperman & Van Dyke, 2011). Precise oculomotor 

control is required in both reading and NS tasks. In both, participants must quickly and 

accurately inspect and name a series of stimuli arranged in a visual array while repeatedly 

engaging and disengaging attention from the stimuli as their eyes move through the array.  

Efficient performance in both requires that the eyes move before naming responses are made, 

with regressions required if insufficient information has been acquired. Aberrant eye movements 

and fixations in readers with dyslexia due to visual perceptual and/or oculomotor deficits have 

been theorized to contribute to reading difficulties (Stein, 2003; Stein & Talcott, 2001; Stein & 

Walsh, 1997). The magnocellular system is responsible for stabilizing readers’ fixations and 

directing eye movements, thus impairments to this system leads to unstable fixations and poor 

control of eye movements. However, this theory has been disputed by researchers who have 

found that magnocellular system abnormalities are a consequence and not a cause of reading 

difficulties (e.g., Hutzler, Kronbichler, Jacobs, & Wimmer, 2006). Regardless of their ultimate 

source, deficits in the magnocellular system lead to information acquired during fixations being 

less than optimal, resulting in more regressions that are required to go back and name words that 

have already been read (Stein, 2003). During NS tasks, this would lead to slower naming times 

and more errors. Therefore, eye movements during NS tasks could provide clues regarding the 

relationship between NS and reading. For example, longer fixation durations implicate weaker 

orthographic processing as the basis of the relationship, whereas an increased number of 
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saccades could implicate difficulties in eye movement control under the speeded conditions of 

the tasks. A number of studies have analyzed eye movements during NS tasks.  Al Dahhan et al. 

(2014; 2016) found that typically achieving readers made shorter fixation durations, longer 

saccades, and fewer fixations and saccades compared to readers with reading difficulties. Jones, 

Ashby, and Branigan (2013) found that orthographically similar parafoveal letters increased 

processing time for participants with reading difficulties, but phonologically similar parafoveal 

information did not for either typically achieving readers or for those with reading difficulties. 

Similarly, researchers have found that Chinese-speaking children with reading difficulties 

extracted less parafoveal information than typically achieving readers, indicating that they may 

allocate more attentional resources mapping visual symbols to orthographic representations 

during foveal processing (Yan, Pan, Laubrock, Kliegl, & Shu, 2013). This also suggests that 

translating visual symbols into phonological output may be a less automatic process for those 

with reading difficulties, reducing their perceptual span and leading to less preactivation of 

parafoveal information and more difficulty in processing the next foveal item. 

2.7.4 Combining stimulus manipulations, NS components, and eye movements 

These three approaches of examining NS and the NS-reading relationship were combined 

by Al Dahhan et al. (2016) using three groups of participants: children with reading difficulties, 

aged 9-10 years; chronological-age (CA) controls, aged 9-10 years; reading-level (RL) controls, 

aged 6-7 years, who were reading at the same level as the children with reading difficulties). For 

all groups, increasing visual similarity of the letters decreased letter naming efficiency and 

increased naming errors, saccades, regressions, pause times, and fixation durations. Second, 

children with reading difficulties performed like RL controls and were less efficient, had longer 

articulation times, pause times, fixation durations, and made more errors and regressions than 
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CA controls. Third, pause time and fixation duration were the most powerful predictors of 

reading ability, and were highly related to each other. The authors concluded that NS is related to 

reading via fixation durations and pause times, with longer fixation durations and pause times 

reflecting the greater amount of time needed to acquire visual/orthographic information from 

stimuli and prepare the correct response.  

The finding that children with reading difficulties made longer fixations and pause times 

and more saccades and regressions than CA controls in NS tasks suggests they have weaker 

orthographic processing compared to CA controls. This implies that recognizing symbolic visual 

stimuli (and activating the reading network) may not be an efficient process and so longer 

fixations are required to recognize the stimuli in the tasks (Bowers & Newby-Clark, 2002). This 

would then lead to less fluent naming performance, as shown by the significant negative 

correlations between pause times and efficiency, and between fixation duration and efficiency. 

However, less fluent naming may also be due to a dispersed allocation of visual attention, which 

leads to a reduced ability to discriminate a fixated letter from its surrounding information 

(Whitney & Cornelissen, 2005). This would also be reflected in participants’ eye-voice spans 

(EVS), which evaluates the coordination between eye movements and articulations, during NS 

tasks. EVS is defined as the distance between the position of the eyes at the beginning of the 

articulation of a previous letter in a NS task (Figure 2.3B); typically achieving readers tend to 

fixate a few words ahead of the word they are articulating. EVS is an important characteristic of 

fluent reading, with increases in EVS indicating an increase reliance on parafoveal information 

which implies an automatization of reading processes (Buswell, 1922; De Luca, Pontilo, 

Primativo, Spinelli, & Zoccolotti, 2013).  
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Pause time and fixation duration during NS tasks may then be capturing important 

variance associated with rapidly processing serial information, as is required in skilled reading. 

The multi-componential processes that are required during these tasks may make the task more 

laborious for readers with reading difficulties and their poor performance may simply reflect 

their difficulty in performing tasks simultaneously (Nicolson & Fawcett, 1990). In the same vein, 

if children with reading difficulties have not automatized the rapid activation and integration of 

phonological and visual stimuli, then NS tasks may tax limited executive processes to a greater 

extent compared to typically achieving readers (Wolf & Bowers, 1999). More research is needed 

to determine the degree to which the ability to integrate the multi-componential processes of 

reading either causes or contributes to the development of reading difficulties (De Luca et al., 

2013). 

Studies have also found that participants with reading difficulties have a more parallel 

distribution of attention in their visual field compared to controls leading to a diffused 

distribution of attention (Facoetti, Paganoni, & Lorusso, 2000; Geiger, Lettvin, & Fahler, 1994; 

Lorusso et al., 2004). Both children and adults with reading difficulties have been found to be 

better at identifying letters presented in their peripheral visual field compared to controls (Geiger 

et al., 1994), indicating that perceptual analysis of target letters may be disrupted. In other words, 

they may be less able to suppress peripheral information leading to a decreased attentional 

capacity available to process the currently fixated target letter (Figure 2.3B). Further research is 

needed to determine to what extent these attentional deficits are driving the difference in 

performance between CA controls and those with reading difficulties, and how these deficits are 

related to the longer fixations and more frequent regressions that were found for this latter group 

(Al Dahhan et al., 2016).  
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2.7.5 fMRI and NS 

These cognitive/behavioral differences between readers with and without reading 

difficulties leads to the question of whether they are also coupled with differences at the neural 

level. Researchers have recently begun to use fMRI to investigate both the neural relationship 

between NS and reading (e.g., Cummine et al., 2015; He et al., 2013; Norton et al., 2014; 

Turkeltaub et al., 2003) and the neural correlates of NS performance (e.g., Breznitz, 2005; 

Gonzalez-Gerriod et al., 2011; Misra et al., 2004; Wiig et al., 2002). This research has found that 

neural activation during NS tasks is consistent with areas involved in the reading network (Misra 

et al., 2004). This network includes regions such as the supramarginal gyrus (grapheme-phoneme 

mapping; Stoeckel, Gough, Watkins, & Devlin, 2009), cerebellar and motor cortex (motor 

planning; He et al., 2013), supplementary motor and pre-motor areas (articulation; Alario, 

Chainay, Lehericy, & Cohen, 2006; Brown et al., 2009), anterior cingulate (speech monitoring; 

Chang, Kenney, Loucks, Poletto, & Ludlow, 2009; Christoffels, Formisano, & Schiller, 

2007; Guenther & Vladusich, 2012), and the middle temporal gyrus (semantic access; Graves, 

Desai, Humphries, Seidenberg, & Binder, 2010; Rapcsak & Beeson, 2004; Whitney, Kirk, 

O’Sullivan, Ralph, & Jefferies, 2010). These findings indicate that NS tasks recruit the same 

network of brain areas that are involved in reading, and target key regions within this network 

(Figure 2.2B). However, it is not yet clear whether this pattern of activation is similar or different 

in readers who have reading difficulties, and whether the activation found in these regions 

increases or decreases with better NS task performance. This latter point is an important goal for 

future research because differences in neural activation during a task between typically achieving 

readers and those with reading difficulties only show a correlation with reading ability, not a 

causal connection. Linking fMRI with possible reading interventions would be a way to 
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determine a possible causal connection between the improvement of reading ability and neural 

activation, and will lead to further understanding the underlying neurobiological etiology of 

reading difficulties. 

2.8 Future directions 

The possibility of using neuroscience findings to influence educational practices or 

translate into specific applications for educational settings is exciting, but continues to be 

controversial. On one hand, neuroimaging methods, such as fMRI, allows researchers to analyse 

the neurodevelopment that occurs during the acquisition of various skills, such as reading, which 

may influence educational practices (Goswami, 2006; Hoeft et al., 2007). On the other hand, 

critics argue that neuroscience findings can never replace behavioral data because we care 

whether a child can read, regardless of what neuroscience data shows (Bowers, 2016). We agree 

that neuroscience data, in the absence of behavioral, actual performance data, can never answer 

an educational question. However, we see neuroscience and cognitive data and theory playing 

valuable roles, for example in the early assessment of risk factors, and in the validation of the 

mechanisms by which remedial interventions are successful. Most importantly, we see 

neuroscience being able to buttress (or not) conclusions from cognitive and educational studies: 

neuroscience’s value is not in providing an answer all by itself to an educational question, but 

rather in supplying different evidence in support of (or against) answers from the other fields. 

Neuroscience has the potential to help educators understand development, disabilities, and 

interventions better.  For example, Hoeft et al. (2007) found that neuroimaging measures and 

behavioral tests individually predicted decoding skill after a year of school, but the combination 

of these measures was significantly a better predictor than either measure alone. This indicates 
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that neuroimaging measures are assessing neural functions and processes that are important for 

reading but which are not completely captured by behavioral assessments.  

However, for neuroscience to be able to contribute to the remediation and/or 

identification of individuals with or at risk for developing reading difficulties, a number of steps 

need to be taken. In terms of research, we need more precision about the neural circuits involved, 

more clarity about the causal sequences, and longitudinal studies of both typically achieving 

students and those who have received remedial instruction. It is also important to study ways to 

apply this knowledge. For example, so far, attempts to alleviate the effects of slow NS have not 

been successful (Kirby et al., 2010). Deeper understanding of the NS-reading relationship may 

lead to instructional advances, and neuroscientific data may help validate those methods of 

instruction. 

Analyzing the eye movements and neural correlates involved during tasks such as NS 

will advance the knowledge of the neural circuitry that is involved, and will shed light on how 

this involvement changes during reading development and following intervention for children 

with reading difficulties. To further understand the NS-reading relationship, longitudinal studies 

incorporating eye tracking and neuroimaging should be conducted, starting before formal reading 

instruction begins. This is important because it is not clear whether the neural differences found 

between average readers and readers with reading difficulties are due to consequences of the 

reading difficulty or are merely associated with the underlying etiology of reading difficulties 

(Norton et al., 2015). Therefore, following children from the pre-literacy stage to the early stages 

of literacy would allow investigation of the causal relationships of NS with both concurrent and 

subsequent reading ability (Cobbold, Passenger, & Terrell, 2003) and with the automatization of 

the reading network. Such longitudinal studies will lead to a more complete understanding of the 
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causal sequence of cognitive processes that are involved in the NS-reading relationship, and how 

deficits occur within these processes. There are several possible underlying sequences. For 

example, NS may be only a distal predictor of reading, generally related to cognitive functioning 

through general cognitive speed, but not specific to reading (Breznitz, 2006). Alternatively, the 

NS-reading relationship may be mediated by orthographic learning or orthographic knowledge 

(Georgiou, Parrila, & Papadopoulos, in press) and be related to the establishment of an efficient 

reading network, or be mediated by the executive functions needed to coordinate the complex 

processes of articulating one stimulus while processing another and fixating upon a third. These 

distinctions are important in designing remediation programs for individuals with NS deficits. If 

NS is merely a distal predictor of reading, then it may only be valuable in identifying those at 

risk for reading difficulties. If instead there are mediating factors, and if NS itself is difficult to 

improve, then remediation may be more productively directed at those mediators (Kirby et al., 

2010). 

Studies that assess children before and after interventions will help researchers validate 

specific interventions, determine their long-term impact, and increase the understanding of what 

the intervention is accomplishing both cognitively and neurally (Shaywitz & Shaywitz, 2008). 

This line of research will also further the understanding of how those with reading difficulties 

compensate for their problems. For typically achieving readers, activation in the left 

occipitotemporal region correlates with activation in the left inferior frontal gyrus during reading 

(Figure 2.2B; Shaywitz et al., 2006). However, for readers with severe reading difficulties, left 

occipitotemporal activation correlates with right prefrontal activation, which is associated with 

memory (Shaywitz et al., 2006). This leads to the intriguing hypothesis that those with reading 

deficits rely on memory to compensate for their reading difficulties, rather than activating the left 
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hemisphere network that supports skilled reading (see Figures 2.2A and B). It is important to 

analyze whether this same pattern of activation exists during NS tasks, or if there are additional 

or fewer regions involved. Therefore, such neuroimaging studies could generate hypotheses for 

future intervention programs targeting specific reading processes, and strengthen the current 

tenuous bridge between neuroscience and education (Figure 2.1). 

Combining neuroimaging and eye movement recordings to assess performance during NS 

tasks may be a first step in translating current advances in neuroscience into specific applications 

in educational settings, either by identifying new remedial targets or by helping select among 

several remedial options. Incorporating these two research tools is important because they allow 

researchers to understand the underlying neurological bases of reading difficulties. However, 

fMRI is currently not at a stage in which researchers can identify a specific neural region as a 

potential problem for individuals with reading difficulties. Furthermore, due to the costs that are 

involved in using fMRI it is not a practical tool for literacy assessments (Hruby & Goswami, 

2011). Eye tracking on the other hand can be utilized for assessment, and can also be used to 

identify specific biomarkers. The measurement of eye movements is also ideal because the brain 

regions that are involved in eye movement control are well characterized through numerous 

lesion, electrophysiology, and fMRI studies. The recent development of computational models of 

eye movement control also provides rigorous theoretical frameworks for analyzing how the 

perceptual, cognitive, and oculomotor systems that support skilled reading gives rise to the 

patterns of eye movements that are observed during reading (e.g., Engbert, Nuthmann, Richter, 

& Kliegl, 2005; Reichle et al., 2013; Reilly & Radach, 2006). Therefore, analyzing eye 

movements and NS components during NS tasks early in reading acquisition may be able to 

identify early warning signs in children who are at-risk for developing reading difficulties 
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(Goswami, 2009; Rayner, 1997). However, there is not yet a study that tests whether eye 

tracking by itself or in combination with other behavioral measures improves identification and 

diagnosis of children with reading difficulties, i.e., a study equivalent to that of Hoeft et al. 

(2007) with fMRI. 

Combining NS tasks and eye movements to evaluate reading ability is an achievable goal 

because most children currently have an eye test done before entering school, and in some 

jurisdictions this is mandatory. These NS tasks are not very different from the standard eye tests 

that optometrists use to assess eyesight, they take only a few minutes to administer, and they 

require only modest training to administer and score. Assessing NS would be important for both 

clinical and educational purposes for multiple reasons. From a clinical or diagnostic standpoint, 

multiple longitudinal studies have shown that along with vocabulary, phonological skills, letter 

name, and letter sound knowledge, NS is one of the most robust early predictors of reading 

difficulties (Norton & Wolf, 2012). Examiners could determine how children’s NS performance 

compares with age or grade norms, to help identify children who may be at risk for developing a 

NS deficit which may lead to future problems in fluent reading and comprehension (Wolf et al., 

2002).  

From an educational standpoint, speed and accuracy are two essential components of 

reading ability. Typically, English language researchers have only assessed accuracy as a 

measure for reading, because accuracy by itself yields a great deal of variation. However, many 

studies have shown that some accurate readers are not fluent readers, and have a hidden speed 

deficit which is not typically identified until later in school (Breznitz, 2006). This indicates the 

importance of reading assessments that take into account both speed and accuracy (Norton & 

Wolf, 2012). Therefore, combining behavioral and neuroimaging measures leads to the 

37 

 



 

possibility of identifying some reading difficulties that may be hidden from view earlier in 

development. 

2.9 Conclusion 

Interdisciplinary and collaborative research among neuroscience, cognition, and 

education offers the greatest potential for understanding the underlying causes of reading 

difficulties and for providing early and efficient interventions. Combining neuroimaging 

techniques with eye tracking recordings will allow researchers to analyze how learning and 

instruction alter neural circuitry and neural processes, and how these processes may be different 

between typically achieving readers and those with reading difficulties. Due to the large number 

of children and adults who experience reading difficulties, one of the greatest hopes for 

educational findings from the field of neuroscience is to find more effective ways to screen for 

individuals who may be at risk for developing reading difficulties, and to develop effective 

educational support for them (Tommerdahl, 2010). The link between neuroscience and education 

should not be a unidirectional one in which educators are simply the recipients of information 

that has been generated by neuroscientists (Figure 2.1). To the contrary, these links between 

disciplines should be bidirectional and inform each other about children’s development and 

learning, and the teaching they require. 
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Chapter 3 

Developmental trends in the coordination between saccadic eye movements 

and articulatory components during naming speed tasks in average readers 
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3.1 Abstract 

Studying the typical development of reading is key to understanding the precise neural 

deficits that underlie reading disabilities. Naming speed (NS) tasks, in which participants name 

sets of familiar visual stimuli, can be used to investigate the sub-processes of reading. Here, we 

measured eye movement patterns and speech articulations to examine developmental trends in 

performance on letter and object NS tasks in typically developing readers from childhood to 

adulthood. We also examined eye-voice span (EVS), a construct that reflects the synchronization 

of eye movements and articulations, to acquire novel insight into the coordination of these 

effectors. Across development, NS efficiency increased and was accompanied by decreases in 

pause and articulation times, fixation duration, and number of saccades and regressions, and 

increases in EVS. These findings reflect improvements in both the cognitive, articulatory, and 

oculomotor processes underlying reading and in the coordination of these processes as 

individuals gain more reading experience. While both letter and object NS performance 

improved across development, participants were more efficient on all dimensions on letter NS 

tasks, indicating that letter naming is more automatic than object naming. Furthermore, 

manipulations to the phonological and visual similarity of NS task stimuli revealed that 

orthographic processing plays a greater role than phonological processing in NS performance, 

with the contribution of phonological processing diminishing across development. This 

comprehensive typical developmental trajectory of NS performance will provide a vital 

comparison for clinical populations with impaired reading achievement in order to elucidate the 

nature of the cognitive dysfunction underlying these reading difficulties.   
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3.2 Introduction 

In order to elucidate the precise neural deficits that underlie reading difficulties and to 

facilitate the development of diagnostic and interventional tools, it is first necessary to better 

understand the various neural processes underlying reading and how they evolve over the course 

of typical development. The study of reading can be simplified using tests of naming speed (NS), 

the speed and accuracy with which individuals can name familiar alphanumeric stimuli, such as 

letters or numbers, or non-alphanumeric stimuli, such as objects or colours, presented in a visual 

array (Wolf & Bowers, 1999). This simple paradigm is a valuable tool for studying the numerous 

sub-processes of reading and the efficiency of the underlying timing mechanisms that connect 

them (see Al Dahhan, Kirby, & Munoz, 2016, for a review; Cutting & Denckla, 2001; Wolf, 

Bowers, & Biddle, 2000). Across development, NS has been found to be a strong predictor of 

reading ability (Arnell, Joanisse, Klein, Busseri, & Tannock, 2009; Kirby, Parrila, & Pfeiffer, 

2003), with the predictive power of alphanumeric NS being greater than that of non-

alphanumeric NS (Bowey, McGuigan, & Ruschena, 2005; Compton, 2003; Cronin & Carver, 

1998; Wolf, Bally, & Morris, 1986). Although most studies of NS focus on alphanumeric NS, 

particularly letter NS, non-alphanumeric NS tasks remain a useful tool for young children who 

have not yet mastered letters and numbers (Kirby et al., 2003; Lervåg & Hulme, 2009).  

While the relationship between NS and reading achievement is well established, the 

precise nature of this relationship and the cognitive processes involved remain unclear (Kirby, 

Georgiou, Martinussen, & Parrila, 2010). Two main theories have been proposed to explain the 

relationship between NS and reading ability. While one theory proposes that NS reflects the 

automaticity of phonological processing (Torgesen, Wagner, & Rashotte, 1994; Torgesen, 

Wagner, Rashotte, Burgess, & Hecht, 1997), the second suggests that NS is instead an indication 
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of the automaticity of recognition of visual symbols and orthographic processing (Bowers, 1995; 

Bowers & Wolf, 1993). To test these hypotheses, Compton (2003) designed NS tasks with 

varying degrees of phonological and orthographic similarity, proposing that if NS is related to 

reading through phonological processing, increasing the phonological difficulty of a NS task by 

selecting stimuli whose names rhyme with one another should impair task performance. 

However, if orthographic processing is responsible, increasing orthographic difficulty by 

selecting stimuli that are visually similar to one another should impair performance. Based on 

these principles, letter NS tasks have previously been employed to identify orthographic 

processing as the main mechanism underlying the NS-reading relationship in adults and young 

children (Al Dahhan et al., 2014; Al Dahhan, Kirby, Brien, & Munoz, 2017). 

In addition to measuring the speed and accuracy of naming, insight into the specific 

cognitive, articulatory, and oculomotor mechanisms underlying NS can be obtained by studying 

participants’ articulations and eye movements (Georgiou, Parrila, & Kirby, 2006; Georgiou, 

Parrila, Kirby, & Stephenson, 2008; Hyona & Olson, 1995; Kirby et al., 2010; Rayner, 1997).  

Naming time can be divided into articulation time, referring to the time spent pronouncing 

stimulus names, and pause time, referring to the time between two sequential articulations 

(Georgiou et al., 2006; Georgiou et al., 2008; Hulme, Newton, Cowan, Stuart, & Brown, 1999; 

Neuhaus, Foorman, Francis, & Carlson, 2001). Eye movements can be analyzed to measure the 

duration of fixations on stimuli and the number of saccades, including the number of leftward 

saccades called regressions (Rayner, 1997). Negative correlations have been found between NS 

efficiency and these various articulatory components and eye movement measures (Al Dahhan et 

al., 2017), indicating that shorter pause and articulation times, briefer fixations, and lower 

saccade and regression counts are markers of improved task performance. Of these constructs, 
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pause time and fixation duration were especially predictive of NS efficiency (Al Dahhan et al., 

2017). In addition to these basic measures, performance on NS tasks can also be examined by 

analyzing participants’ eye-voice span (EVS), which describes how far the eyes are ahead of the 

voice during oral reading (Buswell, 1922). EVS has the potential to provide critical insight into 

the coordination between the articulatory processes and eye movements that are required for 

efficient oral reading, but has been underutilized in previous NS studies. Studies examining 

developmental trends in EVS in conjunction with basic articulatory components and eye 

movement measures are needed in order to clarify not only how the underlying articulatory and 

oculomotor processes of NS typically develop, but also how the complex neural systems that 

synchronize these basic processes evolve over the course of typical development. 

In this study, we describe the typical developmental trajectory for alphanumeric and non-

alphanumeric NS in healthy individuals from childhood to early adulthood in terms of NS 

efficiency, associated articulation and eye movement parameters, and the coordination between 

them, as measured by EVS. To accomplish this, we administer letter and object NS tasks 

containing stimuli with varying degrees of phonological and visual similarity to typically 

developing Grade 2, Grade 4, Grade 7/8, and undergraduate students. We hypothesize that NS 

task performance will improve over the course of typical development with increasing age and 

education, characterized by increased NS efficiency accompanied by decreases in pause and 

articulation time, fixation duration, and saccade and regression count. We also hypothesize that 

EVS will increase over the course of development, due to improved articulatory and oculomotor 

coordination as reading skill develops. As a result of the predominant role of orthographic 

processing during letter NS tasks, we hypothesize that increased visual similarity will impair NS 

task performance across groups, with the impact of increased phonological similarity decreasing 
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through development, accompanying the shift from phonetic reading to word-recognition reading 

(Ehri & McCormick, 1998). Furthermore, we predict that performance will be more efficient on 

letter NS tasks than object NS tasks, due to the smaller set size and unambiguous names of letters 

as compared to objects, as well as participants’ greater exposure to letters and reliance on 

efficient letter recognition for reading in daily life.  

3.3 Materials and methods  

3.3.1 Participants 

Four groups of healthy participants with no underlying neurological conditions 

participated in this study: Grade 2 students (n = 13, 6 males, ages 7.2 – 8.1 years, age M = 7.7 

years, age SD = 0.3 years), Grade 4 students (n = 14, 7 males, ages 9.3 – 10.2 years, age M = 9.7 

years, age SD = 0.3 years), Grade 7/8 students (n = 21, 8 males, ages 12.2 – 14.0 years, age M = 

13.4 years, age SD = 0.6 years), and undergraduate students (n = 20, 10 males, ages 20.8 - 22.5 

years, age M = 21.3 years, age SD = 0.3 years). Participants were recruited from Queen’s 

University and the greater Kingston, ON, Canada community. Informed consent was provided 

from participants aged 18 years or older, and from legal guardians for participants younger than 

18 years prior to testing.  

3.3.2 Materials  

Four letter NS tasks, with two trials per version, were administered, including the original 

letter NS task developed by Denckla and Rudel (1976) and three variations by Compton (2003) 

designed to increase the phonological and/or visual similarity of the letters used in the task (Fig. 

3.1A). The letter control (LC) task involved a matrix of the letters a, d, o, p, and s. In the 

phonologically similar (PS) task, o was replaced with v; in the visually similar (VS) task, o was 
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replaced with q; and in the visually and phonologically similar (VPS) task, o was replaced with 

b. Two object NS tasks, with two trials per version, were administered (Fig. 3.1B), including the 

control (OC) task developed by Denckla and Rudel (1976) based on line drawings of dog, hat, 

chair, cat, and star and one variation of this task designed to increase phonological similarity 

(OPS; chair replaced with bat). In each NS task, 50 letters/objects were presented 

simultaneously with ten repetitions of the five letters/objects arranged semi-randomly in five 

rows of ten letters/objects each. Participants were instructed to name all the letters/objects out 

loud as quickly and accurately as possible from left to right and top to bottom, while their 

articulations and eye movements were recorded. Scores were averaged between the two trials for 

each task for each measure to compute a single score. 

Before the beginning of the tasks, two practice trials were administered for both the letter 

NS tasks and the object NS tasks. In the first practice trial for the letter NS tasks, participants 

were asked to name the eight letters to be used to ensure their familiarity with these letters, and 

in the second practice trial, they were presented with a practice letter NS task of four rows of five 

letters each to ensure their comprehension of the task instructions. Comparable practice trials 

were also administered for the object NS tasks, requiring participants to first name the six objects 

to be used and then complete a practice object NS task of two rows of five objects each. 

60 

 



 

 

Figure 3.1. Naming speed (NS) stimuli. A. Letter NS tasks employed: letters control (LC), 
phonologically similar (PS), visually similar (VS), visually and phonologically similar (VPS).   
B. Object NS tasks employed: objects control (OC), objects phonologically similar (OPS). 
Dashed boxes indicate regions of interest for analysis where stimuli became similar to one 
another. 
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3.3.3 Eye tracking and visual display 

Eye position was recorded using an Eyelink 1000 heads-free eye tracking system (SR 

Research Ltd., Mississauga, ON, Canada). Participants placed their heads on an adjustable 

chinrest/headrest and a microphone (Audio Technica, Tokyo, Japan; M-Audio, Cumberland, RI, 

USA) was positioned near the participants’ mouths to record verbal responses. This set up 

allowed for millisecond accurate synchronization between audio recording and eye tracking. A 

17-inch LCD monitor (Resolution 1280x1024) equipped with an infrared camera for eye tracking 

was positioned 60cm from participants’ right eye. Although viewing of the display was 

binocular, all recordings and calibrations were done monocularly based on the right eye. The 

position of the right pupil was digitized in both the vertical and horizontal axes at a sampling rate 

of 500Hz. Eye position was first calibrated using nine randomly presented target locations on the 

screen: eight peripheral and one central. This process was then repeated to validate the 

calibration by ensuring that there was an average error of less than 2o between the target and eye 

fixation positions.   

Each NS trial began with the presentation of a central white fixation point to ensure that 

the average error remained less than 2o. The fixation point then disappeared and the NS array 

appeared. In both the letter and the object NS tasks, there was a 2.98o viewing distance between 

each item and a 1.85o viewing distance between each row. The letters in the letter NS tasks were 

printed in white using size 60 Angsana New font on a black background. The objects in the 

object NS tasks were presented in color on a black background, with dimensions of 2.30o by 

2.02o. After the last item in a trial was named, the array disappeared and was replaced by the 

fixation point before the presentation of the array for the next trial. Trials were manually 

advanced by the experimenter and no feedback was given on performance.  
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3.3.4 Data analysis 

Eye movements and articulations were analyzed using custom software developed in 

MATLAB (Version R2013a; MathWorks Inc., Natick, MA, USA). Extraction of data from the 

audio files was accomplished using a revised protocol based on a previously published method 

(Georgiou et al., 2006), designed to remove background noise and normalize the volume of the 

audio recordings across participants (Al Dahhan et al., 2017). Audio files were manually scored 

to calculate an error score from the participants’ responses, corresponding to the number of 

naming errors made per trial. NS efficiency was then calculated by dividing the number of items 

named correctly in a trial by the total time spent naming items on that trial. The sound files were 

divided into pause and articulation times using a threshold articulation volume corresponding to 

15% of the absolute value of the amplitude of the sound file. Manual separation of pauses and 

articulations was performed when participants slurred articulations together. Pause time for each 

trial was calculated as the mean of the pause times between two correctly identified items and 

articulation time was calculated as the mean of the articulation times for correctly identified 

items. These parameters were calculated after removing the pauses and articulations associated 

with task errors. Specifically, incorrect articulations and their bordering pauses were removed 

from the data. If participants corrected themselves following a naming error, the incorrect 

articulation and the bordering pauses were removed. If participants skipped an item, the pause 

time between the articulations of the two neighboring items, as well as the articulation of the 

item following the skipped item, were removed. Finally, pause times associated with behaviors 

unrelated to the task, such as coughing, were removed.   

Eye movements were analyzed for fixation duration, saccade and regression counts, and 

eye-voice span (EVS). Fixation duration was calculated for each trial by averaging the length of 
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all the fixations made in the trial. An eye movement was counted as a saccade when it reached 

either a threshold velocity of 30o/s or a threshold acceleration of 8000o/s2. Regressions were 

defined as leftward saccades less than 10o in amplitude and within a horizontal visual angle of 

30o in order to exclude leftward eye movements from the end of one line of the array to the 

beginning of the next line. EVS was defined as the number of letters or objects that the eye was 

ahead of the voice at the beginning of the articulation of a stimulus name, and expressed as a real 

number (Fig. 3.2). Three methods were used to examine EVS: (a) initial EVS at the beginning of 

each task; (b) overall EVS, which was calculated for each trial by averaging the EVS values of 

all correctly articulated stimuli in the trial; and (c) region of interest (ROI) -specific EVS, which 

was calculated by averaging the EVS values of all correctly articulated stimuli within defined 

ROIs (see dashed boxes in Fig. 3.1) in each trial. Eye movements associated with skipped items 

or incorrectly named items were removed manually.   

 
Figure 3.2. Sample articulation (red trace) and eye position (blue trace) collected from a 
female Grade 4 participant performing the LC task. The solid purple line illustrates how eye-
voice span (EVS) was calculated for the first letter (o) by determining eye position (on letter a) at 
the beginning of the articulation of the letter o. Note. AT = Articulation time, PT = Pause time. 
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3.4 Results 

First, we examined how NS task performance changed over the course of development in 

terms of traditional measures of NS task performance, including NS efficiency, articulatory 

components, and eye movement measures, and examined the effect of stimulus manipulations on 

each of these constructs across the developmental trajectory. We then explored how the 

articulatory components and corresponding eye movement measures were coordinated across 

development by examining developmental trends in EVS. Finally, we explored the relationships 

between these behavioral measures and determined which behavioral measures best predicted 

NS efficiency across development.  

3.4.1 Trends in traditional measures of NS task performance 

Figure 3.3 shows the effect of stimulus manipulations on task performance across 

development in terms of NS efficiency (Fig. 3.3A), articulation time (Fig. 3.3B), pause time (Fig. 

3.3C), fixation duration (Fig. 3.3D), saccade count (Fig. 3.3E), and regression count (Fig. 3.3F). 

A series of group x all NS tasks mixed analyses of variance, one for each construct, showed 

significant group effects (all p’s < .001), significant task effects (all p’s < .001), and significant 

group by task interactions (all p’s < .01) for all measures. The group effects were examined with 

Bonferroni post hoc tests using the averaged z-scores of the four letter NS tasks and the two 

object NS tasks. Overall, NS efficiency increased and articulation time decreased robustly across 

development beginning at Grade 2 (Figs. 3.3A & 3.3B; all p’s < .05). There was a significant 

developmental decline in pause time, saccade count, and regression count, beginning at Grade 4 

(Figs. 3.3C, 3.3E, & 3.3F; all p’s < .05). Furthermore, fixation duration declined significantly 

over the course of development, but not at a steady rate, with a plateau in this developmental 

decline between Grades 4 and 7/8 (p > .05).   
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Figure 3.3. Effect of task version on NS efficiency, NS components, and eye movements 
across development. A. Efficiency score on the NS tasks. B. Average articulation time per trial. 
C. Average pause time per trial. D. Average fixation duration. E. Saccade count. F. Regression 
count. Note. LC = letter control task; PS = phonologically similar task; VS = visually similar 
task; VPS = visually and phonologically similar task; OC = object control task; OPS = 
phonologically similar object NS task. Standard errors are shown. 
 

With respect to the task effect, we first investigated the difference in performance during 

the letter and object NS tasks. On all measures, performance on each of the letter and object NS 

task versions was highly correlated (all p’s < .01). Based on these significant correlations, 

composite scores for the letter and object NS tasks were computed for each of the constructs, by 

averaging the raw scores for the four letter NS tasks and the two object NS tasks. Using these 

composite scores, paired-samples t-tests showed that there was a significant difference between 

the letter and object NS tasks on all measures (all p’s < .001), with increased efficiency, shorter 

articulations and pauses, shorter fixations, and fewer saccades and regressions on the letter NS 

tasks. These factors are typically indicative of stronger task performance.  
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When considering the phonologically and visually similar manipulations, for the letter 

NS tasks, paired-samples t-tests showed that the combined visually and phonologically similar 

task manipulation (i.e., the VPS condition) had the greatest effect on performance, resulting in 

decreased NS efficiency (Fig. 3.3A; t (67) = -13.9, p < .001, r = .97, dz = -1.7), longer 

articulation times (Fig. 3.3B; t (67) = 8.08, p < .001, r = .96, dz = 0.98), pause times (Fig. 3.3C;   

t (67) = 7.38, p < .001, r = .97, dz = 0.90), and fixation durations (Fig. 3.3D; t (64) = 7.24,             

p < .001, r = .92, dz = 0.90), and an increased number of saccades (Fig. 3.3E; t(64) = 5.82,          

p < .001, r = .96, dz = 0.72) and regressions (Fig. 3.3F; t (64) = 6.07, p < .001, r = .86, dz = 0.75) 

relative to the control task (i.e., the LC condition). The phonologically similar manipulation (i.e., 

the PS condition) and the visually similar manipulation (i.e., the VS condition) both had 

significant effects on each of these measures of task performance compared to the LC condition 

(all p’s < .01). The VS manipulation exerted a greater effect than the PS manipulation on all 

measures, with statistically significant differences between the two conditions (all p’s < .05). 

Notably, the VS manipulation exerted a greater effect than the VPS manipulation on articulation 

time, as articulation time was significantly longer on the VS condition as compared to the VPS 

condition (Fig. 3.3B; t (67) = 3.58, p < .001, r = .97, dz = 0.43). For the object NS tasks, paired-

samples t-tests showed that there was a significant difference between the two tasks on NS 

efficiency (Fig. 3.3A; t (67) = -2.31, p < .05, r = .97, dz = -0.28), articulation time (Fig. 3.3B;       

t (67) = -4.85, p < .001, r = .94, dz = -0.59), pause time (Fig. 3.3C; t (67) = 4.89, p < .001,            

r = .96, dz = 0.59), and saccade count (Fig. 3.3E; t (64) = 2.30, p < .05, r = .95, dz = 0.29), in 

which participants were overall less efficient and made shorter articulations, longer pauses, and 

more saccades on the OPS task than the OC task. 
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We then examined the significant group by task interactions to determine how the effects 

of these stimulus manipulations differed across development. When comparing the 

developmental trends for the four letter NS tasks to those for the two object NS tasks, there was a 

greater developmental increase in efficiency for the letter NS tasks (Fig. 3.3A), but a greater 

developmental decline in pause time for the object NS tasks (Fig. 3.3C). To determine the 

contributions of the phonologically and visually similar manipulations to the significant group by 

task interactions, we repeated the analyses of variance separately for the four letter NS tasks and 

the two object NS tasks. Significant group by task interactions remained for all constructs on the 

letter NS tasks (all p’s < .01), but for the object NS tasks, there was only a significant interaction 

for pause time (F (3, 64) = 3.37, p < .05, ηp
2 = .14). These findings indicate evolving effects of 

phonological and visual similarity over the course of development. Overall, the effect of these 

manipulations decreased, with a particular decline in the effect of the phonologically similar 

manipulation across constructs for the letter NS tasks and a specific decline in the effect of the 

phonologically similar manipulation on pause time for the object NS tasks. Furthermore, while 

the phonologically similar manipulation of the letter NS task (i.e., the PS condition) had 

significant effects on efficiency and saccade count in all four groups, it had a protective effect in 

the undergraduate group, increasing efficiency (Fig. 3.3A; t (19) = 2.13, p < .05, r = .95,            

dz = 0.48) and decreasing saccade count (Fig. 3.3E; t (19) = -3.30, p < .01, r = .88, dz = -0.74) 

relative to the control task (i.e., the LC condition). These factors are typically associated with 

improved task performance. 

3.4.2 Coordination between articulations and eye movements 

After confirming the developmental trends that we expected for traditional measures of 

NS task performance, we next examined the coordination between the articulations and eye 
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movements required for NS by measuring EVS. Figure 3.4 shows the effect of stimulus 

manipulations on initial EVS for the saccade and articulation of the first element in the array 

(Fig. 3.4A), EVS averaged across the entire stimulus array (Fig. 3.4B), and EVS for only the 

specific ROIs illustrated by dotted boxes in Fig. 3.1 (Fig. 3.4C). While overall and ROI EVS 

were comparable, initial EVS was considerably higher than the other two EVS constructs, 

especially in the older groups, indicating that participants, particularly those who were older, 

were looking further ahead at the beginning of the task as compared to the rest of the task.   

 

Figure 3.4. Effect of task version on eye-voice span (EVS) across development. EVS 
represents the number of stimuli participants’ eyes are ahead of the articulation of the stimuli 
they are naming on: A. the first stimulus of each task, B. throughout the tasks, and C. the regions 
of interest indicated in Figure 3.1. On the y-axis, 1 indicates that participants’ eyes are on the 
stimulus they are articulating, and 1.5 indicates that their eyes are a half letter ahead of the 
stimulus they are articulating. Note. LC = letter control task; PS = phonologically similar task; 
VS = visually similar task; VPS = visually and phonologically similar task; OC = object control 
task; OPS = phonologically similar object task. Standard errors are shown. 
 

A series of group x NS task mixed analyses of variance, one for each EVS construct, 

showed significant group effects for all measures (all p’s < .05) except for overall EVS (p > .05), 

significant task effects for all measures (all p’s < .001), and significant group by task interactions 

for all measures (all p’s < .05) except for initial EVS (p > .05). With respect to the group effect, 

Bonferroni post hoc tests using the averaged z-scores of the four letter NS tasks and the two 

object NS tasks revealed that Grade 2 participants had significantly shorter initial EVSs than 
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Grade 7/8’s and undergraduates and significantly shorter ROI EVSs than the undergraduates 

(Figs. 3.4A & 3.4C; all p’s < .05). There were fewer significant differences between groups for 

the EVS constructs as compared to the simple articulatory components and eye movement 

measures, suggesting that the developmental trajectories for EVS are less robust. 

For all EVS constructs, performance on each of the letter and object NS task versions was 

highly correlated (all p’s < .01). Based on these significant correlations, composite scores for the 

letter and object NS tasks were computed for each of the constructs, by averaging the raw scores 

for the four letter NS tasks and the two object NS tasks. Using these composite scores, paired-

samples t-tests showed that there was a significant difference between the letter and object NS 

tasks on all measures (all p’s < .001), with longer initial, overall, and ROI EVSs on the letter NS 

tasks. Paired-samples t-tests showed that none of the various manipulations to the letter NS task 

produced statistically significant changes in initial (Fig. 3.4A), overall (Fig. 3.4B), or ROI (Fig. 

3.4C) EVS relative to the LC task (all p’s > .05). However, for the object NS tasks, there was a 

significant difference in initial EVS (Fig. 3.4A; t (64) = -2.70, p < .01, r = .53, dz = -0.34), where 

participants had significantly shorter initial EVSs on the OPS task as compared to the OC task. 

When repeating the analyses of variance separately for the four letter NS tasks and the 

two object NS tasks, the significant group by task interactions originally observed for overall and 

ROI EVS were lost (all p’s > .05), indicating that these interactions were due to different 

developmental trends in overall and ROI EVS for the letter NS tasks as compared to the object 

NS tasks. In particular, both overall EVS (Fig. 3.4B) and ROI EVS (Fig. 3.4C) increased more 

robustly over the course of development for letter NS tasks than object NS tasks. 
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3.4.3 Relationships between behavioral measures 

We next explored the relationship between the various behavioral measures using the 

averaged z-scores for the letter and object NS tasks. For the letter NS tasks, NS efficiency was 

positively correlated with all EVS constructs and negatively correlated with all other measures 

(all p’s < .05) for both zero order correlations and partial correlations with the effect of age 

removed (Table 3.1). For object NS tasks, NS efficiency was positively correlated with initial 

EVS and negatively correlated with all other measures (all p’s < 0.05) except fixation duration 

and overall and ROI EVS (all p’s > .05) for both zero order correlations and partial correlations 

with the effect of age removed (Table 3.1). The correlations among the letter NS measures were 

stronger than those for the object NS measures. Additionally, across both the letter and object NS 

tasks, the correlations between NS efficiency and the various EVS constructs were weaker and 

frequently not statistically significant as compared to those observed between NS efficiency and 

the basic articulatory components and eye movement measures.  
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Table 3.1 
Correlations among NS Measures. Zero order correlations are above the diagonal and partial correlations with age as a covariate are below the 
diagonal. 

 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15. 16. 17. 18. 
Letter NS 

Tasks 
                  

1. Efficiency - -.91*** -.79*** -.78*** -.86*** -.89*** .65*** .41*** .43*** .92*** -.76*** -.84*** -.48*** -.83*** -.81*** .33** .17 .19 

2. AT  -.77*** - .87*** .88*** .89*** .88*** -.65*** -.46*** -.48*** -.85*** .84*** .86*** .58*** .84*** .82*** -.33** -.26* -.26* 

3. PT  -.60*** .87*** - .77*** .94*** .82*** -.58*** -.36** -.37** -.75*** .62*** .92*** .56*** .79*** .76*** -.27* -.12 -.16 

4. FD  -.58*** .78*** .76*** - .64*** .67*** -.56*** -.50*** -.53*** -.75*** .80*** .79*** .81*** .63*** .68*** -.34** -.37** -.37** 

5. SC  -.70*** .85*** .84*** .46*** - .91*** -.62*** -.47*** -.46*** -.80*** .69*** .89*** .37** .90*** .85*** -.23 -.27* -.26* 

6. RC -.67*** .76*** .73*** .40** .90*** - -.57*** -.39*** -.42*** -.83*** .72*** .83*** .38** .84*** .89*** -.28* -.23 -.21 

7. Initial EVS .47*** -.45*** -.42** -.35* -.41** -.32* - .59*** .59*** .61*** -.58*** -.57*** -.32* -.57*** -.54*** .74*** .39** .39** 

8. Overall EVS .30* -.39** -.38** -.43*** -.26 -.12 .58*** - .97*** .38*** -.38** -.30* -.41*** -.32** -.32* .49*** .88*** .86*** 

9. ROI EVS .29* -.36** -.40** -.42** -.24 -.18 .56*** .97*** - .41*** -.42*** -.32** -.44*** -.35** -.36** .51*** .87*** .85*** 

Object NS 
Tasks 

                  

10. Efficiency .58*** -.49*** -.49*** -.41** -.50*** -.44*** .38** .23 .22 - -.82*** -.90*** -.55*** -.89*** -.86*** .34** .17 .17 

11. AT  -.38** .56*** .49*** .46*** .52*** .41** -.32* -.14 -.13 -.52*** - .74*** .62*** .84*** .80*** -.30* -.26* -.24* 

12. PT  -.45*** .67*** .83*** .60*** .68*** .57*** -.36** -.22 -.23 -.72*** .49*** - .62*** .90*** .85*** -.28** -.06 -.09 

13. FD -.12 .35** .41** .74*** .05 .08 -.10 -.33* -.33* -.22 .24 .36** - .31* .42*** -.32* -.34** -.32** 

14. SC  -.39** .46*** .50*** .13 .67*** .53*** -.29* .02 .02 -.64*** .57*** .70*** -.29* - .89*** -.21 -.14 -.10 

15. RC -.42** .55*** .56*** .32* .66*** .76*** -.29* -.01 -.04 -.58*** .51*** .64*** .06 .68*** - -.24* -.19 -.14 

16. Initial EVS .24 -.26* -.27* -.24 -.21 -.19 .73*** .48*** .50*** .26* -.15 -.23 -.19 -.08 -.10 - .44*** .43*** 

17. Overall  
      EVS 

.16 -.34* -.34* -.40** -.18 -.08 .44*** .88*** .87*** .17 -.16 -.18 -.35** .07 -.03 .51*** - .97*** 

18. ROI EVS .11 -.30* -.30* -.39* -.12 -.02 .41** .86*** .85*** .08 -.15 -.13 -.34* .10 .05 .47*** .98*** - 

Note. NS = Naming Speed; AT= Articulation Time (ms); PT = Pause Time (ms); FD = Fixation Duration (ms); SC = Saccade Count;  
RC = Regression Count; EVS = Eye-Voice Span; ROI = NS Tasks Regions of Interest. N = 68. * p < .05; ** p < .01; *** p < .001. 
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3.4.4 Predicting naming speed efficiency across development 

To determine which NS component and eye movement variable best predicted letter and 

object NS efficiency and how these relationships changed across development, stepwise 

regression analyses were performed separately for each group (Table 3.2). Separate models were 

run for (a) NS components (articulation time and pause time), and (b) eye movement variables 

(fixation duration, saccade count, regression count, initial EVS, overall EVS, ROI EVS). In each 

analysis, predictors were added if p < .05, and were dropped if p > .10. For the NS components, 

pause time significantly predicted letter and object NS efficiency in every age group, and the 

effect of articulation time grew from Grade 4 onwards. Whereas pause time became relatively 

less powerful with increasing age in predicting letter NS, it remained the stronger predictor at all 

ages for object NS. For the eye movement measures, saccade count and fixation duration both 

significantly predicted letter and object NS efficiency for all groups except Grade 4, with 

saccade count playing a larger role. In Grade 4, regression count was the sole significant 

predictor of both letter and object NS efficiency. This result may be due to minor variations in 

correlations or the limited sample size of this group. To test the pattern found in the other groups, 

saccade count and fixation duration were forced as predictors in each Grade 4 analysis. Similar 

to the findings of the stepwise regression analyses, both saccade count and fixation duration 

significantly predicted letter and object NS efficiency (R2= .79, p < .001 for letter NS efficiency 

and R2= .90, p < .001 for object NS efficiency), with saccade count playing a larger role (β = .85, 

p < .001 versus β = .41, p < .05 for letters, and β = 1.37, p < .001 versus β = 1.07, p < .001 for 

objects, respectively).  

 

 

73 

 



 

 

 

 

Table 3.2 

Stepwise Regression Analyses Predicting NS Efficiency. 

Letter NS Efficiency Object NS Efficiency 

Group Predictor  β R2 Group Predictor β R2 

A. NS Components 

Grade 2 Pause Time -.92*** .84*** Grade 2 Pause Time -.92*** .84*** 

Grade 4 Pause Time -.74*** 
.87** 

Grade 4 Pause Time -1.07*** 
.91** 

Articulation Time -.38** Articulation Time -.45*** 

Grade 7/8 Pause Time -.41*** 
.96*** 

Grade 7/8 Pause Time -.81*** 
.93*** 

Articulation Time -.62*** Articulation Time -.40*** 

Undergrads Pause Time -.39** 
.97** 

Undergrads Pause Time -.82*** 
.96*** 

Articulation Time -.61*** Articulation Time -.48*** 

B. Eye Movement Measures 

Grade 2 Saccade Count -.73*** 
.96*** 

Grade 2 Saccade Count -.74*** 
.97*** 

Fixation Duration -.44*** Fixation Duration -.59*** 

Grade 4 Regression Count -.81*** .66*** Grade 4 Regression Count -.84*** .70*** 

Grade 7/8 Saccade Count -.79*** 
.93*** 

Grade 7/8 Saccade Count -1.02*** 
.81*** 

Fixation Duration -.68*** Fixation Duration -.85*** 

Undergrads Saccade Count -.70*** 
.93*** 

Undergrads Saccade Count -1.16*** 
.89*** 

Fixation Duration -.55*** Fixation Duration -.70*** 

Note. NS = Naming Speed. Grade 2: N = 13; Grade 4: N = 14; Grade 7/8: N = 21; Undergraduate: N = 20. ** p < .01; 
*** p < .001. 
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3.5 Discussion 

The goal of this study was to elucidate developmental trends in performance during NS 

tasks in terms of naming efficiency and associated articulatory and eye movement parameters, 

including differences between alphanumeric and non-alphanumeric NS and the roles of 

phonological and orthographic processing. Across the stages of development assessed here, NS 

performance improved, associated with increased NS efficiency, shorter pause and articulation 

times, shorter fixation durations, and fewer saccades and regressions. EVS for the first stimulus 

of the task and in the task ROIs increased across development, although less robustly. Across 

development, participants were more efficient on the letter NS tasks than the object NS tasks.  

Both visual and phonological similarity influenced performance on NS tasks, indicating that both 

orthographic processing and, to a lesser extent, phonological processing underlie NS 

performance, with a declining effect of phonological similarity across development. Finally, 

multiple regression analyses revealed important contributions of pause time, articulation time, 

fixation duration, and saccade count to the prediction of NS efficiency, with a notable 

developmental decrease in the predictive power of pause time for letter NS efficiency 

accompanied by a developmental increase in the predictive power of articulation time. 

The robust increase in NS efficiency observed across development (Fig. 3.3A) reflects 

the substantial improvements in reading achievement that occur during typical development. NS 

has been characterized as a microcosm of reading, involving the same cognitive processes that 

underlie reading and requiring them to occur in an automated fashion (Wolf & Bowers, 1999).  

As such, NS has been found to be a strong predictor of reading ability (Arnell et al., 2009; Kirby 

et al., 2003). Thus, it is intuitive that as reading achievement improves across development, NS 

efficiency increases concurrently, likely linked to increased efficiency of the brain networks that 
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mediate the underlying cognitive processes of reading. As reading skill develops, there is an 

increase in activity of the left-hemisphere reading network, composed of temporoparietal, 

occipitotemporal, and frontal cortical regions (Turkeltaub, Gareau, Flowers, Zeffiro, & Eden, 

2003). Specifically, there is more activity in the occipitotemporal region, which mediates rapid 

automatic visual identification of words through orthographic processing (Norton & Wolf, 2012; 

Shaywitz et al., 2003). These changes in neurocircuitry reflect increased automaticity of the 

neural processes required for reading and likely facilitate the observed developmental 

improvements in NS.  

Articulation time is proposed to represent the efficiency with which participants can 

generate a verbal response once the stimulus has been identified (Georgiou et al., 2006; Hulme et 

al., 1999). Therefore, the decrease in articulation time across development (Fig. 3.3B) may partly 

reflect increased efficiency of the execution of motor commands, possibly related to higher 

automaticity of the pronunciation of familiar letter and object names with practice across the 

lifespan. Pause time is highly predictive of reading fluency and is argued to represent the time 

required for shifting of attention to the stimulus, registration of the stimulus, and reconstruction 

of orthographic representations and the retrieval of their associated phonological codes (Al 

Dahhan et al., 2017; Georgiou et al., 2008; Kirby et al., 2010; Neuhaus et al., 2001). As such, the 

decreases observed in pause time over the course of development (Fig. 3.3C) may reflect the 

increasing efficiency of these stages of cognitive processing, as required for the development of 

reading skill. However, the strength of this interpretation may be limited, because as EVS 

increases across development, pause time may not reflect these cognitive processes as clearly, 

since they are occurring earlier relative to the stimuli being articulated. This may be related to 
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the observed decrease in the predictive power of pause time for letter NS efficiency across 

development (Table 3.2).   

 Fixation duration is also a strong predictor of reading ability and is thought to reflect the 

amount of time needed to encode the visual information required for orthographic processing and 

stimulus recognition (Bowers & Newby-Clark, 2002; Rayner, 1997). Therefore, the 

developmental decrease in fixation duration (Fig. 3.3D) may represent improved efficiency of 

recognition of visual stimuli as reading skill develops. In contrast, visual information cannot be 

collected during saccades because the retina is in motion at high velocity (Olitsky & Nelson, 

2003; Rayner, 1997). Of note, the number of saccades made during the NS tasks in this study, 

even in the undergraduate group, often exceeded the minimum number required to move the 

gaze sequentially from one item to the next. This may be because participants struggled to 

effectively control their eye movements during rapid task performance, or alternatively, because 

they scanned the matrix of items during the task as a consequence of a failure to completely 

devote their attentional resources to efficient task completion. As such, the decline in saccade 

count observed across development (Fig. 3.3E) may reflect improvements in either of these 

oculomotor or attentional domains. Among the eye movement variables measured, saccade count 

was the strongest predictor of NS efficiency across development, indicating that oculomotor 

control and attention are likely very important in the development of reading. Regressions to 

previously named stimuli may reflect difficulties processing or comprehending visual stimuli, 

representing insufficient information acquisition from an initial fixation, or alternatively, may be 

the result of oculomotor errors that require hypermetric saccades to be corrected (Rayner, Chace, 

Slattery, & Ashby, 2006). Therefore, the decline in regression count (Fig. 3.3F) across 
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development may reflect improvements in cognitive efficiency or oculomotor control, consistent 

with the observed decreases in fixation duration and saccade count.  

Skilled oral readers are able to begin visually inspecting and preparing responses for 

upcoming items while finishing the articulation of a previous item. The increases in initial EVS 

(Fig. 3.4A) and ROI EVS (Fig. 3.4C) across development indicate that older readers were able to 

move further ahead in such preparation. However, the developmental increases in EVS were 

specific to initial and ROI EVS, and did not occur for overall EVS (Fig. 3.4B), indicating that 

while developmental changes in EVS are relatively small when considering the task as a whole, 

they are more pronounced at the beginning of the task and during phonologically or 

orthographically difficult parts of the task. Higher EVS may reflect greater automaticity of the 

underlying oculomotor, articulatory, and cognitive sub-processes of oral reading, as well as an 

improved ability to integrate and orchestrate these processes simultaneously (Fairbanks, 1937).  

The finding that the developmental increases in EVS observed in this study were not as strong 

and consistent as those observed for the other measures indicates that the latter factor may be the 

greater contributor to these EVS increases. In other words, while the underlying sub-processes of 

reading may be improving robustly across development, as evidenced by the developmental 

trends observed for their associated articulatory components and eye movement measures, the 

ability to synchronize and coordinate these processes across effectors may develop more slowly.  

In fact, this refinement of articulatory and oculomotor coordination may be so subtle and gradual 

that it may only become apparent when the underlying articulatory and oculomotor processes are 

challenged by increased task difficulty, as occurred in the ROIs of the NS tasks. However, as 

EVS constructs were only weakly correlated with NS efficiency for both letter and object NS 
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tasks, the individual refinement of these neural processes may be more important in the 

development of reading skill than the coordinating mechanisms that link them.  

Alternatively, the developmental trends observed in EVS may be a quantitative reflection 

of changes in the strategy with which participants approached the task. In particular, EVS may 

provide a tool to evaluate the extent to which participants attempt to employ prediction to 

improve their task performance. EVS is larger for more predictable passages of text (Levin, 

Grossman, Kaplan, & Yang, 1972; Levin & Kaplan, 1968), suggesting that longer EVS may 

represent readers looking ahead as they form and test predictions about upcoming words. Initial 

EVS was considerably higher than the two other EVS constructs, indicating that participants 

were looking further ahead at the beginning of the task than they were throughout the rest of the 

task. This could reflect an approach to task performance in which participants scanned through 

the first few stimuli as they were beginning the task to look for patterns that would improve their 

performance. Specifically, participants may have been scanning ahead to confirm whether the 

task was a letter NS task or an object NS task to generate constraints on their possible responses, 

facilitating the formation of predictions. Additionally, while participants were not explicitly told 

that there were different manipulations to the tasks, many older participants, particularly the 

undergraduate students, reported noticing that different combinations of stimuli were being 

presented in the various trials. Therefore, these participants may have also been scanning ahead 

to determine which task variation was being presented. Furthermore, participants could have 

been scanning ahead in an attempt to chunk the stimuli together in order to complete the task 

more quickly. The developmental increase in initial EVS and in the disparity between initial 

EVS and the other two EVS constructs suggests that older participants were relying more on 

prediction to guide their initial approach to the task. This may be because the older participants 
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had an improved ability to perceive the patterns in the subtle changes to stimulus composition 

between task variations and to determine the corresponding response constraints to generate their 

predictions. The developmental increase in ROI EVS indicates that older participants may have 

been using prediction to a greater extent to navigate the challenge of the phonologically and 

visually similar portions of the tasks. As a whole, these findings suggest that with age and 

improved reading ability, typically developing readers may be relying more on prediction to 

guide their reading. Based on this interpretation, EVS is more likely to be important and to show 

robust developmental changes in normal reading of passages of text where semantic context is 

also available to guide prediction, possibly explaining the weak developmental increases in EVS 

observed here. 

Alphanumeric letter NS performance was more efficient than non-alphanumeric object 

NS performance (Fig. 3.3A) and was associated with shorter articulations (Fig. 3.3B) and pauses 

(Fig. 3.3C), briefer fixations (Fig. 3.3D), fewer saccades (Fig. 3.3E) and regressions (Fig. 3.3F), 

and longer EVSs (Fig. 3.4), which are all indicators of improved NS task performance. More 

efficient performance on letter NS tasks may reflect participants’ greater daily exposure to and 

dependence on letters for reading, as well as the higher visual complexity, greater set size, and 

potentially ambiguous names of the stimuli on the object NS tasks, which may slow cognitive 

processing and impair performance on these tasks. In addition, the shorter articulation time 

observed for letter NS task is likely due to the lower number of phonemes in letter names as 

compared to object names. Furthermore, letter NS became progressively more efficient than 

object NS over the course of development (Fig. 3.3A), accompanied by more robust increases in 

overall and ROI EVS on letter NS tasks as compared to object NS tasks (Figs. 3.4B & 3.4C). 

This is consistent with previous findings that, while kindergarten students display no differences 
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in alphanumeric and non-alphanumeric NS, alphanumeric NS becomes more efficient than non-

alphanumeric NS by Grade 1 and continues to develop more rapidly beyond this point (Wolf et 

al., 1986). Interestingly, the developmental decline in pause time was greater for the object NS 

tasks than the letter NS tasks (Fig. 3.3C), which seems to be in conflict with the more rapid 

increase in efficiency observed for letter NS, as it suggests that the underlying cognitive 

processes required to recognize stimuli and prepare responses develop more rapidly for objects 

than for letters. However, this trend should be interpreted with caution because, as discussed 

previously, the relationship of pause time to these underlying cognitive processes may weaken 

over development as EVS increases. 

Increasing the phonological and visual similarity of the stimuli both impaired NS task 

performance, consistent with the proposed contributions of phonological processing (Torgesen et 

al., 1994; Torgesen et al., 1997) and orthographic processing (Bowers, 1995; Bowers & Wolf, 

1993) to the NS-reading relationship. However, performance was impaired to a greater extent by 

visual similarity, suggesting that orthographic processing is the main mediator of NS, as 

previously established (Al Dahhan et al., 2017; Compton, 2003). The effect of these 

manipulations decreased over development for letter NS, suggesting that the increased efficiency 

of the neural circuits underlying reading (Norton & Wolf, 2012; Shaywitz et al., 2003; 

Turkeltaub et al., 2013) may enable skilled readers to more effectively overcome phonological 

and orthographic challenges. There was a particular decline in the effect of phonological 

similarity over the course of development, with the phonologically similar manipulation of the 

letter NS task actually improving efficiency (Fig. 3.3A) and decreasing saccade count (Fig. 3.3E) 

in the undergraduate students, aligning with the shift from phonological processing-dependent 

phonetic reading to orthographic processing-dependent word-recognition reading across 
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development (Ehri & McCormick, 1998). Notably, while increased visual similarity increased 

articulation time, possibly reflecting residual cognitive processing after articulation onset that 

interferes with articulatory processes, increased phonological similarity decreased articulation 

time when combined with increased visual similarity or with object stimuli (Fig. 3.3B). This may 

reflect priming of the articulation of phonologically similar words, increasing the efficiency of 

the execution of speech motor commands, and alleviating the detrimental effects of increased 

visual similarity and non-alphanumeric stimuli.  

The findings of our study must be interpreted in the context of several limitations.  

Because our sample sizes for the Grade 2 and the Grade 4 groups were relatively smaller than the 

older groups, limited statistical power may have masked potentially significant effects of task 

manipulations in these younger groups. Furthermore, while it provides correlational evidence 

regarding the cognitive processes underlying NS, this study cannot establish causal relationships 

due to its cross-sectional nature, and did not include reading measures. Future longitudinal 

studies could evaluate these underlying cognitive skills in young participants through non-

alphanumeric tasks before reading instruction begins to determine the predictive ability of these 

skills in reading acquisition. 

3.6 Conclusion 

This study revealed key developmental trends in NS performance, associated articulatory 

components and eye movement measures, the effects of alphanumeric and non-alphanumeric 

stimuli, and the contributions of phonological and orthographic processing to NS performance in 

healthy individuals. These findings provide insight into how the cognitive, articulatory, and 

oculomotor processes required for NS and reading, as well as the mechanisms that synchronize 

and coordinate them, evolve over the course of development. This typical developmental 
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trajectory could be compared with atypical developmental trajectories assembled for various 

clinical populations that experience reading difficulties. Observation of which NS tasks, 

articulatory components, and eye movement measures on which these clinical populations 

perform differently than typical readers will elucidate the exact nature of the cognitive 

dysfunction that underlies the reading difficulties experienced by these individuals. This will 

facilitate the development of targeted diagnostic tools to allow for early identification and more 

effective educational interventions to improve the literacy skills and life outcomes of individuals 

with reading disabilities. 
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Chapter 4 

Eye movements and articulations during a letter naming speed task:  

Children with and without dyslexia  

This chapter has been published in its entirety, and can be cited as: 

Al Dahhan, N. Z., Kirby, J. R., Brien, D. C., & Munoz, D. P. (2017). Eye movements 

and articulations during a letter naming speed task: children with and without dyslexia. 

Journal of Learning Disabilities, 50, 275-285. 
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4.1 Abstract 

Naming speed (NS) refers to how quickly and accurately participants name a set of 

familiar stimuli (e.g., letters). NS is an established predictor of reading ability, but controversy 

remains over why it is related to reading. We used three techniques (stimulus manipulations to 

emphasize phonological and/or visual aspects, decomposition of NS times into pause and 

articulation components, and analysis of eye movements during task performance) with three 

groups of participants (children with dyslexia, ages 9-10; chronological-age [CA] controls, ages 

9-10; reading-level [RL] controls, ages 6-7) to examine NS and the NS-reading relationship. 

Results indicated (a) for all groups, increasing visual similarity of the letters decreased letter 

naming efficiency and increased naming errors, saccades, regressions, rapid eye movements back 

to letters already fixated,  pause times, and fixation durations; (b) children with dyslexia 

performed like RL controls and were less efficient, had longer articulation times, pause times, 

fixation durations, and made more errors and regressions than CA controls; and (c) pause time 

and fixation duration were the most powerful predictors of reading. We conclude that NS is 

related to reading via fixation durations and pause times: longer fixation durations and pause 

times reflect the greater amount of time needed to acquire visual/orthographic information from 

stimuli and prepare the correct response.   
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4.2 Introduction 

Despite decades of research conducted to explain the aetiology of reading disabilities, it 

remains unclear why some individuals develop dyslexia whereas others do not. Currently, the 

most established theory is the phonological deficit hypothesis which proposes that dyslexia is 

caused by a deficit in the consolidation and/or retrieval of phonological or sound based codes 

(Stanovich, 1988). A second factor that has accounted for variability in reading achievement is 

naming speed (NS) or rapid automatized naming (RAN; Kirby, Georgiou, Martinussen, & 

Parrila, 2010; Norton & Wolf, 2012). NS tasks measure how quickly and accurately participants 

can name highly familiar stimuli (e.g., letters) presented in a visual display. Performance on 

these tasks has been shown to be an independent source of variance in predicting concurrent and 

future reading ability in poor and developing readers (Compton, 2003; Georgiou, Parrila, 

Manolitsis, & Kirby, 2011; Neuhaus, Foorman, Francis, & Carlson, 2001).  

Despite the consensus that NS and reading are related it is still unclear how they are 

related, what specific cognitive processes are involved, or the nature of the difficulties faced by 

children with dyslexia (Kirby et al., 2010). We use three techniques with three groups of 

children, one group with dyslexia (ages 9-10) and two control groups – an age-matched (CA) 

control group and a reading-level (RL) matched control group (ages 6-7), to address three main 

research questions regarding the NS – reading relationship. First, we vary the stimulus 

composition of a letter NS task to emphasize either visual and/or phonological aspects 

(Compton, 2003) to allow the examination of orthographic and phonological processing. Second, 

we separate the total NS time into pause and articulation time components. Articulation time is 

the amount of time needed to name each letter, and represents participants’ automaticity of 

generating a response to name a stimulus once it has been recognized (Georgiou, Parrila & 
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Kirby, 2006; Hulme, Newton, Cowan, Stuart, & Brown, 1999). Pause time is the time interval 

between the articulation of two successive letters (Neuhaus et al., 2001), and measures the 

automaticity of recognizing stimuli, retrieving phonological codes from the lexical store, and 

shifting attention from one stimulus to the next (Kirby et al., 2010). Third, we use eye movement 

recording to study the cognitive processes involved in NS; for example, longer fixation durations 

would implicate weaker orthographic processing as the basis of the relationship, whereas an 

increased number of saccades could implicate difficulties in eye movement control under 

speeded conditions.  

4.2.1 Effect of stimulus manipulations 

Our first research question is whether NS performance is affected by increasing visual 

and/or phonological similarity of the letters in a visual array. This question stem from two main 

theories that have been proposed to explain the NS-reading relationship (Kirby et al., 2010). The 

first is that NS is fundamentally a phonological task because it assesses how rapidly participants 

can access phonological codes from their long-term memory (Torgesen, Wagner, & Rashotte, 

1994; Torgesen, Wagner, Rashotte, Burgess, & Hecht, 1997). The second view is that NS also 

assesses the automaticity of recognizing symbolic visual stimuli which contributes to the 

development of orthographic processing (Bowers & Newby-Clarke, 2002; Wolf, Bowers, & 

Biddle, 2000). If NS is related to reading via phonological processing then increasing the 

phonological difficulty of a letter NS task should negatively affect naming performance, and may 

strengthen the relationship between NS and reading. However, if orthographic processing plays a 

key role in the NS-reading relationship, then increasing the visual difficulty of a NS task should 

negatively affect naming performance and may strengthen the relationship between NS and 

reading.  
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To test the phonological and orthographic hypotheses, Compton (2003) adapted Denckla 

and Rudel’s (1976) letter NS task (original, or OR) which used the letters a, d, o, p, and s; 

Compton replaced o with q in the matrix to make the stimuli more visually similar (VS; because 

q is visually similar to d and p), replaced o with v to make them more phonologically similar 

(PS; because v rhymes with d and p) or replaced o with b to make them both more visually and 

phonologically similar (VPS; because b  is both visually similar and rhymes with d and p).  

Compton (2003) found that for first-grade children with and without dyslexia increasing 

visual similarity decreased both speed and accuracy more so than increasing phonological 

similarity (PS and VPS). This interpretation was supported by studies using other tasks (e.g., 

Jones, Obregon, Kelly, & Branigan, 2008). Based on these findings, we hypothesize that naming 

times will be adversely affected by visual rather than phonological similarity of the letters. We 

further hypothesize, based on the argument that pause times reflect recognition processes, that 

pause times rather than articulation times will be increased by visual similarity. Finally, because 

impaired performance for adults with dyslexia has been shown by increased fixation time and 

naming latency for target letters (Al Dahhan et al., 2014; Jones et al., 2008), we hypothesize that 

visual similarity will increase eye movement fixation times.  

4.2.2 Differences between children with and without dyslexia 

Our second research question is whether there are differences in behavior and eye 

movement performance between children with and without dyslexia. Longitudinal and cross-

sectional studies have found that both children and adults with dyslexia are slower to name 

stimuli presented in a visual array than participants without dyslexia, especially when 

alphanumeric stimuli such as letters are used (Wolf et al., 2000). Thus, we hypothesize that 

children with dyslexia will be slower and make more errors on the NS tasks compared to control 
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readers. Because differences in performance between average readers and individuals with 

dyslexia have been found to be due to longer pause times in the latter group (Obregon, 1994), we 

hypothesize that variability in performance, especially between individuals with  

dyslexia and CA controls, will be due to the longer pause times in dyslexia. 

Previous studies have shown that adults with dyslexia were slower compared to controls 

on NS tasks that increased either visual or phonological similarity of the letters (Jones et al., 

2008), and controls overall had shorter fixation durations, longer saccades, and fewer fixations 

and saccades compared to adults with dyslexia (Al Dahhan et al., 2014). We hypothesize that 

children with dyslexia will make longer and more fixations, shorter saccades, and more 

regressions than CA controls when performing NS tasks. 

4.2.3 Prediction of reading ability 

Our third research question addresses the extent to which the NS components and eye 

movement parameters are significant predictors of NS efficiency and reading ability. Because 

pause times have been generally found to be the greater component of NS times and more related 

to reading than articulation times (Georgiou et al., 2006; Lervåg & Hulme, 2009; Neuhaus et al., 

2001; Neuhaus & Swank, 2002), we hypothesize that both NS efficiency and reading ability will 

be more related to pause time than articulation time (Neuhaus et al., 2001; Neuhaus & Swank, 

2002). In terms of the eye movement parameters, we hypothesize that greater reading ability will 

be associated with shorter fixation duration, greater saccade length, and fewer regressions, all of 

which are indications of faster information processing (Olitsky & Nelson, 2003).  
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4.3 Methods  

4.3.1 Participants  

Three groups of 15 participants took part in this study: one group with dyslexia (11 

males, ages 8.1 - 10.9 years, mean age = 9.79 years, SD = .75) and two control groups – a 

chronological-age (CA) matched group (6 males, ages 8.1 - 10.9 years, mean age = 9.67 years, 

SD = .68), and a reading-level (RL) matched group (7 males, ages 6.9 - 7.9 years, mean age = 

7.34 years, SD = .34). Participants were recruited from the greater Kingston, Canada, community 

and legal guardians provided informed consent prior to testing.  

Participants with dyslexia were initially recruited based on a legal guardian’s report that 

the child had a formal diagnosis of dyslexia from a qualified professional or the legal guardian’s 

opinion that the child had serious reading problems. Status as a participant with dyslexia was 

confirmed with the Woodcock Word Identification test (Woodcock, 1998). Children who scored 

below 27 were classified as having dyslexia; a score of 27 corresponds to a reading age of 6 

years; 11 months, therefore the youngest child in the dyslexia group (age 8 years; 1 month) was 

at least 14 months behind after 2 years of formal reading instruction. Children in this same age 

group who scored above 30 were classified as CA controls. Younger children with scores in the 

same range as those with dyslexia were classified as RL controls. Therefore, the three groups 

were formed based on raw scores on the Woodcock Word Identification test so that the CA group 

had the same age as the dyslexic group but higher reading ability, and the RL group had the same 

reading ability as the dyslexic group but younger age (Fig. 4.1A).  
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Figure 4.1. A. Participants' age and word reading ability. Reading ability was based on the 
Woodcock Reading Mastery Test - Revised Form G, Word Identification Subtest. B. Naming 
Speed Task Stimuli. The Original NS Task was developed by Denckla & Rudel (1976). The 
Phonologically Similar (PS), Visually Similar (VS), and Visually and Phonologically Similar 
Task (VPS) were developed by Compton (2003). C. Example of data recorded during 
performance of an original letter naming speed task by a chronological-age matched control 
participant. Note. CA = Chronological-age Matched Controls; RL = Reading-level Matched 
Controls. 
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4.3.2 Reading and cognitive measures 

Letter naming speed. Four versions (2 trials/version) of a letter NS task were  

administered in counterbalanced order on a computer screen (Fig. 4.1B): the original (OR) task 

developed by Denckla and Rudel (1976) with the letter matrix composed of a, d, o, p, s, and 

three adaptations to this task developed by Compton (2003) – tasks with (a) increased visual 

similarity (VS: o replaced with q), (b) increased phonological similarity (PS: o replaced with v) 

or (c) both increased visual and phonological similarity (VPS: o replaced with b). Each NS task 

presented 50 letters simultaneously with ten repetitions of the five letters arranged semi-

randomly in five rows of ten letters each. Participants were instructed to name all the letters 

aloud as quickly and accurately as possible from left to right and top to bottom, and their 

articulations and eye movements were recorded. Prior to the presentation of the tasks, two 

practice trials were administered. In the first practice trial participants were asked to name the 

eight letters that were going to be used (i.e., a, d, b, p, s, q, o, v) to assess their familiarity with 

the letter names. In the second practice trial, a NS task consisting of 20 letters in four rows with a 

random assortment of the eight letters was administered to ensure adequate familiarity with the 

letters and an understanding with the requirements of the task. Participants' efficiency scores on 

these tasks were defined as the number of letters named correctly divided by the total naming 

time. Average scores on the two trials for each task were calculated to compute a single score.  

Reading and decoding ability. Reading ability was assessed with three tasks: Word 

Identification, Sight Word Efficiency, and WordChains. In Word Identification (Woodcock, 

1998) participants were asked to read aloud up to 106 words that increased in difficulty until they 

either attempted all the words or made six consecutive errors. Participants’ scores were the 

number of words read correctly. In Sight Word Efficiency (Wagner, Torgesen, & Rashotte, 1999) 
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participants were shown a list of 104 words presented in four columns of 26 words each that 

increased in difficulty and were asked to read the words aloud as quickly as possible. 

Participants’ scores were the number of words read correctly within the 45-s time limit. In 

WordChains, participants were asked to identify words that were presented as a continuous line 

of print without inter-word spaces by inserting a slash between the words (e.g., boygomeet → 

boy/go/meet). The test, which is intended to measure silent word reading and orthographic 

processing, included 17 rows of words increasing in length from two words to seven words. 

Participants’ scores were the number of correctly placed slashes minus the number of errors and  

slashes omitted (up to the last inserted slash) within the one minute time limit.   

Participants’ decoding ability was assessed with two measures: Phonemic Decoding 

Efficiency and Word Attack. In Phonemic Decoding Efficiency (Wagner et al., 1999) children 

were asked to read as fast as possible a list of 63 pseudowords that increased in difficulty. 

Participants’ scores were the number of pseudowords read correctly within the 45-s time limit. In 

Word Attack (Woodcock, 1998) children were asked to read aloud 45 pseudowords that 

increased in difficulty until they either attempted all the words or made six consecutive errors. 

Participants’ scores were the number of pseudowords read correctly.  

General mental ability. Nonverbal ability was assessed with the Matrix Reasoning 

subtest of the Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999). Thirty-five 

incomplete visual patterns each with five possible pieces to complete the patterns were shown to 

participants one at a time. Participants were asked to point to the piece that would best complete 

the pattern. Participants were either scored 1 for a correct answer, or 0 for an incorrect answer. 

Both raw scores and T scores were recorded, the latter being age-standardized scores (mean = 50, 

SD = 10) as defined in the test manual.  
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4.3.3 Procedure 

Testing was conducted at an eye tracking center and was divided into two sessions each 

lasting approximately 30 minutes. In the first session the reading and nonverbal ability tests were 

administered. In the second session the four NS tasks with two trials/task were administered in 

counterbalanced order, while eye movements and articulations were recorded. Upon completion 

of the study, participants’ legal guardians received $20 compensation for their time. 

4.3.4 Eye tracking and visual display 

Eye position was recorded using the Eyelink 1000 head-free eye tracking system (SR 

Research Ltd, Mississauga, ON). The 17" LCD monitor and mounted infrared camera were 

placed 60 cm, the optimal camera-eye distance, from the right eye. All recordings and 

calibrations were done monocularly based on the right eye; viewing of the display was binocular. 

The position of the right pupil was digitized in both the vertical and the horizontal axes at a 

sampling rate of 500Hz. Eye position was first calibrated using nine randomly presented target 

locations on the screen (eight around the periphery and one central). The targets were flashed 

sequentially around the screen and the participant fixated on each one. After calibration, the 

process was repeated one more time to validate that the average error between fixation and target 

was <2o and that no loss of eye tracking occurred.  

For the NS tasks, each trial started with illumination of a central fixation point (FP) for 

800ms. The FP then disappeared and the array of letters were presented in black print (Century 

Gothic font, size 28) on a white background, with a 3o viewing distance between each letter and 

1.9⁰ viewing distance between each row. The horizontal and vertical dimensions of the letter 

stimulus array were .67⁰ and .85⁰, respectively. Participants were requested to remain as still as 

possible while they named the letters on the screen. Vocal responses were recorded by a 

98 

 



 

microphone attached to the infrared camera of the eye tracker. After naming the last letter on the 

visual array participants were told that the next NS task will be presented. No feedback was 

given on performance. A break was provided after every two NS trials.   

4.3.5 Data manipulation 

Eye movements and articulations were marked and analyzed using custom software 

developed in MatLab (Version R2011a; MathWorks Inc., Natick, MA, USA). Eye position and 

articulations were digitized from the start to end of each trial. Fixation duration was defined as 

the average duration (in milliseconds) of all fixations in the trial. The onset and termination of 

saccades were determined by using the velocity (30⁰/sec), and acceleration (8000⁰/sec2) 

threshold criteria. Regressions were defined as leftward saccades that were within 30⁰ of visual 

angle in the horizontal and were less than 10⁰ in amplitude (so as to omit blinks and eye 

movements to the next line). Eye tracking data associated with skips or naming errors were 

removed manually from the data analyses. An example of the eye tracking data from a CA 

participant is shown in Figure 4.1C. 

 The sound files containing the letter naming responses for each participant were analyzed 

using custom software developed in MatLab (Version R2011a; MathWorks Inc., Natick, MA, 

USA). Data extraction was completed using procedures described previously (Georgiou et al. 

2006). Before estimating the means for NS pause and articulation times, four types of 

incorrections were removed from the data. First, if there was an incorrect articulation, then the 

preceding pause time, the incorrect articulation, and the following pause time were removed. 

Second, if there was a self-correction, then everything between the two correct articulations were 

removed. Third, if a stimulus was skipped then the pause time between the two correct 

articulations and the articulation time that followed the skip were removed. Fourth, if off-task 
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behavior (e.g., coughing, self-encouragement) was observed between two articulations, the 

specific pause time was removed. Therefore, articulation time was the mean of those articulation 

times that were correctly verbalized and were not preceded by a skipped stimulus. Pause time 

was the mean of the pause times between two correctly articulated stimuli.  

4.4 Results 

First we validated group differences on measures of reading and cognitive ability then 

examined group and task differences in (a) naming speed efficiency and errors, (b) naming speed 

components, and (c) eye movements. We then combined the three groups and collapse measures 

of components and eye movements across tasks to examine predictors of reading achievement. 

4.4.1 Performance on reading and cognitive measures 

Means and standard deviations for the reading and nonverbal ability measures are 

presented in Table 4.1. To simplify subsequent analyses, an overall reading ability measure was 

formed by conducting a principal axis factor analysis on the five reading and decoding measures. 

This analysis yielded one factor, accounting for 80.6% of the variance; each of the measures 

loaded .80 or higher. Regression factor scores for this factor, identified as overall reading ability, 

were used in subsequent analyses. One-way ANOVAs with Bonferroni post hoc comparisons 

indicated that the groups differed on overall reading ability, F(2,44) = 69.83, p < .001, effect size 

(ES) = .77, with the CA controls obtaining higher scores than the RL controls and children with 

dyslexia (p < .05). The groups differed on Matrix Reasoning raw scores, F(2,44) = 5.59, p < .01, 

ES = .21, the only significant difference being between the two control groups (p < .05), but not 

on Matrix Reasoning T scores, (p > .05), indicating that the three groups were of comparable 

mental ability for their ages. 
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Table 4.1 

Descriptive Statistics of Dyslexic and Control Groups on Reading and Cognitive Measures. 

  
Variable 

CA Controls                          
(n = 15) 

 RL Controls                                       
(n = 15) 

 Dyslexics  
(n = 15) 

M  SD   M  SD   M  SD  
Word Identification  39.87  6.35   17.53  4.98   18.40  3.40  
Sight Word Efficiency  67.93  10.44   28.47  14.74   38.73  15.55  

WordChains  31.54  6.78   .31  11.52   7.43  14.26  

Phonemic Decoding Efficiency   38.00  12.78   15.80  8.42   18.07  7.41  

Word Attack  25.67  2.72   8.13  3.54   15.13  6.09  

Matrix Reasoning  40.60  7.57   28.33  4.70   33.87  6.74  

Matrix Reasoning T Score  51.93  11.31   54.13  8.52   48.33  9.01  

Note. CA = Chronological-age Matched Controls; RL = Reading-level Matched Controls.          
* p < .05; ** p < .001.  

4.4.2 Naming speed efficiency and naming errors 

Two two-way repeated measures ANOVAs were used to examine the effects of task (the 

four NS tasks) and group (CA controls, RL controls, and Dyslexics) on efficiency and errors. For 

NS efficiency (Fig. 4.2A), there were significant effects of group, F(2, 42) = 9.64, p < .001,        

d = .32, and task, F(3, 126) = 57.90, p < .001, d = .58, but no significant interaction, F(6, 126) = 

.88, p = .51, d = .04. The group effect was examined with Bonferroni post hoc tests using the 

averaged z-scores of the four tasks. CA controls were significantly more efficient than the RL 

controls and dyslexics (p < .01), and these latter two groups were not significantly different (p > 

.05). To examine the task effect, paired-samples t-tests showed that the OR and PS tasks did not 

differ, t (44) =1.92, p > .05, r = .88, and neither did the VS and VPS tasks, t(44) =.58, p > .05,     

r = .80. A further paired samples t-test showed that the combined OR and PS efficiency scores 

were higher than the combined VS and VPS efficiency scores, t(44) = 12.85, p < .001, r = .92, 

indicating that NS efficiency is more a function of the visual similarity of the letters than of their 
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phonological similarity. It should be noted that OR and PS have the same level of visual 

similarity (low), whereas VS and VPS share high visual similarity (high). 

For NS errors (Fig. 4.2B), there were significant effects for group, F(2, 42) = 5.69, p = 

.01, d = .21, task, F(3, 126) = 20.90, p < .001, d = .33, and the group x task interaction, F(6, 126) 

= 2.40, p = .03, d = .10. Bonferroni t-tests on the averaged z-scores of the four tasks indicated 

that the group effect was due to the CA controls making significantly fewer errors than the RL 

controls (p < .01), and there was no significant difference between dyslexics and CA and RL 

controls (p > .05). With respect to the task effect, paired-samples t-tests indicated that the OR 

and PS tasks did not differ, t(44) =.64, p > .05, r = .57, and neither did the VS and VPS tasks, 

t(44) =.45, p > .05, r = .66. The combined OR and PS error scores were lower than the combined 

VS and VPS error scores, t(44) = 6.76, p < .001, r = .68, indicating that the task effect is a 

function of the visual similarity of the letters and not of their phonological similarity. With 

respect to the interaction (Fig. 4.2B), dyslexics were similar to the CA controls on the OR-PS 

score (p > .05) but made fewer errors than the RL controls (p < .05), whereas they were similar 

to the RL controls on the VS-VPS score (p > .05) but made more errors than the CA controls (p 

< .05). Thus the children with dyslexia performed particularly poorly on the more visually 

similar tasks. 
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Figure 4.2. Effect of task version on NS performance and NS components in three groups. 
A. Efficiency score on the NS tasks. B. Errors in naming. C. Average articulation time per trial. 
D. Average pause time per trial. Note. CA = Chronological-age Matched Controls; RL = 
Reading-level Matched Controls; OR = Original NS task; PS = Phonologically Similar NS task; 
VS = Visually Similar NS task; VPS = Visually & Phonologically Similar NS task. Standard 
errors are shown.  

4.4.3 Naming speed components 

Two-way repeated measures ANOVAs were used to examine the effects of task and 

group on articulation and pause times. For articulation time (Fig. 4.2C) there was a significant 

main effect for group, F(2, 42) = 4.27, p = .02, d = .17, but no significant task effect, F(3, 126) = 

1.68, p = .18, d = .04, or interaction effect, F(6, 126) = 1.90, p = .09, d = .08. Bonferroni 

comparisons for the group effect using the averaged z-scores of the four tasks showed that CA 

controls had shorter articulation times than the RL controls (p < .05), and there was no 

significant difference between the dyslexics and either control group (p > .05).  
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For pause time (Fig. 4.2D), there were significant effects of group, F(2, 42) = 5.19, p < 

.01, d = .20, and task, F(3, 126) = 4.23, p = .01, d = .09, but no significant interaction effect, F(6, 

126) = .99, p = .43, d = .05. Bonferroni comparisons on the averaged z-scores of the four tasks 

indicated that CA controls had shorter pause times than the RL controls and dyslexics (p < .05), 

with no significant difference between dyslexics and RL controls (p > .05). With respect to the 

task effect, paired-samples t-tests demonstrated that the OR and PS task pause times did not 

differ, t (44) =.04, p > .05, r = .88, and neither did the VS and VPS pause times, t(44) =.37, p > 

.05, r = .78. The combined OR and PS pause times were shorter than the combined VS and VPS 

pause times, t(44) = 3.50, p < .001, r = .91, indicating that it is visual similarity and not 

phonological similarity that increases participants’ pause times. 

4.4.4 Eye movement measures 

Two-way ANOVAs with repeated measures were used to examine the task and group 

effects on fixation duration, saccade count, and regression count. For fixation duration (Fig. 

4.3A), there were significant main effects for group, F(2, 42) = 6.02, p < .01, d = .22, and task, 

F(3, 126) = 8.42, p < .001, d = .17, but no significant interaction effect, F(6, 126) = .69, p = .66, 

d = .03. Bonferroni post hoc tests comparing the z-scores averaged across the four tasks indicated 

that CA controls had shorter fixation durations than RL controls (p < .01), with no significant 

difference between the dyslexics and either control group (p > .05). For the task effect, paired-

samples t-tests showed that all the tasks were significantly different from one another (p < .05) 

except for the PS-VPS tasks and the VS-VPS tasks (p > .05). A further paired-samples t-test  

showed that the combined PS and VPS fixation durations were shorter than the combined VS 

and VPS fixation durations, t(44) = 2.24, p < .05, r = .95, indicating that it is the visual similarity 

of the letters that increases fixation duration.  
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Figure 4.3. Effect of task version on eye movement measures in three groups. A. Average 
fixation duration. B. Saccade count. C. Regression count. Note. CA = Chronological-age 
Matched Controls; RL = Reading-level Matched Controls; OR = Original NS task; PS = 
Phonologically Similar NS task; VS = Visually Similar NS task; VPS = Visually & 
Phonologically Similar NS task. Standard errors are shown. 
 

For saccade count (Fig. 4.3B) there were significant effects for group, F(2, 42) = 3.67,     

p = .03, d = .15, and task, F(3, 126) = 6.94, p < .001, d = .14, but no significant interaction, F(6, 

126) = 1.17, p = .33, d = .05. Bonferroni post hoc tests indicated that CA controls made 

significantly fewer saccades than dyslexics (p < .05), but not fewer than the RL controls (p > 

.05), and dyslexics did not make significantly more saccades than RL controls (p > .05). 

Regarding the task effect, paired samples t-tests showed that the OR and PS tasks did not differ, 

t(44) = .208, p > .05, r = .60, and neither did VS and VPS, t(44) =.760, p > .05, r = .47. Fewer 

saccades were made in the combined OR and PS tasks than in the combined VS and VPS tasks, 

t(44) = 4.80, p < .001, r = .76, indicating that increasing visual similarity of the letters in the 

matrix increased the number of saccades.  

For regression count (Fig. 4.3C) there were significant effects for group, F(2, 42) = 4.43, 

p = .02, d = .17, and task, F(3, 126) = 13.77, p < .001, d = .25, but no significant interaction, F(6, 

126) = 1.58, p = .16, d = .07. Bonferroni comparisons showed that children with dyslexia made 

more regressions than CA controls (p < .05) but not more than RL controls (p > .05). Paired 
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samples t-tests were conducted to analyze the task effect and indicated that the OR and PS tasks 

did not differ, t(44) =.76, p > .05, r = .71, and neither did VS and VPS, t(44) =.80, p > .05, r = 

.74. Fewer regressions were made in the combined OR and PS tasks than in the combined VS 

and VPS tasks, t(44) = 5.82, p < .001, r = .84, indicating that it is visual similarity and not 

phonological similarity that increases number of regressions.  

4.4.5 Relationships among measures and regression analyses 

Our final set of exploratory analyses examined which of the naming speed component 

and eye movement variables best accounted for variance in NS efficiency and reading ability. 

We combined the three groups and averaged z-scores for each of the predictors across the four 

NS tasks. Combining groups that were selected to be different has risks, but we thought it 

worthwhile to explore these cross-group relationships to guide future research; we acknowledge 

this as a limitation. Before averaging the z-scores, we checked that the measures of each 

construct were highly correlated with each other; all of the following correlations were 

significant at the p <.01 level. The correlations between NS efficiency scores ranged from .80 to 

.88; for articulation times from .62 to .88, and for pause times from .77 to .88; those for fixation 

duration from .80 to .88, for saccade count from .44 to .69, and for regression count from .71 to 

.75. 

Table 4.2 shows the correlations between the main measures. Matrix Reasoning was 

positively correlated with overall reading ability (p < .01), but not with any of the other variables 

(ps > .05). Reading ability was correlated with NS efficiency, both NS components, and fixation 

duration (p < .05). NS efficiency was correlated with articulation time, fixation duration, and 

regression count (p < .05), and with pause time and saccade count (p < .01). Hierarchical 

regression analyses were conducted to investigate how the NS components and eye movement 
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variables predicted NS efficiency and reading; results are shown in Table 4.3. Because of the 

relatively small number of participants, as few predictors as possible were employed in each 

model. Matrix Reasoning was entered in the first step, to control for general ability. In the 

second step, either NS components (articulation time and pause time; step 2) or eye movement 

variables (fixation duration, saccade count, and regression count; step 2a) were entered together. 

The third model (2b in the table) used the better component predictor (pause time) and the best 

eye movement predictor (fixation duration).  

Table 4.2 
Correlations between Measures.  
   1.  2.  3.  4.  5.  6.  7.  8.  9.  10.  

1. Matrix Reasoning -                             

2. Reading Ability  .53**  -                          

3. NS Efficiency  .14  .41**  -                       

4. Articulation Time  -.23  -.31*  -.68**  .33*  -                 

5. Pause Time  .04  -.31*  -.80**  .23  .57**  -              

6. Fixation Duration -.09  -.39**  -.70**  .41**  .67**  .67**  -           

7. Saccade Count .02  -.13  -.49**  .17  .23  .50**  -.05  -        

8. Regression Count .06  -.16  -.62**  .37*  .33*  .54**  .08  .81**  -     

Note. NS = Naming Speed. N = 45. * p < .05; ** p < .01.  
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General mental ability accounted for only 2% of the variance in NS efficiency. The NS 

components added a further 71% and the eye movement variables 83%. For the NS components, 

both articulation time and pause time predicted NS efficiency significantly, but pause times 

played a larger role (β = .63) than articulation time (β = .31). The eye movement variables also 

predicted NS efficiency significantly, with fixation duration playing the largest role (β = .67). 

Table 4.3 
Summary of Hierarchical Regression Analyses Predicting Naming Speed Efficiency and Overall 
Reading Ability.  

 NS Efficiency  Overall Reading Ability 
Step,  
 predictor  

ΔR2  β  t  p   ΔR2  β  t  p  

1. Matrix Reasoning  .02  .14  .90  .38   .28***  .53  4.08  .001  

2. NS Components  .71***      .11*     

       Articulation Time   -.31**  2.95  .01    .01  .08  .94  

       Pause Time   -.63 *** 6.21  .001    -.34*  2.21  .03  

2a. Eye Movements  .83***     .15*     

       Fixation Duration  -.67 *** 10.53  .001    -.34 ** 2.79  .01  

       Saccade Count   -.18  1.70  .10    -.07  .35  .73  

       Regression Count   -.43 *** 3.96  .001    -.10  .49  .63  

2b.  .69***      .14*     

       Pause Time   -.62 *** 5.40  .001    -.17  1.06  .29  

       Fixation Duration   -.28 * 2.45  .02    -.23  1.42  .16  

Note. NS = Naming Speed. β coefficients are from the step at which the predictor entered the 
model. * p < .05; ** p < .01, *** p < .001.  
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The third analysis in Table 4.3 shows that pause time and fixation duration each accounted for a 

significant proportion of the variance in NS efficiency, with pause time playing the larger role, β 

= .62, p < .001 vs. β = .28, p = .02.   

The second set of regression analyses used the same set of predictors but with reading 

ability as the outcome. Matrix Reasoning accounted for 28% of the variance in overall reading 

ability (Table 4.3). We note that age was not included as a predictor because Matrix Reasoning 

scores are related to age and we wanted to minimize the number of predictors in the models. NS 

components and the eye movement variables added a further 11 to 15% of the variance, 

respectively. Only pause time and fixation duration predicted overall reading ability 

significantly. Pause time and fixation duration together added 14% of the variance to that 

accounted for by Matrix Reasoning; neither had a significant unique effect on reading ability,    

ps > .16, indicating that it is the variance shared between pause time and fixation duration that is 

critical for predicting reading. 

4.5 Discussion 

The aim of this study was to use stimulus manipulations, NS components, and eye 

movement methodology to determine: (a) whether NS performance, NS components, and eye 

movements are affected by increasing visual and/or phonological similarity of the letters in a 

visual array; (b) whether there are differences in behavior and eye movement performance 

between children with and without dyslexia; and (c) the extent to which the NS components and 

eye movement parameters are significant predictors of NS efficiency and reading ability. The 

results indicate that pause time and fixation duration are key features in the NS-reading 

relationship, and increasing visual similarity of the letter matrix had the greatest effect on 
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performance. The discussion focuses on three questions: (1) what determines NS? (2) what 

distinguishes children with dyslexia from controls? and (3) what predicts reading ability. 

4.5.1 What determines NS? 

As hypothesized, increasing visual similarity of the letter matrix significantly affected NS 

performance (Fig. 4.2A, B). This indicates that the ability to encode the visual forms of letters 

influenced NS performance, and supports the argument of Bowers, Golden, Kennedy, and Young 

(1994) that rapidly accessing the visual forms of letters is the key determiner of NS performance. 

Furthermore, NS efficiency was associated with pause time and fixation duration; both index the 

amount of time needed to encode the stimuli (Kirby et al., 2010). Slower encoding would lead to 

less fluent naming performance, as is shown by the significant negative correlations between 

both pause time and fixation duration and NS efficiency (Table 4.2).  

Both articulation time and pause time had significant effects in predicting NS efficiency 

after controlling for general mental ability, but as hypothesized, pause time was substantially 

stronger (Table 4.3). Furthermore, the eye movement variables, with fixation duration being the 

strongest predictor, accounted for 83% of the variance in NS efficiency (Table 4.3). However, 

when both pause time and fixation duration were used as predictors of NS efficiency, pause time 

was a stronger predictor than fixation duration, indicating that pause time plays the largest role in 

predicting NS performance (Table 4.3). The effects of visual similarity, pause time, and fixation 

duration are consistent with the interpretation that NS performance is essentially due to the 

difficulty of encoding each stimulus (Kirby et al., 2010). 

4.5.2 What distinguishes children with dyslexia from controls? 

Children with dyslexia performed more like RL controls and were less efficient, had 

longer articulation times, pause times, and fixation durations, and made more errors, saccades, 
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and regressions than CA controls. The longer fixations and pause times found for children with 

dyslexia indicates that they may have had weaker orthographic processing compared to CA 

controls, which implies that their recognition of symbolic visual stimuli was not fully automated 

and so longer fixations and pause times were required to encode and process each stimulus 

(Bowers & Newby-Clark, 2002; Kirby et al., 2010). We argue that the speeded conditions of this 

task coupled with the visual similarities between letters made it more difficult for children to 

accurately access the letter representations from lexical stores. 

Shorter fixation durations were associated with increased NS efficiency. Thus less fluent 

naming may also be due to a dispersed allocation of visual attention which leads to a reduced 

ability to discriminate a fixated letter from its surrounding information (Whitney & Cornelissen, 

2005). The perceptual analysis of target letters in dyslexia may be disrupted because less 

attention is devoted to processing the target letter. This is consistent with evidence that 

individuals with dyslexia have a more parallel distribution of attention in their visual field 

compared to controls, leading to a broader and weaker distribution of attention across their visual 

field (Geiger, Lettvin, & Fahler, 1994; Lorusso et al., 2004).  

However, more research needs to be conducted to determine if this parallel distribution of 

attention is driving the difference in NS performance and performance between children with 

dyslexia and CA controls. The multiple processes that are required during NS tasks may be more 

laborious in dyslexia and poor performance may reflect this difficulty to perform processes 

simultaneously (Nicolson & Fawcett, 1990). Also, if individuals with dyslexia have not 

automatized the rapid activation and integration of visual stimuli and phonological codes, then 

NS tasks may tax limited executive processes to a greater extent than controls who have already 

automatized them (Wolf & Bowers, 1999). 
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4.5.3 What predicts reading ability? 

Pause time and not articulation time made a significant contribution to reading ability 

(Table 4.3), consistent with previous research (Georgiou et al., 2006; Lervåg & Hulme, 2009; 

Neuhaus et al., 2001; Neuhaus & Swank, 2002). This may be due to the speed of processing 

demands associated with retrieving letter knowledge or orthographic processing (Neuhaus et al., 

2001). Fixation duration was the only eye movement variable that was correlated significantly 

with overall reading ability (Table 4.2), the only one to predict reading ability after controlling 

for general mental ability (Table 4.3), and its covariation with pause time was significantly 

associated with reading ability (Table 4.3). The pause time and fixation duration findings suggest 

that the amount of time needed to acquire or encode stimuli is the most important factor in 

predicting reading ability and thus in understanding the NS-reading relationship. 

4.6 Conclusion 

These findings add to a growing number of studies that have examined the underlying 

cognitive processes involved in the NS-reading relationship. We conclude first that NS is related 

to reading via pause times and fixation durations, both of which reflect the amount of time 

needed to encode visual/orthographic information from stimuli. Slower orthographic encoding 

may be due to a combination of factors: less efficient visual encoding, distributed attention, and 

poor eye movement control. Poor eye movement control is also implicated to our second 

conclusion, that children with dyslexia make an increased number of saccades and regressions in 

the NS task. These findings need to be validated and extended in future studies using larger 

samples and with additional matching variables. 
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Chapter 5 

Eye movements of university students with and without reading difficulties 

during naming speed tasks 

This chapter has been published in its entirety, and can be cited as: 

Al Dahhan, N. Z., Georgiou, G. K., Hung, R., Munoz, D. P., Parrila, R., & Kirby, J. R. 

(2014). Eye movements of university students with and without reading difficulties 

during naming speed tasks. Annals of Dyslexia, 64, 137-150. 
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5.1 Abstract 

Although naming speed (NS) has been shown to predict reading into adulthood and 

differentiate between adult dyslexics and controls, the question remains why NS is related to 

reading. To address this question, eye movement methodology was combined with three letter 

NS tasks (the original letter NS task by Denckla & Rudel, 1974, and two more developed by 

Compton, 2003, with increased phonological or visual similarity of the letters). Twenty 

undergraduate students with reading difficulties (RD) and 27 without (NRD) were tested on 

letter NS tasks (eye movements were recorded during the NS tasks), phonological processing, 

and reading fluency. The results indicated first that the RD group was slower than the NRD 

group on all NS tasks with no differences between the NS tasks. In addition, the NRD group had 

shorter fixation durations, longer saccades, and fewer saccades and fixations than the RD group. 

Fixation duration and fixation count were significant predictors of reading fluency even after 

controlling for phonological processing measures. Taken together, these findings suggest that the 

NS-reading relationship is due to two factors: less able readers require more time to acquire 

stimulus information during fixation and they make more saccades.    
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5.2 Introduction 

Although phonological awareness deficits are known to be the core of reading failure 

(Bradley & Bryant, 1983; Stanovich, 1992; Vellutino, Fletcher, Snowling, & Scanlon, 2004), 

some researchers have argued that naming speed (NS) is a second core deficit in dyslexia (Kirby, 

Georgiou, Martinussen, & Parrila, 2010; Wolf & Bowers, 1999). NS is measured by the Rapid 

Automatized Naming (RAN) tasks which were initially developed by Denckla and Rudel (1974) 

and ask participants to name as quickly as possible a set of highly familiar visual stimuli such as 

objects, colors, letters, or digits that are displayed in an array, often of 50 items arranged in five 

rows of ten.  

Extensive developmental behavioral studies have shown that NS is a strong predictor of 

both concurrent and future reading ability in different languages, surviving the statistical control 

of other known predictors such as general cognitive ability, letter knowledge, phonological 

awareness, short-term memory, and orthographic knowledge (Bowey, McGuigan, & Ruschena, 

2005; de Jong & van der Leij, 1999; Kirby, Parrila & Pfeiffer, 2003; Lepola, Poskiparta, 

Laakkonen, & Niemi, 2005; Georgiou, Parrila, & Liao, 2008; Lervåg, Bråten, & Hulme, 2009; 

Manis, Doi, & Bhadha, 2000; Parrila, Kirby, & McQuarrie, 2004). Conversely, NS deficits are a 

characteristic of reading difficulty from the early stages of reading (Kirby et al., 2003; Wolf, 

Bally, & Morris, 1986) to adulthood (Felton, Naylor, & Wood, 1990; Parrila, Georgiou, & 

Corkett, 2007). Despite the acknowledged importance of NS in predicting reading, it remains 

unclear why NS is related to reading or what specific cognitive processes are involved in NS 

(Arnell, Joanisse, Klein, Busseri, & Tannock, 2009; Kirby et al., 2010; Wile & Borowsky, 2004). 

In this study, we combined two methods to examine the nature of the NS-reading 

relationship. First, we manipulated the composition of the letter naming task by increasing the 
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phonological or visual similarity of the items, to determine whether either component has a 

greater effect on NS total time and its relation to reading. Second, we used eye tracking 

methodology to record online processing during the NS tasks and to determine which parameters 

(e.g., number and duration of fixations and saccades) are most related to NS performance time 

and reading ability.  

The manipulation of the composition of letter naming is directly related to the prominent 

explanations of the NS-reading relationship. According to Torgesen, Wagner, and colleagues 

(e.g., Torgesen, Wagner, & Rashotte, 1994; Torgesen, Wagner, Rashotte, Burgess, & Hecht, 

1997; Wagner & Torgesen, 1987), NS is fundamentally a phonological processing measure and 

is related to reading because it involves quick access to and retrieval of phonological codes from 

long-term memory. If this is the case, then increasing the phonological difficulty of the NS task 

by including phonologically similar items (i.e., b, v) should increase the NS times and strengthen 

the relationship between NS and reading (Compton, 2003). In turn, Bowers and Wolf (1993) 

emphasized the extra-phonological features of NS and argued that NS assesses the automaticity 

of recognizing symbolic stimuli, which, in turn, contributes to the development of orthographic 

processing. If this is the case, then increasing the visual difficulty of the task by including 

visually similar items (i.e., p, q) should increase the NS times and strengthen the relationship 

between NS and reading.  

To examine the impact of phonological and visual similarity on the relationship between 

NS and reading, Compton (2003) adapted Denckla and Rudel’s (1974) letter NS task to create 

versions that were more phonologically similar or more visually similar. The original task used 

the letters a, d, o, p, and s repeated 10 times each and arranged in 5 rows of 10. For the 

phonologically similar task, v was substituted for o, because it rhymes with d and p. For the 
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visually similar task, q was substituted for o because it shares visual features with d and p. 

Compton also used a fourth version which was both visually and phonologically similar, 

substituting b for o because it is both visually similar and rhymes with d and p. These four tasks 

were administered to first grade children at the beginning of the school year (October), and NS 

performance (accuracy and naming time) was then used to predict word identification skill 

towards the end of that school year (April). Compton (2003) found that the visually similar 

version had the greatest effect on NS total time, but it did not account for unique variance in 

subsequent word identification skill when considered simultaneously with the other three NS 

versions. In contrast, the two NS tasks that increased phonological processing predicted more 

unique variance in word reading.  

It is possible that Compton’s results were affected by the age of the participants, or by the 

fact that most of the participants were at risk for or had reading difficulties. They made a 

considerable number of errors on the visually confusing tasks; in other NS tasks, for instance 

those in the Comprehensive Test of Phonological Processing (CTOPP; Wagner, Torgesen, & 

Rashotte, 1999), performances with that many errors would have been discarded. Furthermore, 

grade 1 is a time when phonological processing is the strongest mediator of NS’ predictive 

variance in reading (e.g., Georgiou, Parrila, Kirby, & Stephenson, 2008; Kirby et al., 2003; 

Poulsen, Juul, & Elbro, 2014), which may help to explain the relationship of the phonologically 

similar stimuli to reading. In the present study, we examine whether similar results can be found 

with older participants for whom letter recognition is automatic and orthographic processing 

more important (e.g., Badian, 2001; Holmes, 2009). 

Another approach that could help explain the relationship between NS and reading is to 

analyze eye movement records collected during NS tasks and examine how they relate to overall 
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NS and reading performance. Eye movements during NS tasks should show many of the same 

characteristics and group differences as in oral reading tasks, because these two tasks share many 

similarities (Wolf & Bowers, 1999). For example, subjects are required to move their eyes 

sequentially across the page in both tasks, encode the stimulus on which they are focusing, 

access the phonological representation of that stimulus, and then activate the associated motor 

instructions for naming that stimulus (Kirby et al., 2010). Given that NS total time (as well as 

reading) is determined by the number and duration of fixations and saccades, identifying which 

of these parameters are significantly related to overall naming time and reading ability could 

provide clues regarding the relationship between NS and reading and the differences between 

participants with and without reading disabilities. For example, longer fixation durations may 

implicate weaker orthographic processing as the basis of the relationship (Hung, 2012), whereas 

an increased number of saccades could implicate difficulties in eye movement control under 

speeded conditions (Yan, Pan, Laubrock, Kliegl, & Shu, 2013).  

To our knowledge, only five studies have assessed normal and dyslexic readers’ eye 

movements during NS tasks and they have produced mixed findings (Jones, Ashby, & Branigan, 

2013; Jones, Obregón, Kelly, & Branigan, 2008; Jones, Branigan, Hatzidaki, & Obregón, 2010; 

Kuperman, Van Dyke, & Henry, 2012; Yan et al., 2013). This is due to several factors: first, 

different studies have used different research paradigms. For example, Jones et al. (2008) used 

the traditional NS format (4 rows x 10 stimuli; 6 NS cards) in which only specific pairs of letters 

within each NS condition (phonologically or visually similar) were scrutinized. Instead, Jones et 

al. (2013) used the traditional NS format (4 rows x 10 stimuli; 32 NS cards), but controlled with 

a display-change paradigm when the phonologically or visually similar letters appeared 

(parafoveally or foveally). For instance, in the visually similar condition, when a participant 
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fixated the target item q (in position n), the visually similar letter p appeared in the parafovea (in 

position n + 1). When the eyes shifted across an invisible boundary to the immediate right of the 

target letter in position n, the letter p (in position n + 1) was replaced by a different letter (e.g., 

k). Finally, Yan et al. (2013) used a gaze-contingent paradigm in which the amount of parafoveal 

information was manipulated (full preview, no preview). Second, there are important differences 

across studies in the participant characteristics. For example, Jones et al. (2008, 2010, 2013) used 

English-speaking adult dyslexics and controls, Kuperman et al. (2012) adult normal readers, and 

Yan et al. (2013) Chinese-speaking children with and without dyslexia. Even among those 

studies that recruited English-speaking adult dyslexics and controls there were important 

differences on the participant characteristics. For example, in Jones et al.’s (2008) study, the 

dyslexics differed from the controls on spoonerisms (a measure of phonological awareness) and 

vocabulary, but did not differ on forward and backward digit span. In contrast, in Jones et al.’s 

(2013) study, the two groups did not differ on spoonerisms or vocabulary, but differed on 

forward and backward digit span. Given that one of the questions examined in these studies was 

the effect of phonologically similar items on NS processing times, differences like the ones 

mentioned above could partly explain the conflicting findings. Finally, different studies have 

calculated and used different eye movement parameters, thus making it difficult to compare their 

results. For example, Jones et al. (2008, 2013) used the processing time (sum of all fixation 

durations on a letter before the eyes move away from it) and the eye-voice span (time from the 

onset of the first fixation on a letter to the onset of the articulation for that letter). In contrast, 

Yan et al. (2013) used first fixation time, first fixation duration, gaze duration, first fixation 

probability, landing position, and saccade amplitude.  
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Even when the effects of similar variables are compared, the findings vary considerably. 

For example, given a target letter in position n, Jones et al. (2008) examined the effects of 

presenting a phonologically or visually similar letter in the position that preceded the target letter 

(n - 1) versus the position that succeeded the target letter (n + 1). The results indicated that for 

normal readers the processing time was influenced by phonologically and visually similar 

information both preceding and succeeding the target. Dyslexic readers had longer processing 

times than normal readers, but they were not affected significantly by confusable information. In 

contrast, Jones et al. (2013) found that phonologically similar parafoveal information did not 

affect the processing times of either group of readers and visually similar parafoveal information 

increased the processing times of dyslexics only.  

5.2.1 The present study 

The goal of the present study was to investigate how NS is related to reading, through 

stimulus variation and analysis of eye movements. We compared two groups of university 

students: a group with no known reading difficulties (n=27) and a group with reading difficulties 

(n=20). Three letter NS tasks were administered: the original NS task (see Denckla & Rudel, 

1974) and two more that were designed to increase either phonological or visual similarity (see 

Compton, 2003, for these NS tasks). Based on Compton’s results, we expect visual similarity to 

increase NS total time, but the lack of previous studies with adult participants makes it difficult 

to draw any firm hypotheses. With respect to eye movements, we expect normal readers to have 

shorter fixations and larger saccades compared to those with reading difficulties (see Kuperman 

et al., 2012; Yan et al., 2013, for previous findings), but both groups should have longer fixations 

and smaller saccades in the visually similar than in the original or phonologically similar NS 

tasks. In addition, we expect both fixation duration and saccade length to predict individual 
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differences in reading. This is an important contribution of this study as none of the previous NS 

eye movement studies has examined the relationship of the eye movement parameters with 

reading.    

5.3 Method  

5.3.1 Participants 

Two groups of students from a large Canadian university participated in the present 

study. The group with reading difficulties (RD) consisted of 20 adults (eight males, mean age = 

24.59, SD = 4.58) with a self-reported history of reading difficulties (indicated by a score higher 

than .45 on the Adult Reading History Questionnaire–Revised (ARHQ-R); Parrila et al., 2007), a 

reading fluency score at least 1SD below the mean on two out of three fluency measures (Sight 

Word Efficiency, Phonemic Decoding Efficiency, and Text Reading Speed, described in the 

following section), and average nonverbal cognitive ability (indicated by a score higher than 21 

on Matrix Reasoning). The RD participants were recruited through poster advertisements on 

campus or through the Specialized Support and Disability Services Centre of the university and 

received $20 for their participation. The group with no reading difficulties (NRD) consisted of 

27 adults (nine males, mean age = 21.52, SD = 2.54) with no self-reported history of reading 

difficulties (indicated by a score lower than .28 on ARHQ-R), high reading fluency scores, and 

average performance on nonverbal cognitive ability (see Table 5.1, for descriptive statistics on 

the screening measures). The NRD participants were recruited from a participant pool program 

and received credit towards a course for their participation in the study. All participants reported 

English as their first language and had normal or corrected-to-normal vision. Written consent 

was obtained prior to testing.  
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5.3.2 Measures  

Adult reading history questionnaire-revised (ARHQ-R; Parilla et al., 2007). The 

ARHQ-R is based on the Adult Reading History Questionnaire developed by Lefly and 

Pennington (2000). In the ARHQ-R, respondents are asked about their reading and spelling 

ability, reading speed, attitudes toward school and reading, additional assistance they received, 

repeating grades or courses, effort required to succeed, and print exposure separately for 

elementary school, secondary school, and post-secondary education. Only the questions from the 

elementary school section were used in this study. Participants responded on a Likert scale from 

0–4, and their scores were calculated by totaling the points on the eight elementary scale items 

and then dividing by the maximum possible score (8×4 = 32). Scores could range from a low of 

0 to a high of 1, a low score indicating less difficulty. Cronbach’s alpha reliability in our sample 

was .96 (see also Deacon, Cook, & Parrila, 2012, for validity evidence).  

Table 5.1 

Descriptive Statistics.  

 NRD Group                     
(n=27) 

 RD Group                                       
(n=20) 

 M SD  M SD 
Sight Word Efficiency 98.07 6.90  85.85 7.62 

Phonemic Decoding Efficiency 59.15 3.98  41.95 9.20 

Text Reading Speed 2.84 .23  2.01 .34 

Phoneme Elision 15.44 1.40  12.60 2.62 

Phonological choice RT 1642.08 354.12  2618.67 782.84 

Matrix Reasoning 27.15 2.96  28.45 3.19 

Note. NRD = No Reading Difficulties; RD = Reading Difficulties; RT = 
Response Time (milliseconds).  
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Matrix Reasoning. The Matrix Reasoning task was adopted from Wechsler Abbreviated 

Scale of Intelligence (WASI; Wechsler, 1999) to assess nonverbal intelligence. It contains 35 

incomplete visual patterns that individuals complete using one of five choices of visual pattern 

pieces. Participants were asked to point to or say the number of their choice. Following 

standardized administration procedures, testing began from item 7 for all participants and ended 

on the very last item or after four response errors on five consecutive items. Cronbach’s alpha 

reliability in our sample was .90. 

Phoneme Elision. The Phoneme Elision task was adopted from CTOPP (Wagner et al., 

1999) to assess phonological awareness. Testing began from item 13 for all participants and 

ended on the very last item (29) or after three consecutive errors. The participants were presented 

with a word orally through the speakers of a laptop computer, asked to repeat it, and then asked 

to say the word again after omitting a given sound. Cronbach’s alpha reliability coefficient in our 

sample was .81. 

Phonological Choice. This task was adopted from Parrila et al. (2007) to measure the 

speed of access to phonological representations. A pair of pseudowords was presented one at a 

time juxtaposed on a computer screen. The participants were asked to select one of the 

pseudowords in each pair that when read out loud would sound like a real word (e.g., fite – fipe). 

The participants responded to each item as fast as possible by pressing the button of their choice 

(left or right Alt). The task contained 20 pairs of pseudowords presented in random order. 

Reaction times on each item were recorded and the mean response time for the correct items was 

calculated and used as the participants’ score. Cronbach’s alpha reliability coefficient in our 

sample was .75. 
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Letter naming speed (NS). Participants performed three NS tasks – the original letter 

NS task developed by Denckla and Rudel (1974) with the letters a, d, o, p, s, and two of 

Compton’s (2003) adaptations of this task, one designed to increase visual similarity (o replaced 

by q) and the other to increase phonological similarity (o replaced by v). Prior to each timed 

item, participants named the same five letters on a practice trial to ensure familiarity. Each NS 

task presented 50 letters, ten repetitions of the five letters. Participants were instructed to name 

all the letters as fast as possible, from left to right starting at the top row, and their response times 

and errors were recorded. There were very few errors (the mean was less than 1) and so they 

were ignored. The participants’ NS scores were the times taken to name all the letters on each 

display. Wolf and Denckla (2005) reported test-retest reliability to be .92 across ages. 

The NS stimuli were presented on a computer screen in Arial 40 point font and head-

mounted infrared cameras (Eyelink II, SR Research Ltd.) were used to track vertical and 

horizontal binocular eye positions with a sampling rate of 500 Hz and average gaze position 

error of less than 0.5o. Participants sat approximately 60 cm from the screen, wore the head-

mount securely on their heads, and were requested to remain as still as possible during testing. 

The experiment began with the adjustment of the infrared cameras attached to the eye tracker, 

followed by a brief calibration procedure and drift correction between the NS tasks. The eye 

movements of each participant were calibrated using nine on screen targets (eight around the 

periphery and one central). The targets were flashed sequentially around the screen and the 

participant fixated on each one. After calibration, the process was repeated to validate that the 

average error between fixation and target was <2o and that no loss of eye tracking occurred. 

Fixation durations, saccade size, and the number of saccades and fixations were recorded. 
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Sight word Efficiency. Form A from the Test of Word Reading Efficiency (TOWRE; 

Torgesen, Wagner, & Rashotte, 1999) was used. After an 8-word practice list, participants were 

shown a list of 104 words, in four columns of 26 words each, and asked to read them as quickly 

as possible. The score was the number of words read correctly in 45 seconds. Torgesen et al. 

(1999) reported test-retest reliability coefficients ranging from .82 to .87. 

Phonemic decoding efficiency. This test was also adopted from TOWRE (Torgesen et 

al., 1999). After an eight-pseudoword practice list, participants were shown a list of 63 

pseudowords and asked to read them out loud as fast as possible. The participants’ score was the 

number of pseudowords read correctly within 45 seconds. Torgesen et al. (1999) reported test-

retest reliability coefficients ranging from .91 to .94. 

Text reading speed. Participants were asked to read aloud two passages (9 and 14 from 

the Gray Oral Reading Test; Wiederholt & Bryant, 2001). The experimenter recorded the time 

taken to read each passage (in seconds) and deviations from print. For the purpose of our study, 

the Text Reading Speed score was the number of words read correctly in the two passages 

divided by the time taken to read the passages. The internal consistency reliability coefficient for 

reading rate on Form A is .96 (Wiederholt & Bryant, 2001). 

5.3.3 Procedure 

Tasks were administered in two sessions, each lasting approximately an hour. In session 

A, the participants completed the ARHQ-R questionnaire and were also assessed on Word 

Reading Efficiency, Phonemic Decoding Efficiency, Text Reading Speed, Phoneme Elision, and 

Phonological Choice. In session B, they were assessed on the three NS tasks and on Matrix 

Reasoning. The testing was conducted in a quiet room at the university by the third author. 
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5.3.4 Data analysis 

For the eye tracking data the variables of interest were: fixation durations, saccade size, 

and the numbers of saccades and fixations. To calculate the eye tracking measures we took into 

account all eye movements, both forward and regressive. Fixation duration was defined as the 

average duration (in milliseconds) of all fixations in the trial. Saccade size was defined as the 

average size (in degrees of visual angle) of all saccades in the trial. The cutoffs for determining 

both the onset and termination of a saccade were determined by using the saccade parameters of 

velocity threshold, 30 deg/sec, and acceleration threshold, 8000 deg/sec2. When the parameters 

were above these thresholds, the beginning of a saccade was marked, and when they dropped 

below these thresholds, the end of a saccade was marked. 

5.4 Results 

5.4.1 Preliminary analyses 

The descriptive statistics for the screening measures as well as for Phoneme Elision and 

Phonological Choice are presented in Table 5.1 separately for each group. A MANOVA with the 

reading fluency measures as dependent variables and group as a between-subjects factor revealed 

a main effect of group, Wilk’s λ = 0.32, F(4,180) = 18.33, p <.001. Subsequent univariate 

ANOVAs showed that the NRD group performed significantly better than the RD group on each 

reading fluency measure (Sight Word Efficiency: F(1,46) = 32.98, p < .001; Phonemic Decoding 

Efficiency: F(1,46) = 75.69, p < .001; and Text Reading Speed: F(1,46) = 97.73, p < .001). 

Similar results were found for Phoneme Elision (F(1,46) = 23.05, p < .001) and Phonological 

Choice (F(1,46) = 33.08, p < .001). Finally, the two groups did not differ on Matrix Reasoning, 

F(1,46) = 2.09, ns. 
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5.4.2 NS performance and eye movements 

The descriptive statistics for the three NS tasks are shown in Table 5.2. A 2 (Group) x 3 

(NS Task) mixed analysis of variance indicated that the NRD group was faster in naming time 

than the RD group, F(1,46) = 26.28, p < .001, d =.37, but neither the effect of NS task nor its 

interaction with Group was significant (both p’s > .15). 

Table 5.2 also shows the descriptive statistics for the eye movement parameters during 

the NS tasks. A series of Group x NS task mixed analyses of variance, one for each eye 

movement variable, showed significant Group effects for fixation duration, F(1,46) = 13.37, p < 

.001, d =.23, fixation count, F(1,46) = 14.78, p < .001, d =.25, saccade size, F(1,46) = 5.18, p < 

.05, d =.03, and saccade count, F(1,46) = 14.89, p < .001, d =.25. The NRD group had shorter 

fixation durations, larger saccade sizes, and fewer saccades and fixations than the RD group. 

Although there was no significant NS task effect on fixation duration or saccade size (both ps 

>.50), there was a significant NS task effect on fixation count, F(2,90) = 3.90, p = .024, Wilk’s λ 

= .97, d =.08, and the effect for saccade count approached significance, F(2,90) = 3.02, p = .054, 

Wilk’s λ = .97, d =.06. Follow-up paired-sample t-tests indicated that there was a higher number 

of fixations and saccades in the visually confusing task than in the original task; for fixation 

count, t(46) = 2.91, p =.006 and for saccade count, t(46) = 2.51, p =.02. None of the Group x NS 

task interaction effects was significant (all p’s > .30). 
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Table 5.2 

Descriptive Statistics of Naming Times and Eye Movement Measures. 

 NRD Group  
(n=27) 

 RD Group  
(n=20) 

 OR  PC  VC  OR  PC  VC 

  M SD  M SD  M SD  M SD  M SD  M SD 

NS Total Time 17.81 3.15  18.15 2.92  18.53 3.54  22.76 3.38  22.77 3.32  23.22 4.26 

Fixation Duration  .26 .03  .26 .03  .26 .04  .31 .05  .31 .05  .30 .05 

Fixation Count 61.00 6.55  62.37 5.42  63.00 6.46  68.15 6.51  68.00 7.14  70.05 6.90 

Saccade Size  2.08 .29  2.10 .33  2.09 .31  1.92 .27  1.89 .25  1.89 .28 

Saccade Count 60.30 6.63  61.48 5.28  62.04 6.55  67.50 6.65  67.20 7.00  69.10 6.85 

Note. NRD = No Reading Difficulties; RD = Reading Difficulties; OR = Original NS task; PC = Phonologically Confusing NS task; 
VC = Visually Confusing NS task. NS Total Time and Fixation Duration are measured in seconds. Saccade Size is measured in 
degrees. 
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5.4.3 Correlations between NS times, eye movement patterns, and reading outcomes 

Table 5.3 presents the correlations between the NS total times, the eye movement 

parameters, and the reading outcomes. In both groups, the total times of all three NS tasks 

correlated significantly with Sight Word Efficiency and Text Reading Speed. The total time in 

the original NS task also correlated significantly with Phonemic Decoding Efficiency. In terms 

of the eye movement parameters, fixation duration correlated significantly and negatively with 

Sight Word Efficiency and Text Reading Speed in both groups of readers. Fixation count and 

saccade count correlated significantly and negatively with Sight Word Efficiency (irrespective of 

the NS tasks) and Text Reading Speed (only in the original task), but only in the NRD group. 

Finally, saccade size in the original and visually confusing tasks correlated significantly and 

positively with Sight Word Efficiency, but only in the NRD group. When we compared the size 

of the correlations between the eye movement parameters and reading across the three NS tasks 

separately for each group, we found only one significant difference in the RD group. 

Specifically, the correlation between saccade size and phonemic decoding efficiency was 

stronger in the original condition than in the phonologically confusing condition (Steiger’s z = 

2.07, p < .05). 
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Table 5.3 

Correlations Between the Eye Movement Measures and Reading. 

                                            NRD Group (n=27)                                           RD Group (n=20) 

  Sight 
Word 

Efficiency 

Phonemic 
Decoding 
Efficiency 

Text 
Reading 
Speed 

 Sight 
Word 

Efficiency 

Phonemic 
Decoding 
Efficiency 

Text 
Reading 
Speed 

 Time -.73** -.41* -.58**  -.64** -.48* -.62** 

 FD -.72** -.35 -.43*  -.47* -.44* -.52* 

OR FC -.40* -.27 -.45*  -.19 -.03 -.10 

 SS .46* -.13 -.10  .09 -.53* .23 

 SC -.41* -.25 -.44*  -.19 -.03 -.09 

         

 Time -.72** -.23 -.47*  -.68** -.18 -.57** 

 FD -.65** -.26 -.40*  -.57** -.24 -.53* 

PC FC -.47* -.02 -.37  -.15 .07 -.04 

 SS .32 -.32 -.08  .06 .28 .16 

 SC -.45* -.03 -.33  -.15 .09 -.04 

         

 Time -.74** -.30 -.50**  -.74** -.40 -.53* 

 FD -.68** -.32 -.39*  -.67** -.48* -.59** 

VC FC -.41* -.11 -.37  -.34 -.05 -.09 

 SS .40* -.15 -.13  .03 .42 .20 

 SC -.42* -.11 -.38  -.33 -.05 -.09 

Note. NRD = No Reading Difficulties; RD = Reading Difficulties; OR = Original NS task; PC = 
Phonologically Confusing NS task; VC = Visually Confusing NS task; FD = Fixation Duration; SS 
= Saccade Size; FC = Fixation Count, SC = Saccade Count. * p < .05; ** p < .01.                                                                                                                                                       
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5.4.4 Prediction of reading ability 

To investigate the relationships among the eye movement parameters and reading ability, 

three series of regression analyses were carried out using the pooled sample, one for each of the 

reading measures. Each of the regression models included (a) Phoneme Elision and Phonological 

Choice, to ensure that any effects of the NS eye movement parameters were not due to 

phonological awareness or speed of access to phonological codes, and (b) three eye movement 

parameters (fixation duration, saccade size, and saccade count). Fixation count was not included 

because it correlated strongly with saccade count (r = .99). For each of the outcome variables, 

separate analyses were carried out for each of the three NS tasks. Standardized beta coefficients, 

level of significance, and total amount of variance explained are presented in Table 5.4.   

The results were largely consistent across the NS tasks, but varied by outcome measure. 

Considerable variance in Sight Word Efficiency, Phoneme Decoding Efficiency, and Text 

Reading Speed was predicted, with R2 values ranging from .69 to .82. Phoneme Elision and 

Phonological Choice had their greatest effect on Phonemic Decoding Efficiency, a test of 

pseudoword reading. Of the eye movement parameters, fixation duration predicted significantly 

all three reading outcomes and saccade count predicted significantly Sight Word Efficiency and 

Text Reading Speed. 
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Table 5.4 

Results of Regression Analyses. 

    

 Sight Word Efficiency  Phonemic Decoding 
Efficiency 

 

 Text Reading Speed 

Predictor Variables OR PC VC  OR PC VC  OR PC VC 

Phoneme Elision -.08 .01 -.09  .54*** .60*** .58***  .18* .23* .21* 

Phonological Choice -.21* -.16 -.26**  -.35*** -.37*** -.39***  -.45*** -.45*** -.52*** 

Fixation Duration -.60*** -.61*** -.58***  -.31*** -.21* -.24**  -.46*** -.39*** -.34*** 

Saccade Count -.36** -.32** -.32***  -.11 -.06 -.05  -.27** -.19 -.20* 

Saccade Size  .03 .01 .06  -.07 -.08 -.08  -.16 -.07 -.10 

    Total R2 .70 .68 .74  .82 .78 .80  .80 .75 .75 

Note. OR = Original NS task; PC = Phonologically Confusing NS task; VC = Visually Confusing NS task.  N= 47.  * p < .05; 
** p < .01; *** p < .001.                                                                                                
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5.5 Discussion 

Although NS tasks have been used for several decades to predict reading ability, there is 

still considerable controversy over what NS measures and why it is related to reading ability 

(Kirby et al., 2010). Elucidating the processes that underlie efficient NS performance could 

enhance our understanding of the factors that determine fluent reading and shed light on the 

nature of dyslexic readers’ difficulties. We used two techniques to illuminate the relationship 

between NS and reading fluency: variation in stimulus composition (based on Compton, 2003) 

and measurement of eye movements during the NS tasks. The latter is particularly important in 

light of findings that NS is more strongly related to reading when the stimuli are presented 

simultaneously than when presented in discrete fashion (Bowers & Swanson, 1991; Georgiou, 

Parrila, Cui, & Papadopoulos, 2013). This suggests that the key determinant of efficient NS 

performance and subsequently reading fluency may be the way individuals process foveal and 

parafoveal information (Jones et al., 2008; 2013; Yan et al., 2013). Our participants were 

university students, so the students with reading difficulties could be assumed to have developed 

some coping mechanisms to deal with the increased reading demands of their programs. 

However, the two groups of students differed on all reading measures. In what follows, we 

discuss first the effects of stimulus variations and then those of the eye movement parameters. 

5.5.1 NS stimulus variations 

The NRD group was faster to name the stimuli in the NS tasks than the RD group. 

Although both groups were faster on the original task and slower on the visually similar task, as 

has been found before (Compton, 2003), this difference did not attain significance and neither 

did the interactions between group and task. The trend suggests that naming times are more a 
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function of the visual similarity of the letters, and not the phonological similarity, however a 

larger study may be required to find reliable differences. In addition, no differences were found 

between the three NS tasks when we compared the strength of their correlations with reading (a 

similar non-significant difference between the correlations can be found in Compton’s, 2003, 

study). This would imply that the underlying mechanism responsible for the NS-reading 

relationship is independent of the manipulations used in the NS tasks.      

5.5.2 Eye movement parameters 

The groups differed on each of the eye movement parameters that we assessed: students 

without reading difficulties had shorter fixation durations, larger saccade size, and fewer 

saccades and fixations than those with reading difficulties. These findings are similar to those of 

previous studies that measured fixation durations (e.g., Jones et al., 2008; Kuperman et al., 2012; 

Yan et al., 2013) and saccade size (Yan et al., 2013). The lack of significant interactions between 

group and task for any of the eye movement parameters suggests that the item composition of the 

NS tasks did not have a differential impact on the processing times of the students with reading 

difficulties. Thus, we may conclude that it is not the characteristics of the items included in the 

letter naming task that matter for NS performance, but the process of translating the visual 

stimuli to their phonological representations (indexed by the prolonged fixation times of the 

students with reading difficulties). Longer fixation durations suggest that the students with 

reading difficulties require more time than their normally-achieving peers to acquire the same 

amount of information. On the other hand, shorter and more frequent saccades in the very 

constrained NS task suggest that the students with reading difficulties have either less efficient 

processing during the fixations (see Jones et al., 2008, for a similar argument) or less efficient 

parafoveal processing (see Yan et al., 2013, for a similar argument). 
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5.5.3 Eye movement parameters and reading 

Despite the significant group differences on all eye movement parameters, only fixation 

duration predicted each of the reading outcomes. This finding suggests that whereas several 

factors may contribute to NS performance, fixation duration is most closely associated with 

individual differences in reading fluency. Given that its effect was independent of phonological 

processing (operationalized by phoneme elision and phonological choice), access to 

phonological representations is likely not the critical component underlying the NS-reading 

relationship (see also Georgiou et al., 2013). The effects of fixation duration in the regression 

analyses are consistent with the group differences on the same measure (see Table 5.2) and 

suggest that the greater time needed to acquire or encode the stimulus information is an 

important factor in the NS-reading relationship. This finding reinforces the argument put forward 

by Yan et al. (2013) that the observed advantage of normal readers in parafoveal processing is a 

result of their more automatic foveal processing (indexed by shorter fixation durations) which 

allows more attentional resources to be devoted to parafoveal processing. A second, but weaker, 

effect on two of the outcome measures was for the number of saccades; this too may be due to 

inefficient parafoveal processing. 

5.5.4 Limitations of the study 

Some limitations of the present study are worth mentioning. First, we used Phonological 

Choice as an index of the speed of access to phonological representations. Given that 

performance on this task is mediated by letter-phoneme correspondence, it may be an inadequate 

measure of speed of access to phonological representations. Second, because the three NS tasks 

differed in only one letter (q substituted o in the visually confusing condition and v substituted o 

in the phonologically confusing condition), this may have reduced our chances to find significant 
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differences across tasks. Finally, our sample size was relatively small and consisted of young 

adults. Future studies should replicate our findings with a larger sample and with children. 

5.6 Conclusion 

Our findings add to a growing number of studies examining the underlying mechanism of 

the relationship between NS and reading (e.g., de Jong, 2011; Georgiou et al., 2013; Jones et al., 

2013; Protopapas, Altani, & Georgiou, 2013; Yan et al., 2013; Zoccolotti et al., 2014). Although 

we did not manipulate the amount or kind of information available to the readers during the NS 

tasks (see Jones et al., 2013; Yan et al., 2013, for this kind of manipulation), we were able to 

replicate the findings of previous studies showing that adults with reading difficulties have 

longer fixation durations and smaller saccade sizes than normal readers (Jones et al., 2008; 

Kuperman et al., 2012; Yan et al., 2013) and to specify the eye movement parameter (fixation 

duration) that contributes most to the NS-reading relationship. The composition of NS tasks did 

not have an impact on the observed differences between the two groups on the eye movement 

parameters and their relationship with reading, which suggests that the mechanism underlying 

the NS-reading relationship is not dependent upon the characteristics of the stimuli. We conclude 

that the relationship between NS and reading is due to two factors: first, the longer fixation 

durations of less able readers, indicating that they require more time to acquire the same amount 

of information, and second, the greater number of saccades that less able readers make during the 

NS task.  
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Chapter 6 

Examining the neural and cognitive processes that underlie reading 
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6.1 Abstract 

We combined fMRI with eye tracking and speech recording to examine the neural and 

cognitive mechanisms that underlie reading. To simplify the study of the complex processes 

involved during reading we used naming speed (NS) tasks (also known as rapid automatized 

naming or RAN) as a focus for this study, in which average reading right-handed adults named 

sets of stimuli (letters or objects) as quickly and accurately as possible. Due to the possibility of 

spoken output during fMRI studies creating motion artifacts, we employed both an overt session 

and a covert session. When comparing the two sessions, there were no significant differences in 

behavioral performance, sensorimotor activation (except for regions involved in the motor 

aspects of speech production), or activation in regions within the left-hemisphere dominant 

neural reading network. This established that differences found between the tasks within the 

reading network were not attributed to speech production motion artifacts or sensorimotor 

processes. Both behavioral and neuroimaging measures showed that letter naming was a more 

automatic and efficient task than object naming. Furthermore, specific manipulations to the NS 

tasks to make the stimuli more visually and/or phonologically similar differentially activated the 

reading network in the left hemisphere associated with phonological, orthographic, and 

orthographic-to-phonological processing, but not articulatory/motor processing related to speech 

production. These findings further our understanding of the underlying neural processes that 

support reading by examining how activation within the reading network differs with both task 

performance and task characteristics.  
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6.2 Introduction 

Despite reading being a crucial skill for one’s economic, social, and academic success 

(Norton & Wolf, 2012), it remains controversial how reading skills and reading difficulties 

develop. Furthermore, due to the multiple and complex components that are involved during 

reading, the neuroanatomical mechanisms that support the behavioral individual differences of 

reading ability are not well understood. Here, we combine fMRI with eye tracking and speech 

recording as a novel multidisciplinary approach to examine the neural and cognitive processes 

that underlie reading. The results from this approach allow for a more comprehensive 

understanding of the underlying components supporting reading and should lead to improved 

practices. 

 To simplify the study of the complex processes involved in reading, we use naming speed 

(NS) tasks, in which participants are required to name sets of simple stimuli (e.g., letters or 

objects) as quickly and accurately as possible. NS has been described as a “microcosm” of 

reading (Wolf & Bowers, 1999), and the pattern of neural activity during these tasks is consistent 

with areas involved in the left cerebral hemisphere reading network (Cummine et al., 2014; 

2015; Misra et al., 2004). This network, consisting of six key regions that are the focus of this 

paper, includes a dorsal stream, which maps orthographic information onto phonological 

representations, and a ventral stream, which involves a whole word identification system (Cohen 

et al., 2008; Cummine et al., 2013; Hickok & Poeppel, 2004; Price, 2012; Pugh et al., 2000; Saur 

et al., 2008). The dorsal stream projects dorso-posteriorly from the visual cortex towards the 

parietal lobe and frontal regions and includes the posterior superior temporal gyrus, angular 

gyrus, and supramarginal gyrus; the ventral stream projects ventro-laterally and includes the 

inferior occipito-temporal regions, fusiform gyrus, and the medial temporal gyrus (Borowsky et 
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al., 2006; Pugh et al., 2000).Within this network, there is greater activity for alphanumeric than 

non-alphanumeric tasks, with non-alphanumeric stimuli primarily activating regions in the 

ventral pathway and alphanumeric stimuli activating regions in both the dorsal and ventral 

pathways (Cummine et al., 2014; Misra et al., 2004). 

Simultaneous recordings of eye movements and vocalizations during fMRI studies allows 

for a more fine-grained understanding of brain-behavior relationships and how performance is 

influenced by the coordination of vocal and visual processes, providing greater insight into the 

response preparation aspect of executive control (Clarke et al., 2005; Georgiou et al., 2006; 

2009; Kirby et al., 2010; Li et al., 2009; Rayner, 1997). However, overt speech during fMRI 

studies may create artifacts associated with task-related head motion (Soltysik & Hyde, 2006). 

To control for this, we included both an overt session in which task stimuli were named aloud, 

and a covert session in which stimuli were named silently. For each session we examine the 

neural and cognitive processes involved in NS tasks by first examining the sensorimotor 

processes involved in the serial processing and naming of simple stimuli. This involves key 

oculomotor regions involved in saccade control, such as the frontal, supplementary, and parietal 

eye fields (FEF, SEF, PEF), dorsolateral prefrontal cortex (DLPFC), anterior cingulate cortex 

(ACC), and the caudate nucleus (CN; Brown et al., 2007; Connolly et al., 2002; 2005; Ford et al., 

2005); key speech areas, such as the inferior frontal gyrus, insula, and primary motor cortex 

(Guenther et al., 2006); and key visual regions involved in reading along the ventral visual 

pathway, such as the cuneus, lingual gyrus, and the fusiform gyrus (Indefrey & Levelt, 2004; 

Price, 2012).We then examine the differences in behavioral performance and neural activation 

between alphanumeric and non-alphanumeric NS tasks, and the effects of manipulating stimulus 

composition. This design allows us to ensure that any differences found between the tasks are not 
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driven by sensorimotor processes or by false positives caused by motion artifacts that may be 

present during the overt session.   

6.3 Materials and methods 

6.3.1 Participants 

Participants were self-reported typically achieving readers recruited from the Queen’s 

University community who provided their written and informed consent. Nineteen participants, 

ages 21-26 years, were recruited for this study. Data from one participant was removed due to 

excessive head motion (>2 mm) during scanning. The remaining eighteen participants (mean age 

= 24.1 years, SD = 1.89; 16 female) were right-handed, as assessed by the Modified Edinburgh 

Handedness Inventory (Oldfield, 1971), had normal or corrected to normal vision, reported 

English as their native language, and had no history of head injuries or neurological illnesses. 

6.3.2 Naming speed tasks 

 To examine the differences in behavioral performance and neural activation between 

alphanumeric and non-alphanumeric stimuli and the effects stimulus composition had on these 

tasks, four versions of a letter NS task and two versions of an object NS task, with two 

trials/version, were administered (Fig. 6.1A, B). For the letter NS tasks, single letter substitutions 

of the letter o in a control task (LC; Denckla & Rudel, 1976) with the letter matrix of a, d, o, p, s 

was made to make the letter matrix more Phonologically Similar (PS: o replaced with v), 

Visually Similar (VS: o replaced with q), or both Visually and Phonologically Similar (VPS: o 

replaced with b; Compton, 2003). Similarly, for the object NS tasks, the object control task (OC; 

Denckla & Rudel, 1976) had the stimuli dog, hat, chair, cat, and star, and in the object 

Phonologically Similar condition (OPS) chair was replaced with bat, to rhyme with hat and cat. 
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Each NS task presented 50 letters/objects simultaneously with ten repetitions of the five 

letters/objects arranged semi-randomly in five rows of ten letters/objects each.  

 
Figure 6.1. Naming speed (NS) stimuli. A. Letter NS tasks. Single letter manipulations to the 
letter o in the control (LC) task were made to make the letters more phonologically similar (PS), 
visually similar (VS), or visually and phonologically similar (VPS). B. Object NS tasks. Single 
object manipulations to the object chair in the control (OC) task was made to make the objects 
more phonologically similar (OPS). C. fMRI block paradigm during one run. The 4 versions of 
the letter NS task and 2 versions of the object NS task, with 2 trials/version were 
counterbalanced for order. Dashed boxes indicate regions in which the letters or objects became 
similar to one another.  
 

6.3.3 Procedure 

Before the study began all participants completed four practice NS trials outside of the 

MRI environment. The first two practice trials, which were counterbalanced for order, involved 

participants naming the eight letters and six objects that were used in the study (i.e., a, d, b, p, s, 

q, o, v, dog, hat, chair, cat, star, and bat) to ensure that they were familiar with the stimulus 
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names. The third and fourth practice trials, also counterbalanced for order, involved participants 

performing NS tasks consisting of 20 letters and 20 objects each presented in four rows, to 

ensure participants understood the task requirements.  

 When studying reading or general language processes, behavioral studies often use tasks 

which rely on spoken responses, such as reading aloud. However, speech production during 

fMRI studies presents the possibility of creating motion artifacts. For this reason, fMRI studies 

have predominantly used covert naming to study reading processes, but relying on covert 

responses presents issues of its own. For example, during covert naming it is not clear whether 

participants are performing the task according to the instructions they were given, if they are 

performing the task at all, or how accurately they are performing the task. To address this issue, 

we employed two sessions, a covert and an overt session, counterbalanced for order, that were 24 

hrs apart, each lasting approximately 1.5 hrs, in which all participants completed the same four 

fMRI runs, with each run lasting 11.6 minutes. In the overt session, participants were instructed 

to name aloud as many letters or objects in the array as quickly and accurately as possible from 

left to right and top to bottom, and to go back to the beginning of the task and start over if they 

finished before the end of the time. In the covert session, the same instruction was given to 

participants except they were asked to silently name the letters or objects. Having two sessions in 

which participants perform an overt and a covert version of the same tasks allowed for a direct 

assessment of motion artifacts, sensorimotor patterns of activation, and potential differences of 

eye movement behavior and neural activation within key regions of the reading network. 
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6.3.4 Visual display, eye tracking, and articulatory recordings  

Visual displays were generated using Experiment Builder (SR Research Ltd., version 

10.10.1630) running on a Windows 7 PC, and were back-projected onto a high-contrast rear 

projection screen (DA-LITE), positioned at the head of the magnet bore, using a NEC LT265 

DLP video projector (Tokyo, Japan) with a refresh rate of 60 Hz and a resolution of 1024 x 768 

and an Avotec SV-6011 color LCD Projection System (Florida, USA). A mirror situated on top 

of the head coil angled at approximately 45° allowed participants to view the screen.  

Eye position was recorded throughout all tasks using an EyeLink 1000 fibre optic camera 

(SR Research Ltd., Ottawa, ON), all recordings and calibrations were done monocularly based 

on the right eye while viewing was binocular. The camera was positioned next to the screen 

approximately 60 cm from the bore of the magnet to view the right eye of the participant in the 

mirror. Horizontal and vertical position of the right pupil was digitized at 500 Hz and average 

gaze position error of <1o. Before each functional run, the eye tracker was calibrated using nine 

randomly presented target locations on the screen (eight around the periphery and one central). 

The targets were flashed sequentially and participants were instructed to fixate on each one. 

After calibration, the process was repeated to validate that the average error between fixation and 

target was <1o and that no loss of eye tracking occurred. The array of letters was presented in 

white print (Angsana New font, size 60) on a black background, with a 1.7o viewing distance 

between each letter and 2.4⁰ viewing distance between each row. The horizontal and vertical 

dimensions of each letter stimulus were .47⁰ x .63⁰, respectively. The array of objects was 

matched for luminance, 50 cd/m2, with a 1.7⁰ viewing distance between each object and 2.3⁰  

viewing distance between each row. The horizontal and vertical dimensions of each object 

stimulus were 1.4⁰ x 1.4⁰. 
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During the overt session, articulations were recorded via an MRI compatible optical 

microphone (Optoacoustics Ltd., Israel) and an ASIO compatible sound card at a sampling rate 

of 24kHz. Eye position and articulations were recorded continuously from the start to end of 

each fMRI run and were synchronized through Experiment Builder. 

6.3.5 fMRI experimental design 

Imaging data were acquired using a Siemens 3-Tesla Magnetom Trio system (Erlangen, 

Germany) fitted with a 12-channel receive-only head coil with participants lying supine. 

Functional images were acquired axial oblique with 40 horizontal slices (3.3 mm thick) covering 

the whole brain. High resolution T1-weighted whole-brain structural scans were performed on 

each participant using a 3D MP-RAGE sequence (Repetition Time, TR = 1760 ms; echo time, 

TE = 2.2 ms; flip angle, FA = 9o; field-of-view, FOV = 256 x 256 mm; matrix size 256 x 256 

mm; 1 mm iso-voxel resolution; 176 volumes). Functional data were collected using T2*-

weighted echo-planar image (EPI) volumes sensitive to blood oxygen-level dependent (BOLD) 

contrast (Kwong et al., 1992; Ogawa et al., 1990) acquired in an interleaved fashion (TR = 2750 

ms, TE = 30 ms, FA = 84o, FOV = 211 x 211 mm, matrix size 64 x 64, 3.3 mm iso-voxel 

resolution, 192 volumes). Four functional runs consisting of 192 volumes, including 2 discarded 

volumes to compensate for T1 saturation effects, were acquired for each participant.  

A block design was used to administer the four versions of the letter NS task and two 

versions of the object NS task, with 12 s blocks of fixation separating each version of the task 

(Fig. 6.1C). For each run there were two trials/NS task, with each task presented on the screen 

for 45 seconds. These NS tasks were interleaved with 12 s fixation blocks in which participants 

were instructed to fixate at a single dot in the middle of the screen. Each run began with an 

additional fixation period (3 TR) while MR images were acquired in order to allow the fMRI 
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signal to reach steady-state longitudinal magnetization, and each run ended with a 12 s fixation 

period to allow the hemodynamic response to return toward baseline before commencing the 

next run.  

6.3.6 Data analysis 

Behavioral data 

Methods for analysis of eye movements and articulations were described previously (Al 

Dahhan et al., 2017) and analyzed using custom software developed in MatLab (Version 

R2011a; MathWorks Inc., Natick, MA, USA). To avoid the possibility of practice effects, for 

both sessions, behavioral data were only analyzed for each participant’s first pass through the 

task. For the overt session, eye position and articulations were digitized from the start to end of 

each trial. Fixation duration was defined as the average duration of all fixations for correctly 

articulated stimuli in the trial. The onset and termination of saccades were determined using 

velocity (30o /sec), and acceleration (8000o /sec2) threshold criteria. Regressions were defined as 

leftward saccades that were within 30o of visual angle in the horizontal and were less than 10o in 

amplitude (so as to omit blinks and eye movements to fixate upon the next line). Eye tracking 

data associated with skips or naming errors were removed manually from the behavioral data 

analyses. For the covert session, the same algorithms were used to define eye movements. 

However, due to the inability to detect errors made during the tasks, fixation duration was 

defined as the average duration of all fixations made and the end of the first pass of the task was 

detected by the last eye movement made during the last row of the task.  

For the overt session, the sound files containing the letter and object naming responses 

for each participant were analyzed using custom software developed in MatLab. Data extraction 

from the audio files was completed using procedures described previously (Georgiou et al., 
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2006). Naming errors made per trial were manually scored from the participants’ recorded 

responses. NS efficiency was then calculated by dividing the number of stimuli named correctly 

by total naming time during a trial. Articulation time was calculated as the mean of the 

articulation times that were correctly verbalized and were not preceded by a skipped stimulus, 

and pause time was the mean of the pause times between two correctly articulated stimuli. These 

measures were calculated after removing the articulations and pauses associated with participant 

errors. Specifically, if a participant skipped an item, the pause time between the articulations of 

the two neighboring items, as well as the articulation of the item following the skipped item, 

were removed. Incorrect articulations and their neighboring pauses were removed from the data. 

If naming corrections were made following a naming error, the incorrect articulation and the 

neighboring pauses were removed. Lastly, pause times associated with behaviors unrelated to the 

task (e.g., coughing) were removed.  

fMRI preprocessing 

All fMRI preprocessing and statistical analyses for both sessions were conducted using 

BrainVoyager (Version 1.10, Brain Innovation, Maastricht, The Netherlands). The first two 

functional volumes acquired from each run were removed for steady state magnetization, and 

then pre-processing steps were performed including slice scan time correction with cubic spline 

interpolation, 3D motion correction to the first volume of the remaining volumes in each run, 3D 

spatial smoothing with a 6 mm full width half maximum (FWHM) Gaussian kernel (i.e., twice 

the between-plane distance of 3.3 mm; Skuldarski et al., 1999), and temporal filtering (high-pass 

filter with cut-off of two cycles/run and linear trend removal). For each participant, functional 

data were screened for motion artifacts exceeding 2 mm translation or 2o rotation by examining 

the motion correction plots of each functional run. Functional images were coregistered to the 
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structural images. 3D structural images were normalized into standard Talairach space (Talairach 

& Tournoux, 1988) by aligning them first into the anterior commissure-posterior commissure 

(AC-PC) plane and then using trilinear interpolation to warp the structural images into Talairach 

coordinates. These parameters were then applied to the coregistered functional data. 

fMRI whole brain mean activation analysis 

After preprocessing the data, a random-effects multi-subject general linear model (RFX 

GLM) with separate participant predictors and Z-normalization was generated to localize 

significant differences in neural activity during the tasks. Functional data from all NS tasks was 

first subtracted from fixation (main contrast) to examine sensorimotor activation, and group-

level statistical maps were generated at a threshold of p < .01, t(17) = 2.90, then corrected for 

multiple comparisons across the voxel population using a cluster threshold correction at p < .05 

(yielding a cluster threshold of 10 contiguous voxels, as estimated by BrainVoyagers’s Cluster-

level Statistical Threshold Estimator at 1000 iterations). Various contrast maps were produced to 

compare the four letter NS tasks and two object NS tasks to examine whether there were 

significant differences in neural activity between the tasks after correction for multiple 

comparisons. These statistical contrast maps were superimposed on an average high-resolution  

3D anatomical scan in Talairach space created from each participant’s T1 scan.  

fMRI region of interest (ROI) analyses 

Six key regions of the left hemisphere reading network were selected from the main 

contrast as the 125 contiguous voxels (5x5x5) within a cubic cluster centered on the point of 

peak activation; the inferior frontal gyrus, supramarginal gyrus, angular gyrus, middle temporal 

gyrus, superior temporal gyrus, and fusiform gyrus. The ROIs were extracted from the main 

contrast to investigate how the pattern of signal in these key regions changes across the letter and 
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object NS conditions, and how activation within these regions is correlated with the behavioral 

measures of the tasks. 

6.3.7 Statistical analysis 

 Statistical analysis of data was completed using SPSS Statistics v19.0 (IBM, Chicago, IL, 

USA). Paired samples t-tests were conducted to compare the NS tasks with one another to 

examine whether performance on the task versions were significantly different from one another, 

and to examine whether there were task differences in behavioral performance and neural 

activation between the overt and covert sessions. Separate analyses were conducted for NS 

performance (NS efficiency), NS components (articulation and pause times), eye movement 

measures (fixation durations, and number of saccades and regressions), and beta weight values 

(GLM parameter estimates) for comparisons described in the Results and figure legends. 

Bivariate correlations were further conducted to describe the relationships between the 

dependent variables.  

6.4 Results 

6.4.1 Behavioral task performance 

We first examined the differences in behavioral performance during the overt session 

between alphanumeric and non-alphanumeric stimuli, and the effects stimulus composition had 

on these tasks, because this is the session which resembles previous studies and the only one in 

which most of the behavioral comparisons can be made. For the letter NS tasks, the combined 

visually and phonologically similar task (i.e., the VPS condition) had the greatest effect on 

performance: decreased NS efficiency (Fig. 6.2A), increased number of errors (Fig. 6.2B), longer 

articulation times (Fig. 6.2C), pause times (Fig. 6.2D), and fixation durations (Fig. 6.2E), and 

more saccadic regressions (Fig. 6.2F). For the object NS tasks, paired-samples t-tests showed 
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that there were significantly longer articulation times for the OC task (Fig. 6.2C; t (17) = 6.01,    

p < .001, r = .89), but longer pause times for the OPS task (Fig. 6.2D; t (17) = 4.54, p < .001,      

r = .84). There was also a significant difference between the letter and object NS tasks on all 

measures (all p’s < .001; Fig. 6.2). 

Performance on each of the letter and object NS task versions during the overt session 

was highly correlated on all measures of each construct; all of the following correlations were 

significant at the p < .01 level. For the letter NS tasks, the correlations between NS efficiency 

scores ranged from .79 to .94, for articulation times from .78 to .94, for pause times from .69 to 

.90, for fixation duration from .75 to .95, for saccade count .64 to .85, and for regression count 

from .55 to .81. For the object NS tasks, the correlations between NS efficiency scores was .78, 

.89 for articulation times, .84 for pause times, .94 for fixation duration, .79 for saccade count, 

and .83 for regression count. Based on these high correlations, composite scores for the letter and 

object NS tasks were computed for each of the constructs, by averaging the z-scores for the four 

letter NS tasks and the two object NS tasks. For the letter NS tasks, NS efficiency was negatively 

correlated with articulation time, pause time, and saccade count (all p’s < .01; see Table 6.1 for 

all correlations), and with fixation duration and regression count (p’s < .05). For the object NS 

tasks, NS efficiency was negatively correlated with pause time (p < .01), and saccade count was 

significantly correlated with regression count (p < .01). These behavioral results replicate our 

previous behavioral studies analyzing these letter NS tasks outside of the magnet (Al Dahhan et 

al., 2014; 2017). 
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Figure 6.2. Effect of task version on task performance, NS components, and eye movement 
measures. A. Efficiency score on the NS tasks. B. Errors/run in naming. C. Average articulation 
time per trial. D. Average pause time per trial. E. Average fixation duration during overt naming. 
F. Regression count during overt naming. G. Average fixation duration during covert naming.  
H. Regression count during covert naming. Note. NS = naming speed task; LC = letters control 
NS task; PS = phonologically similar NS task; VS = visually similar NS task; VPS = visually & 
phonologically similar NS task; OC = object control NS task; OPS = phonologically similar 
object NS task. Blue bars represent performance on the letter NS tasks, and red bars represent 
performance on the object NS tasks. Stripped bars represent performance during the covert 
session. Standard errors are shown; * p < .05; ** p < .01; *** p < .001. 
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Lastly, we examined whether there were differences in eye movement performance 

during the covert session among the tasks and how performance differed compared to the overt 

session (descriptive statistics are in Table 6.2). Due to the lack of oral responses made during the 

covert session, the only behavioral measures that were obtained during this session were eye 

movement performance. Paired samples t-tests showed that similar to performance during the 

overt session, there was a significant difference between the letter and object NS tasks for 

fixation duration (Fig. 6.2G) and regression count (Fig. 6.2H). This was further supported by 

significant correlations among the individual tasks between the overt and covert session, which 

ranged from .54 to .65 for fixation duration and .56 to .68 for regression count for the letter NS 

tasks (p < .05), and .57 for fixation duration and .62 for regression count for the object NS tasks 

(p < .05). However, paired-samples t-tests showed that there was no significant difference in eye 

Table 6.1 
Correlations between letter and object NS behavioral measures during the overt session. 
 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 
Letter NS Tasks             
1. Efficiency -                       
2. Articulation  
    Time 

-.89** -                     

3. Pause Time -.87** .57* -                   
4. Fixation  
    Duration 

-.56* .50* .53* -                 

5. Regression  
    Count 

-.56* .47 .52* .14 -               

6. Saccade  
    Count 

-.75** .68** .67** .11 .64** -             

Object NS Tasks             
7. Efficiency .27 -.23 -.17 -.40 -.22 .06 -           
8. Articulation  
    Time 

-.05 .25 -.19 .30 -.08 -.14 -.18 -         

9. Pause Time -.28 .09 .38 .36 .19 .05 -.78** -.41 -       
10. Fixation  
      Duration 

-.12 .22 .00 .76** -.15 -.10 -.32 .29 .25 -     

11. Regression    
      Count 

-.19 .06 .23 .06 .68** .38 -.23 -.08 .25 -.05 -   

12. Saccade  
      Count 

-.19 -.05 .34 .10 .42 .38 -.17 .11 .15 -.10 .64** - 

Note. NS = naming speed. N = 18. * p < .05; ** p < .01. 
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movement measures between the covert and overt sessions or when manipulating stimulus 

composition of the tasks (all p’s > .05). The absence of significant differences in behavioral 

performance between the overt and covert sessions indicates that any neural differences found 

either between the tasks or the sessions cannot be attributed to differences in behavioral 

performance.  

Table 6.2  
Descriptive statistics on eye movement measures during the overt and covert sessions. 

 M SD 
 Overt Covert Overt Covert 

Letter NS Tasks     

Fixation Duration     
LC 272.98 257.63 37.20 51.78 
PS 268.93 261.13 60.05 52.92 
VS 276.14 263.10 52.10 51.06 

VPS 294.34 274.67 55.21 48.45 
Regression Count     

LC 4.69 3.28 1.99 1.40 
PS 4.97 4.14 2.93 2.18 
VS 5.19 4.42 2.83 1.86 

VPS 6.25 4.97 3.41 3.51 
Saccade Count     

LC 60.97 56.47 10.15 8.54 
PS 61.22 58.31 8.94 11.87 
VS 61.39 57.39 7.94 9.56 

VPS 63.08 57.85 9.07 10.59 

Object NS Tasks     

Fixation Duration     
OC 374.06 359.97 89.17 89.57 
OPS 374.56 361.62 77.46 73.91 

Regression Count     
OC 8.36 8.58 4.58 4.70 
OPS 8.50 8.61 4.46 4.35 

Saccade Count     
OC 72.72 57.62 13.53 10.04 
OPS 73.56 57.73 12.88 10.31 

Note. NS = naming speed; LC = letters control NS task; PS = phonologically similar NS 
task; VS = visually similar NS task; VPS = visually & phonologically similar NS task; 
OC = object control NS task; OPS = phonologically similar object NS task. N = 18. 
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6.4.2 Neural activation during task performance 

 To examine the neural regions involved in the serial processing and naming of the 

stimuli, we first compared neural activations during all NS tasks with fixation (main contrast) 

during the overt and covert sessions to establish whether any differences found between the tasks 

were driven by differences in sensorimotor processes. Once establishing an absence of 

differences between sessions, and due to behavioral studies of NS using tasks which rely on 

spoken responses, we primarily focus on examining neural activity during the overt session. The 

NS tasks were contrasted with one another to examine the differences in neural activation 

between alphanumeric and non-alphanumeric NS tasks, and the effects of manipulating stimulus 

composition. Lastly, the significant regions of activation that were found between the task 

comparisons during the overt session were compared with the covert session to ensure that these 

results were not driven by false positives associated with motion artifacts.    

Sensorimotor activation 

An initial RFX GLM contrast of all NS tasks minus fixation (main contrast) was 

conducted to confirm that participants recruited the key sensorimotor regions involved during the 

serial processing and naming of letters and objects during each session (e.g., data shown for the 

overt session in Fig. 6.3 & Table 6.3). For both sessions, compared to fixation, activation across 

NS tasks was significantly greater in key oculomotor regions that are involved in saccade 

control, such as the FEF, SEF, PEF, DLPFC, ACC, and the CN (Alahyane et al., 2014; Brown et 

al., 2007; Connolly et al., 2002; 2005; Ford et al., 2005); key speech areas, such as the inferior 

frontal gyrus, insula, and primary motor cortex (Guenther et al., 2006); and key visual regions 

that are involved in reading along the ventral visual pathway, such as the cuneus, lingual gyrus, 

and the fusiform gyrus (Indefrey & Levelt, 2004; Price, 2012). To ensure that a specific NS task 
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was not driving these findings, we subsequently contrasted each task from fixation and found 

similar results. Furthermore, paired samples t-tests revealed that within these regions there was 

no significant difference in BOLD activation between the tasks (Fig. 6.4, p > .05), indicating that 

these sensorimotor areas were recruited equally across the tasks. Lastly, there was no significant 

difference in sensorimotor activation between the overt and covert sessions, except for the insula 

and the primary motor cortex which are regions involved in the motor aspects of speech 

production (compare solid vs. striped bars in Fig. 6.4, p < .05). These results indicate that any 

differences found in neural activity between the tasks cannot be attributed to these sensorimotor 

processes, and allowed us to then contrast the tasks with one another to examine the reading 

networks that are activated during the overt session.  

 
 
Figure 6.3. Sensorimotor activation during task performance. Contrast map of all NS tasks 
subtracted from fixation during the overt session, cluster size corrected at p < .05 (10 contiguous 
voxels). Significant BOLD activations were observed in all ROIs (‘hot’ colors) in key 
sensorimotor areas that are involved during the serial processing and naming of letters and 
objects as well as key regions involved in the reading network, and are labelled. Coordinate 
values of planes in Talairach space are indicated. Note. NS; naming speed; DLPFC = dorsolateral 
prefrontal cortex; FEF = frontal eye fields; SEF = supplementary eye field; PEF = parietal eye 
field.
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 Table 6.3 
Talairach coordinates of peak activations for each of the contrasts during the overt session. 
 

Contrast Brain Areas Talairach Coordinates  T value Volume of cluster  
(voxels) x y z 

Letter and Object NS 
Tasks > Fixation  
(main contrast) 

LH Middle Frontal Gyrus -31 -11 53  3.59 744 
Supplementary Eye Fields -3 -4 54  4.86 900 
RH Frontal Eye Fields 21 -2 43  4.00 699 
LH Frontal Eye Fields -21 -5 43  3.64 513 
RH Parietal Eye Fields 18 -69 43  3.78 972 
LH Parietal Eye Fields -19 -67 43  5.73 993 
RH Dorsolateral Prefrontal Cortex 36 22 43  3.24 284 
LH Inferior Frontal Gyrus  -52 11 2  3.91 900 
RH Insula 31 10 7  4.57 996 
LH Insula -31 10 7  3.92 978 
RH Precentral Gyrus 48 -9 43  4.45 742 
LH Precentral Gyrus -50 -10 43  3.50 544 
RH Fusiform Gyrus 36 -40 -18  3.81 899 
LH Fusiform Gyrus -40 -40 -15  3.59 532 
RH Lingual Gyrus 10 -60 -5  5.73 1000 
LH Lingual Gyrus -11 -63 -5  5.09 1000 
RH Cuneus 10 -60 18  3.38 637 
LH Cuneus -12 -62 18  7.13 1000 
LH Supramarginal Gyrus -58 -15 18  4.16 762 
LH Angular Gyrus -49 -40 12  3.44 445 
LH Middle Temporal Gyrus -58 -33 2  4.43 644 
LH Superior Temporal Gyrus -50 -35 18  3.85 597 

        
LC > OC LH Inferior Frontal Gyrus -39 13 30  -2.53 359 

LH Superior Temporal Gyrus -36 -38 17  2.69 708 
LH Middle Temporal Gyrus -58 -38 -5  2.67 554 
LH Supramarginal Gyrus -51 -23 30  2.60 506 
LH Angular Gyrus -42 -55 30  2.66 532 
LH Fusiform Gyrus -30 -38 -14  -3.04 628 
RH Fusiform Gyrus  28 -38 -12  -3.24 736 

 LH Middle Occipital Gyrus -31 -90 7  -3.60 990 
 RH Middle Occipital Gyrus 26 -95 7  -3.07 495 
        
PS > LC LH Inferior Frontal Gyrus -51 11 4  2.36 321 

LH Fusiform Gyrus -30 -38 -18  2.04 161 
        
VS > LC LH Inferior Frontal Gyrus -50 12 8  2.52 251 

LH Fusiform Gyrus -26 -34 -31  2.73 369 
LH Middle Temporal Gyrus -41 -55 10  2.41 351 
LH Supramarginal Gyrus -34 -36 39  2.86 435 

 LH Angular Gyrus -47 -46 39  2.83 342 
        
VPS > LC LH Inferior Frontal Gyrus -52 9 8  2.84 591 

LH Fusiform Gyrus -35 -58 -10  2.59 297 
 LH Middle Temporal Gyrus -40 -58 8  2.12 528 

LH Superior Temporal Gyrus -50 5 3  2.59 256 
LH Supramarginal Gyrus -60 -23 25  2.54 453 
LH Angular Gyrus -32 -61 36  2.22 139 

        
VS > PS LH Precuneus -4 -66 28  2.65 466 
 LH Posterior Cingulate -3 -16 37  2.40 175 
        
VPS > PS LH Superior Temporal Gyrus -38 -31 22  2.47 347 

LH Supramarginal Gyrus -34 -38 42  2.64 693 
LH Angular Gyrus -50 -47 42  2.56 365 
LH Middle Temporal Gyrus -38 -58 13  2.52 284 

        
VPS > VS LH Inferior Frontal Gyrus -44 3 28  2.40 158 

LH Anterior Cingulate -1 21 27  -2.87 543 
        
OPS > OC LH Superior Temporal Gyrus -50 1 -8  2.90 498 

LH Middle Temporal Gyrus -52 1 -10  2.95 703 
LH Middle Occipital Gyrus -27 -93 3  -2.91 890 
RH Middle Occipital Gyrus 17 -91 3  -3.10 646 
LH Fusiform Gyrus -28 -55 -9  -2.61 641 
RH Fusiform Gyrus 27 -55 -10  -2.73 664 
LH Posterior Cingulate -6 -32 19  2.72 413 
LH Precuneus -6 -55 25  2.85 838 

Note. LH: left hemisphere; RH: right hemisphere; LC = letters control NS task; OC = objects control NS task; PS = 
phonologically similar NS task; VS = visually similar NS task; VPS = visually & phonologically similar NS task; OPS = 
phonologically similar object NS task. Talairach coordinates and numbers of voxels have been averaged across participants. 
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Figure 6.4. Comparisons of sensorimotor activation among the NS tasks. Note. NS = naming 
speed task; LC = letters control NS task; PS = phonologically similar NS task; VS = visually 
similar NS task; VPS = visually & phonologically similar NS task; OC = object control NS task; 
OPS = phonologically similar object NS task; DLPFC = dorsolateral prefrontal cortex; FEF = 
frontal eye fields; SEF = supplementary eye field; PEF = parietal eye field. Blue bars represent 
performance on the letter NS tasks, and red bars represent performance on the object NS tasks. 
Stripped bars represent performance during the covert session. Standard errors are shown.  
 

Comparison of neural activation between control letter and control object naming speed tasks 

Having confirmed that there was similar sensorimotor activation across all NS tasks (Fig. 

6.4), and all NS tasks activated key regions involved in the reading network (Fig. 6.3), including 

temporoparietal areas, inferior frontal cortex, and the ventral visual stream, we next contrasted 

the LC and OC tasks during the overt session with one another to examine the differences in 

neural activation between alphanumeric and non-alphanumeric stimuli (Fig. 6.5 & Table 6.3). 

This contrast revealed that there was significantly greater activation within key regions of the 
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reading network for the LC task (Fig. 6.5 ‘hot’ colors) than the OC task in the left hemisphere 

supramarginal gyrus, angular gyrus, middle temporal gyrus, and superior temporal gyrus (p < 

.05). For the OC task, there was significantly greater activation (Fig. 6.5 ‘cold’ colors) for the 

inferior frontal gyrus, bilateral fusiform gyrus and bilateral middle occipital gyrus (p < .05). 

 

Figure 6.5. Comparison between letter and object control NS tasks. Contrast map of letter 
control (LC) NS task and object control (OC) NS task during the overt session, cluster size 
corrected at p < .05 (10 contiguous voxels). Significantly greater BOLD activation is shown for 
the LC task (‘hot’ colors) and OC task (‘cold’ colors) as labeled. Coordinate values of planes in 
Talairach space are indicated. 
 
Neural activation during letter naming speed tasks 

Each manipulation made to the letter NS tasks in the overt session was subtracted from 

the LC task to examine whether neural processes were differentially associated with each task 

(PS > LC, VS > LC, VPS > LC; Fig. 6.6, Table 6.3). These contrasts revealed that the inferior 

frontal gyrus and fusiform gyrus were significantly more activated for all three manipulation 

tasks compared to the LC task; the middle temporal gyrus, supramarginal gyrus, and angular 

gyrus were significantly more activated for the VS and VPS tasks than the LC task; and the 

superior temporal gyrus was significantly more activated for the VPS task than for the LC task (p 

< .05). 
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To further investigate the differential neural processes that were associated with each 

letter NS task, the PS, VS, and VPS conditions were contrasted with one another (VS > PS,    

VPS > PS, VPS > VS; Fig. 6.6, Table 6.3). These contrasts established that the anterior 

cingulate, posterior cingulate, and precuneus were significantly more activated for the VS task 

than the PS and VPS tasks (p < .05), and the inferior frontal gyrus, superior temporal gyrus, 

supramarginal gyrus, angular gyrus, and middle temporal gyrus were significantly more 

activated for the VPS task than the PS and VS tasks (p < .05).  

 

Figure 6.6. Neural activation specific to letter naming. A. Contrast of PS letters subtracted 
from LC letters. B. Contrast of VS letters subtracted from LC letters. C. Contrast of VPS letters 
subtracted from LC letters. D. Contrast of VS letters subtracted from PS letters. E. Contrast of 
VPS letters subtracted from PS letters. F. Contrast of VPS letters subtracted from VS letters. 
These contrast maps were obtained from the overt session, and each map has a cluster size 
corrected at p < .05 (10 contiguous voxels). ROIs are labelled, with significant BOLD activations 
shown as ‘hot’ colors. Coordinate values of planes in Talairach space are indicated. Note. NS = 
naming speed task; LC = letters control NS task; PS = phonologically similar NS task; VS = 
visually similar NS task; VPS = visually & phonologically similar NS task. 

 

Neural activation during object naming speed tasks 

The OPS and OC tasks in the overt session were contrasted with one another to examine 

whether there were different processes associated with each task (Fig. 6.7, Table 6.3). This 

contrast revealed that the superior temporal gyrus, middle temporal gyrus, precuneus, and 
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posterior cingulate were significantly more activated for the OPS task (p < .05), whereas there 

was significantly greater bilateral activation in the fusiform gyrus and the middle occipital gyrus 

for the OC task (p < .05). 

 

Figure 6.7. Neural activation specific to object naming. Contrast map of phonologically 
similar object (OPS) NS task and object control (OC) NS task during the overt session, cluster 
size corrected at p < .05 (10 contiguous voxels). Significantly greater BOLD activation is shown 
for the OPS task (‘hot’ colors) and OC task (‘cold’ colors) as labeled. Coordinate values of 
planes in Talairach space are indicated. 

6.4.3 Effect of stimulus manipulations on BOLD activation in the reading network 

The direct task comparisons performed above revealed that key regions of the reading 

network (inferior frontal gyrus, superior and middle temporal gyri, supramarginal gyrus, angular 

gyrus, and fusiform gyrus) were differentially activated during the NS tasks. To further 

investigate the activation differences among the NS tasks and examine how activation within 

these regions was correlated with behavioral performance during the tasks, we extracted beta 

weights from each of these regions in the overt session using the main contrast and then 

performed paired samples t-tests on the averages of the mean beta weights of the four letter NS 

tasks and the two object NS tasks (Fig. 6.8). There was significantly greater activation during the 

letter NS tasks in the superior temporal gyrus and middle temporal gyrus, and significantly lower 

activation in the right fusiform gyrus, than in the object NS tasks (p < .05; Fig. 6.8).  

We next examined how BOLD activation was affected by the different stimulus  
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manipulations. For the letter NS tasks, there was greater BOLD activation for each of the ROIs 

when the letters were both visually and phonologically similar to one another (p < .05), except 

for the left fusiform gyrus, in which the conditions did not differ (p > .05). For the object NS 

tasks, paired samples t-tests showed that the two tasks only differed in the right fusiform gyrus in 

which there was greater activation during the OC task than the OPS task (p < .01). 

 
Figure 6.8. Effect of stimulus manipulations on BOLD activation in the reading network. 
Beta weights were extracted from 125 cubic voxels surrounding the peak activations in regions 
displaying greater activation during all NS tasks compared to fixation (main contrast). Note. NS 
= naming speed task; LC = letters control NS task; PS = phonologically similar NS task; VS = 
visually similar NS task; VPS = visually & phonologically similar NS task; OC = object control 
NS task; OPS = phonologically similar object NS task. Blue bars represent performance on the 
letter NS tasks, and red bars represent performance on the object NS tasks. Stripped bars 
represent performance during the covert session. Standard errors are shown; * p < .05;               
** p < .01; *** p < .001.  
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6.4.4 Relationship between neural activation and behavior 

We next examined whether overall neural activation within the six ROIs was correlated 

with the behavioral measures of the composite scores of each task (Table 6.4). The correlations 

among the ROIs ranged from .49 to .99 (p < .05; Table 6.4). For the letter NS tasks, greater 

activation in the angular gyrus and the superior temporal gyrus was associated with decreased 

NS efficiency, and longer articulation times and fixation durations (p < .05). For the object NS 

tasks, greater activation in the angular gyrus, middle temporal gyrus, and superior temporal gyrus 

was associated with longer fixation durations (p < .05). 

 

 

 

Table 6.4 
Correlations between regions of interest and behavior during the overt session.  
   1. 2. 3. 4. 5. 6. 
1. Inferior Frontal Gyrus -      
2. Left Fusiform Gyrus .58* -     
3. Supramarginal Gyrus .69** .77** -    
4. Angular Gyrus .57* .67** .81** -   
5. Middle Temporal Gyrus .54* .49* .68** .56* -  
6. Superior Temporal Gyrus  .57* .67** .79** .99** .56* - 
Letter NS Tasks       
    NS Efficiency  -.22 -.28 -.35 -.56* -.06 -.58* 
    Articulation Time  .32 .39 .42 .58* .05 .58* 
    Pause Time  -.02 .00 .18 .38 .04 .42 
    Fixation Duration .18 .16 .21 .48* -.14 .52* 
    Saccade Count .12 .17 .28 .25 .30 .27 
    Regression Count .24 .08 .27 .01 -.09 .03 
Object NS Tasks       
    NS Efficiency -.26 .06 -.03 -.16 -.16 -.16 
    Articulation Time .09 -.04 -.07 .19 .22 .18 
    Pause Time .15 -.00 -.03 .08 .07 .11 
    Fixation Duration .31 .11 -.10 .44* .52* .47* 
    Saccade Count .22 -.07 .00 -.08 -.01 -.08 
    Regression Count -.16 -.12 .00 -.20 -.08 -.16 
Note. NS = naming speed. N = 18. * p < .05; ** p < .01 
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6.4.5 Comparison between covert and overt naming speed performance 

Due to the possibility that the overt task could potentially lead to false positives in 

activation maps due to movement (Soltysik & Hyde, 2006), we conducted a series of paired 

samples t-tests to compare beta weight activation in the ROIs between the covert and overt 

sessions in which participants were required to either name the NS stimuli silently or aloud, 

respectively. These analyses revealed that there were no significant differences in key regions of 

the reading network between the two sessions (Fig. 6.8; all p’s > .05), indicating that our present 

results were not driven by false positives caused by motion artifacts.   

6.5 Discussion 

The aim of this study was to combine fMRI with eye tracking and speech recording as a 

multidisciplinary approach to examine the neural and cognitive accounts of reading through the 

use of NS tasks. There were no significant differences between the overt and covert sessions in 

behavioral performance (Fig. 6.2 E and F vs. G and H), sensorimotor activation (except for 

regions involved in the motor aspects of speech production, Fig. 6.4), or BOLD activation in key 

regions of the left hemisphere reading network (Fig. 6.8). This established that the differences 

found between the tasks in the overt session within the reading network were not due to speech 

production motion artifacts. Within the reading network, there was overall greater activation for 

the letter NS tasks than the object NS tasks (Fig. 6.8), and activation in the temporoparietal areas 

of this network varied by task difficulty. These results help to further unravel the neural and 

cognitive processes that are involved during reading, and how these processes differ between 

alphanumeric and non-alphanumeric stimuli and with specific stimuli manipulations.  

 

 

172 

 



 

6.5.1 Neural mechanisms of rapid naming 

The pattern of neural activation obtained during NS tasks was consistent across key 

regions involved in the reading network that are involved in speech production (Fig. 6.3): 

anterior cingulate cortex (speech monitoring; Chang et al., 2009; Christoffels et al., 

2007; Guenther & Vladusich, 2012), motor cortex (timing and initiating motor output; He et al., 

2013), supplementary motor association cortex (articulation; Alario et al., 2006; Brown et al., 

2009), supramarginal gyrus (somatosensory maps and grapheme-phoneme mapping; Stoeckel et 

al., 2009), and middle temporal gyrus (semantic access; Graves et al., 2010; Rapcsak & Beeson, 

2004; Whitney et al., 2010). Rapid serial naming of the letters and objects also resulted in 

significant activation of the frontal eye fields, which reflects the voluntary saccadic eye 

movements needed to perform the task, as well as the basal ganglia, which reflects the 

automaticity that is required during these NS tasks (Misra et al., 2004; Poldrack & Gabrieli, 

2001). However, even though the NS tasks activated key regions of the reading network, the 

magnitude of this activation differed between the tasks (Fig. 6.8). 

6.5.2 Differences in performance between alphanumeric and non-alphanumeric stimuli 

Both behavioral and neuroimaging measures showed that letter naming performance was 

significantly better than object naming performance. Participants were more efficient, made 

fewer errors and regressions, and had shorter articulation times, pause times, and fixation 

durations during the letter NS tasks than the object NS tasks (Fig. 6.2). These behavioral 

differences were reflected in overall greater BOLD activation within the reading network for the 

letter NS tasks (Fig. 6.8), suggesting that letter naming is a more automatic and efficient task 

than object naming among skilled readers (Cummine et al., 2014; Kirby et al., 2010; Misra et al., 

2004).   
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There was a significant difference in BOLD activation between letters and objects in the 

right fusiform gyrus, the middle temporal gyrus, and the superior temporal gyrus (Fig. 6.8). 

There was no significant difference in BOLD activation amongst the letter and the object 

conditions in the left fusiform gyrus (Fig. 6.8). This suggests that the left fusiform gyrus is not 

specific to linguistic stimuli but instead processes general visual objects (Cohen et al., 2002; 

Dehaene et al., 2002; Devlin et al., 2006; Pernet et al., 2005; Price & Friston, 2005; Xue et al., 

2006). Current knowledge on the neural circuitry of overt word reading (Indefrey & Levelt, 

2004; Jobard et al., 2003; Price, 2012) allows us to hypothesize that the tasks began to differ 

from one another as information moved from the left fusiform gyrus to the left middle temporal 

gyrus and left superior temporal gyrus, indicating the key role these regions play in the transition 

from visual to lexical-semantic to phonological processing (Carreiras et al., 2014; Cattinelli et 

al., 2013; Indefrey & Levelt, 2004; Jobard et al., 2003; Taylor et al., 2013).  

6.5.3 Effect of task stimulus manipulations on performance 

The letter and object NS tasks differentially activated the left-dominant neural reading 

network associated with phonological (inferior frontal gyrus, supramarginal gyrus, and superior 

temporal gyrus; Dhanjal et al., 2008; Jobard et al., 2003; Joubert et al., 2004), orthographic 

(fusiform gyrus and middle temporal gyrus; Bruno et al., 2008; Graves et al., 2010), and 

orthographic-to-phonological (inferior and superior parietal lobule; Guenther & Vladusich, 2012; 

Price, 2012) processing, but not articulatory/motor processing related to speech production 

(precentral gyrus, cerebellum, and supplementary motor association cortex; Dhanjal et al., 2008; 

Guenther & Valdusich, 2012; Guenther et al., 2006 Price, 2010; 2012). This indicates that the 

speech production processes activated when participants are presented with visual stimuli are 

automatic, and not influenced by stimulus characteristics (Palmer et al., 2001).  
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For each of these regions within the reading network, there was greater BOLD activation 

and poorer naming and eye movement performance when the letters were both visually and 

phonologically similar to one another compared to the single letter manipulation conditions (Fig. 

6.8). This suggests that increasing the similarity between the letters within the matrix required 

greater attentional processing and speech monitoring to ensure accurate naming of the letters, 

which was reflected in the greater activation of the inferior parietal cortex, anterior cingulate, 

posterior cingulate, and precuneus (Fig. 6.6; Binder et al., 2009; Chang et al., 2009; Christoffels 

et al., 2007; Guenther & Vladusich, 2012).  

The only differences between the two object NS tasks were significantly longer pause 

times on the OPS task and longer articulation times in the OC task (Fig. 6.2C, D). This indicates 

that greater visual and semantic processing is required to differentiate among the stimuli and 

prime the articulation of the phonologically similar words in the OPS task, reflected in the 

increased activation of the precuneus and posterior cingulate (Fig. 6.7; Binder et al., 2009). This 

in turn increases the efficiency of articulatory recoding and the execution of speech motor 

commands.  

6.5.4 Relationship between neural activation and behavior 

Greater activation in the angular gyrus and the superior temporal gyrus of the left 

hemisphere was associated with decreased NS efficiency and longer articulation times and 

fixation durations for the letter naming conditions, and longer fixation durations for the object 

conditions (Table 6.4). Based on our previous findings (Al Dahhan et al., 2014; 2017), we 

predicted that pause time and not articulation time would be related to neural activity during the 

NS tasks as it is an index of the preparation processes that are related to stimulus recognition, 

attention, and eye movement planning (Clarke et al., 2005; Neuhaus et al., 2001). However, the 
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present findings are consistent with NS component studies that have found variability in NS time 

becomes associated more strongly with articulation time than pause time as readers become more 

skilled (e.g., Georgiou et al., 2014). As naming becomes more automatic, speed may be less 

related to orthographic processing differences and more related to coordination of multiple 

processes during articulation.   

In terms of the eye movement parameters, longer fixation durations are associated with 

more effortful language processing (Engbert et al., 2005; Nuthmann & Henderson, 2012) and 

greater attentional focus (Rayner, 2009). Thus, fixation duration has been found to be related to 

activity in cortical regions associated with language processing, such as the superior temporal 

gyrus (Henderson et al., 2015), and with oculomotor and attentional control, such as the 

intraparietal sulcus, frontal eye fields, and supplementary eye fields (Poldrack & Gabrieli, 2001). 

We found a significant positive relationship between fixation duration and activation in both the 

angular gyrus and the superior temporal gyrus for both letters and objects, which indicates that 

higher order language processes control fixation duration during reading (Table 6.4; Rayner, 

2009; Reichle et al., 1998; 2003). 

6.6 Conclusion 

The unique multidisciplinary design of this study allowed us to examine the processes 

that are involved during reading. There were no differences in behavioral performance (Fig. 6.2), 

sensorimotor activation (except for regions involved in the motor aspects of speech production; 

Fig. 6.4), or activation in the reading network (Fig. 6.8) between the overt and covert sessions. 

These findings validate the use of overt naming in fMRI studies, and further expand the 

possibility of replicating findings of traditional behavioral studies that use overt naming tasks. 

More substantively, activation during the various NS tasks differed mainly based on the tasks’ 
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sensitivity to posterior cortical areas in the reading network involved in the processing and 

interpretation of orthographic information: The NS tasks differentially activated the 

temporoparietal regions of the reading network of the left hemisphere. Overall, combining fMRI 

with eye tracking and speech recording to examine the neural and cognitive accounts of reading 

during tasks such as NS furthers the understanding of the neural circuitry that is involved, and 

will allow researchers to examine how these processes change both during reading development 

and following interventions for individuals with reading difficulties, with the potential to lead to 

improved instructional practices. 
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Chapter 7 

Understanding the neural substrate of dyslexia 

This chapter can be referenced as: 

Al Dahhan, N. Z., Kirby, J. R., Brien, D. C., Gupta, R., Harrison, A., & Munoz, D. P. 

Understanding the neural substrate of dyslexia. In preparation.
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7.1 Abstract 

Due to the multiple and complex components that are involved during reading, the 

neuroanatomical mechanisms that support the behavioral individual differences of reading ability 

are not well understood. To examine the neural and cognitive processes that underlie reading, we 

combine fMRI, eye tracking, and speech recording in typically achieving adult readers and 

readers with dyslexia (ages 21-26) to investigate the neural mechanisms underlying naming 

speed (NS) tasks, the neural relationship between alphanumeric and non-alphanumeric stimuli, 

and the effects manipulating stimulus composition of these tasks has on performance. NS tasks, 

which measure how quickly and accurately participants can name sets of familiar stimuli (e.g., 

letters or objects), provide a simplified example of processes involved during reading and are a 

precursor and concurrent correlate of accurate and efficient reading. We employed an fMRI 

block design study consisting of letter and object NS tasks, in which the stimuli were either 

phonologically and/or visually similar to one another, while participants’ eye movements and 

articulations were simultaneously recorded. Compared to typically achieving readers, readers 

with dyslexia had poorer behavioral performance on all tasks and this was reflected in an 

increase in activity within specific regions of the left-hemisphere dominant reading network. 

Unlike typically achieving readers who relied on this reading network to complete the tasks, 

readers with dyslexia had greater bilateral activation and recruited regions involved with 

memory, presumably to compensate for their reading disability. Furthermore, stimulus 

manipulations in letter and object NS tasks differentially activated the reading network. There 

was greater neural activity and poorer behavioral performance when stimuli were both visually 

and phonologically similar to one another. Discussion focuses on how these results further our 

understanding of the differences in activation within the reading network found between 
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typically achieving readers and readers with dyslexia, how they are related to behavioral task 

differences, and on how progress in understanding these processes may lead to enhanced early 

identification and intervention of children at risk for developing reading difficulties.  
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7.2 Introduction 

While individual behavioral differences of reading ability are well known, the neural 

basis of these differences are poorly understood due to the complex components involved during 

reading (He et al., 2013). To simplify the study of the neural processes that support reading, 

functional magnetic resonance imaging (fMRI) can be used to investigate the neural substrates 

involved in rapid serial naming, or naming speed (NS), in which participants are required to 

name sets of simple stimuli (e.g., letters or objects) as quickly and as accurately as possible (e.g., 

Breznitz, 2005; Cummine et al., 2014; Gonzalez-Gerriod et al., 2011; Misra et al., 2004; Wiig et 

al., 2002). NS tasks have been shown to be a precursor and concurrent correlate of accurate and 

efficient reading in both developing readers and in poor readers (Compton, 2003; Georgiou et al., 

2011; Neuhaus et al., 2001). 

NS has thus been described as a “microcosm” of the foundational processes required for 

fluent word reading (Wolf & Bowers, 1999), and the pattern of fMRI activation found during NS 

tasks coincides with areas involved in the left-hemisphere dominant neural reading network 

consisting of occipitotemporal, temporoparietal, and inferior frontal cortical regions (Cummine 

et al., 2014; Misra et al., 2004; Norton et al., 2015; Price & Mechelli, 2005; Shaywitz & 

Shaywitz, 2008). This reading network, involving six key regions that are the focus of this paper, 

includes a dorsal stream, which maps orthographic information onto phonological and semantic 

representations, and a ventral stream, which involves a whole word identification and semantic 

system (Cohen et al., 2008; Price, 2012; Pugh et al., 2001). The dorsal stream projects dorso-

posteriorly from the visual cortex towards the parietal lobe and frontal regions and includes the 

posterior superior temporal gyrus, angular gyrus, and supramarginal gyrus; the ventral stream 

projects ventro-laterally and includes the inferior occipitotemporal regions, fusiform gyrus, and 
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the middle temporal gyrus (Borowsky et al., 2006; Pugh et al., 2000). Greater activity has been 

found within this network for alphanumeric than non-alphanumeric tasks, with alphanumeric 

stimuli activating regions in both the dorsal and ventral pathways and non-alphanumeric stimuli 

primarily activating regions in the ventral pathway (Cummine et al., 2014; Misra et al., 2004). 

As children become skilled readers there is a gradual decrease in BOLD activation in 

right hemisphere areas involved in visual memory and an increase in activity within regions of 

the left-hemisphere reading network (Turkeltaub et al., 2003). Within this network, skilled 

readers have greater activity in the occipitotemporal regions, which serves for the rapid, 

automatic, and fluent identification of visually presented words (Norton & Wolf, 2012; Shaywitz 

et al., 2006). For readers with dyslexia, this posterior reading system is functionally disrupted 

and is thought to be a key reason why they cannot recognize words automatically (Dehaene et 

al., 2005). This reduced activation of the dorsal temporoparietal system may reflect impairments 

in phonological processing, particularly in forming grapheme-phoneme associations, and the 

hypoactivation found in the ventral occipitotemporal system may reflect a secondary impairment 

in automatic visual word recognition (Richlan et al., 2013). This functional disruption is in turn 

presumably compensated for by an increased reliance on the inferior frontal regions of the 

reading network and right hemisphere posterior regions (Norton et al., 2015; Price & Mechelli, 

2005; Richlan et al., 2013; Shaywitz & Shaywitz, 2006). 

For an in-depth examination of these brain-behavior group differences, we conducted an 

fMRI study with simultaneous recordings of eye movements and vocalizations in adult readers 

with and without dyslexia. We use video-based eye tracking to measure rapid eye movements, or 

saccades, in which the eyes move rapidly from one fixation to the next, backwards saccades, or 

regressions, and fixation durations (Olitsky & Nelson, 2003; Rayner, 1997; Starr & Rayner, 
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2001). Any variability that occurs during these naming time components and eye movement 

measures is hypothesized to reflect variability in on-line processing (Rayner, 1997). We also 

separate vocalizations during NS tasks into articulation times of stimulus names and pause times 

between articulations, because pause times have been argued to be a marker for the response 

preparation aspect of executive control (Clarke et al., 2005; Georgiou et al., 2006; 2009; Kirby et 

al., 2010; Li et al., 2009). Combining eye movements with vocalizations allow for a fine-grained 

examination of how performance is influenced by the coordination of vocal and visual processes, 

and how this may differ between the two groups. 

To investigate the neural processes involved during NS task performance, we examine 

the sensorimotor processes involved in the serial processing and naming of stimuli. This involves 

key oculomotor regions involved in saccade control, such as the dorsolateral prefrontal cortex 

(DLPFC), frontal, supplementary, and parietal eye fields (FEF, SEF, PEF), anterior cingulate 

cortex (ACC), and the caudate nucleus (CN; Brown et al., 2007; Connolly et al., 2002; 2005; 

Ford et al., 2005); key speech areas, such as the insula, inferior frontal gyrus, and primary motor 

cortex (Guenther et al., 2006); and key visual regions involved in reading along the ventral visual 

pathway, such as the fusiform gyrus, cuneus, and lingual gyrus (Indefrey & Levelt, 2004; Price, 

2012). We then examine differences in neural activation between alphanumeric and non-

alphanumeric NS tasks, the effects stimulus composition of NS tasks has on performance, and 

the relationship between neural activation and behavioral performance. 

7.3 Materials and methods 

7.3.1 Participants 

Two groups of participants took part in the present study: 16 participants formally  
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diagnosed with dyslexia by qualified professionals (co-authors R.G. and A.H.; mean age = 21.0 

years, SD = 3.05; 10 females) who were recruited from Queen’s University’s Regional 

Assessment and Resource Centre; and 18 typically achieving readers with no self-reported 

history of reading disabilities (mean age = 24.1 years, SD = 1.89; 16 females) who were recruited 

from the Queen’s University community. All participants provided written informed consent 

prior to testing, were right handed, as assessed by the Modified Edinburgh Handedness Inventory 

(Oldfield, 1971), had normal or corrected to normal vision, reported English as their native 

language, and had no history of head injury or neurological illness. 

7.3.2 Reading and cognitive measures 

Reading and decoding ability. Reading ability was assessed with three tasks: Word 

Identification, Sentence Reading Fluency, and Passage Comprehension (Woodcock, 1998). In 

Word Identification participants were asked to read aloud up to 106 words that increased in 

difficulty until they either attempted all the words or made six consecutive errors. Sentence 

reading fluency was assessed by examining participants’ ability to rapidly read and comprehend 

simple sentences within a 3-minute time limit, in which they were required to circle “Yes” or 

“No” whether the sentence was true or false. Passage comprehension was assessed by examining 

participants’ ability to silently read up to 52 passages, comprehend the information in each, and 

provide a missing word to complete a sentence within each passage. Participants’ decoding 

ability was assessed with Word Attack in which they were asked to read aloud 45 pseudowords 

that increased in difficulty until they either attempted all the words or made six consecutive 

errors. For each of these tasks, participants’ scores were the number of correct responses. 

Phonological awareness. Phonological processing was assessed with three tasks from 

the Comprehensive Test of Phonological Processing battery (Wagner et al., 1999): Phoneme 
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Elision measures the ability to remove phonological segments from spoken words to form other 

words (34 items), Phoneme Isolation measures the ability to isolate individual sounds within 

words (32 items), and Word Blending measures the ability to synthesize sounds to form words 

(33 items). For each task, participants’ scores were the number of correct answers.   

 Nonverbal ability. Nonverbal ability was assessed with the Matrix Reasoning subtest of 

the Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999). 35 incomplete visual patterns, 

each with five possible pieces to complete the patterns, were shown to participants one at a time. 

Participants were asked to point to the piece that would best complete the pattern. Participants’ 

scores were the number of correct answers.   

Naming speed tasks. Four versions of a letter NS task and two versions of an object NS 

task, with two trials/version were administered. For the letter NS tasks, single letter substitutions 

to the letter o in a control task (LC; Denckla & Rudel, 1976) with the letter matrix of a, d, o, p, s 

were made to make the letter matrix more Phonologically Similar (PS: o replaced with v), 

Visually Similar (VS: o replaced with q), or both Visually and Phonologically Similar (VPS: o 

replaced with b; Compton, 2003). Similarly, for the object NS tasks, the Object Control task 

(OC; Denckla & Rudel, 1976) had the stimuli dog, hat, chair, cat, and star, and in the Object 

Phonologically Similar condition (OPS) chair was replaced with bat, to rhyme with hat and cat. 

Each NS task presented 50 letters/objects simultaneously with ten repetitions of the five 

letters/objects arranged semi-randomly in five rows of ten letters/objects each. Further details are 

provided in the following sections. 

7.3.3 Procedure 

All participants completed four practice NS trials outside of the MRI environment. The 

first two practice trials, counterbalanced for order, involved participants naming the eight letters 
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and six objects that were used in the study (i.e., a, d, b, p, s, q, o, v, dog, hat, chair, cat, star, and 

bat) to ensure they were familiar with the stimulus names. The third and fourth practice trials, 

also counterbalanced for order, involved participants performing NS tasks consisting of either 20 

letters or 20 objects presented in four rows, to ensure participants understood the task 

requirements. After participants took part in the neuroimaging portion of the study, the reading 

and nonverbal ability tests were administered. 

7.3.4 Visual display, eye tracking, and articulatory recordings 

Visual displays were generated using Experiment Builder (SR Research Ltd., version 

10.10.1630) running on a Windows 7 PC, and were back-projected onto a high-contrast rear 

projection screen (DA-LITE), positioned at the head of the magnet bore, using a NEC LT265 

DLP video projector (Tokyo, Japan) with a refresh rate of 60 Hz and a resolution of 1024 x 768 

and an Avotec SV-6011 color LCD Projection System (Florida, USA). A mirror situated on top 

of the head coil angled at approximately 45° allowed participants to view the screen. Eye 

position was recorded throughout all tasks using an EyeLink 1000 fibre optic camera (SR 

Research Ltd., Ottawa, ON), all recordings and calibrations were done monocularly based on the 

right eye while viewing was binocular. The camera was positioned next to the screen 

approximately 60 cm from the bore of the magnet to view the right eye of the participant in the 

mirror. Horizontal and vertical position of the right pupil was digitized at 500 Hz and average 

gaze position error of <1o. Before each functional run, the eye tracker was calibrated using nine 

randomly presented target locations on the screen (eight around the periphery and one central). 

The targets were flashed sequentially and participants were instructed to fixate on each one. 

After calibration, the process was repeated to validate that the average error between fixation and 

target was <1o and that no loss of eye tracking occurred. The array of letters was presented in 
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white print (Angsana New font, size 60) on a black background, with a 1.7o viewing distance 

between each letter and 2.4⁰ viewing distance between each row. The horizontal and vertical 

dimensions of each letter stimulus were .47⁰ x .63⁰, respectively. The array of objects was 

matched for luminance, 50 cd/m2, with a 1.7⁰ viewing distance between each object and 2.3⁰ 

viewing distance between each row. The horizontal and vertical dimensions of each object 

stimulus were 1.4⁰ x 1.4⁰. Articulations were recorded via an MRI compatible optical 

microphone (Optoacoustics Ltd., Israel) and an ASIO compatible sound card at a sampling rate 

of 24 kHz. Eye position and articulations were recorded continuously from the start to end of 

each fMRI run and were synchronized through Experiment Builder. 

7.3.5 fMRI experimental design 

Imaging data were acquired using a Siemens 3-Tesla Magnetom Trio system (Erlangen, 

Germany) fitted with a 12-channel receive-only head coil with participants lying supine. High 

resolution T1-weighted whole-brain structural scans were performed on each participant using a 

3D MP-RAGE sequence (Repetition Time, TR = 1760 ms; echo time, TE = 2.2 ms; flip angle, 

FA = 9o; field-of-view, FOV = 256 x 256 mm; matrix size 256 x 256 mm; 1 mm iso-voxel 

resolution; 176 volumes). Functional images were acquired axial oblique with 40 horizontal 

slices (3.3 mm thick) covering the whole brain. Functional data were collected using T2*-

weighted echo-planar image (EPI) volumes sensitive to blood oxygen-level dependent (BOLD) 

contrast (Kwong et al., 1992; Ogawa et al., 1990) acquired in an interleaved fashion (TR = 2750 

ms, TE = 30 ms, FA = 84o, FOV = 211 x 211 mm, matrix size 64 x 64, 3.3 mm iso-voxel 

resolution, 192 volumes). Four functional runs consisting of 192 volumes, including 2 discarded 

volumes to compensate for T1 saturation effects, were acquired for each participant. During 

these runs, a block design was used to administer the four versions of the letter NS task and two 
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versions of the object NS task, with 12 s blocks of fixation separating each version of the task. 

For each run there were two trials/NS task, with each task presented on the screen for 45 

seconds. The NS tasks were interleaved with 12 s fixation blocks in which participants were 

instructed to fixate at a single dot in the middle of the screen. Each run began with an additional 

fixation period (3 TR) while MR images were acquired in order to allow the fMRI signal to 

reach steady-state longitudinal magnetization, and each run ended with a 12 s fixation period to 

allow the hemodynamic response to return toward baseline before commencing the next run. 

7.3.6 Data analysis 

Behavioral data 

Methods for analysis of eye movements and articulations were described previously (Al 

Dahhan et al., 2017) and analyzed using custom software developed in MatLab (Version 

R2011a; MathWorks Inc., Natick, MA, USA). To avoid the possibility of practice effects, 

behavioral data were only analyzed for each participant’s first pass through the task. Eye position 

and articulations were digitized from the start to end of each trial. Fixation duration was defined 

as the average duration of all fixations for correctly articulated stimuli in the trial. The onset and 

termination of saccades were determined using velocity (30o/sec), and acceleration (8000o /sec2) 

threshold criteria. Regressions were defined as leftward saccades that were within 30o of visual 

angle in the horizontal and were less than 10o in amplitude (to omit blinks and eye movements to 

the next line). Eye tracking data associated with skips or naming errors were removed manually 

from the behavioral data analyses.  

Sound files containing naming responses for each participant were analyzed using custom 

software developed in MatLab. Data extraction from the audio files was completed using 

procedures described previously (Al Dahhan et al., 2017; Georgiou et al., 2006). Naming errors 
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were manually scored from participants’ recorded responses. NS efficiency was then calculated 

by dividing the number of stimuli named correctly by total naming time during a trial. 

Articulation time was calculated as the mean of the articulation times that were correctly 

verbalized and were not preceded by a skipped stimulus, and pause time was the mean of the 

pause times between two correctly articulated stimuli. These measures were calculated after 

removing the articulations and pauses associated with naming errors or skips.  

fMRI preprocessing 

All fMRI preprocessing and statistical analyses for both sessions were conducted using 

BrainVoyager (Version 1.10, Brain Innovation, Maastricht, The Netherlands). The first two 

functional volumes acquired from each run were removed for steady state magnetization, and 

then pre-processing steps were performed, including: slice scan time correction with cubic spline 

interpolation, 3D motion correction to the first volume of the remaining volumes in each run, 3D 

spatial smoothing with a 6 mm full width half maximum (FWHM) Gaussian kernel (i.e., twice 

the between-plane distance of 3.3 mm; Skuldarski et al., 1999), and temporal filtering (high-pass 

filter with cut-off of two cycles/run and linear trend removal). Functional data were screened for 

motion artifacts exceeding 2 mm translation or 2o rotation by examining the motion correction 

plots of each functional run. Functional images were coregistered to the structural images. 3D 

structural images were normalized into standard Talairach space (Talairach & Tournoux, 1988) 

by aligning them first into the anterior commissure-posterior commissure (AC-PC) plane and 

then using trilinear interpolation to warp the structural images into Talairach coordinates. These 

parameters were then applied to the coregistered functional data. 
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fMRI whole brain mean activation analysis 

After preprocessing the data, a random-effects multi-subject general linear model (RFX 

GLM) with separate participant predictors and Z-normalization was generated to localize 

significant differences in neural activity during the tasks. Functional data from all NS tasks was 

first subtracted from fixation (main contrast) to examine sensorimotor activation, and group-

level statistical maps were generated at a threshold of p < .01, t(17) = 2.90 for controls and          

p < .01, t(15) = 2.95 for dyslexics, then corrected for multiple comparisons across the voxel 

population using a cluster threshold correction at p < .05 (yielding a cluster threshold of 10 

contiguous voxels, as estimated by BrainVoyagers’s Cluster-level Statistical Threshold Estimator 

at 1000 iterations). Various contrast maps were then produced to compare the four letter NS 

tasks and two object NS tasks after correction for multiple comparisons. These statistical contrast 

maps were superimposed on an average high-resolution 3D anatomical scan in Talairach space 

created from each participant’s T1 scan separately for each group.  

fMRI region of interest (ROI) analyses 

Six key regions of the left hemisphere reading network were selected from the main 

contrast as the 125 contiguous voxels (5x5x5) within a cubic cluster centered on the point of 

peak activation; the inferior frontal gyrus, supramarginal gyrus, angular gyrus, middle temporal 

gyrus, superior temporal gyrus, and fusiform gyrus. Further data-driven ROIs were selected 

based on task comparisons. The ROIs were extracted from the main contrast separately for each 

group to investigate how the pattern of signal in these regions changes across the letter and 

object NS conditions and across groups, and how activation within these regions is correlated 

with the behavioral measures of the tasks. 
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7.4 Results 

7.4.1 Cognitive characteristics of participants 

Descriptive statistics for the reading and nonverbal ability measures are presented in 

Table 7.1 for each group. A MANOVA with reading ability and phonological awareness 

measures as dependent variables and group as a between-subjects factor revealed a main effect of 

group, Wilk’s λ=0.10, F(6, 192) = 117.66, p < 0.001. Subsequent univariate ANOVAs showed 

that the control group performed significantly better than the dyslexic group on each reading 

measure (all p’s < .001; Table 7.1). However, the two groups did not differ on Matrix Reasoning, 

F(1, 33) = .04, p > 0.05, indicating that all participants were of comparable mental ability. 

Table 7.1 

Descriptive statistics of group performance on reading and nonverbal ability 

measures and F tests following significant MANOVA analyses results.  

 
 
Variable 

Controls 
(n = 18) 

Dyslexics 
(n = 16) 

 

M SD M SD F(1, 33) 
Word Identification 76.83 1.25 62.31 4.45 176.44* 

Passage Comprehension 46.50 1.20 38.25 4.40 58.48* 

Sentence Reading Fluency 106.89 2.14 63.88 15.00 260.03* 

Word Attack 24.78 .94 20.50 3.72 22.23* 

Phoneme Elision 32.00 1.50 24.13 4.59 47.52* 

Phoneme Isolation 28.28 1.56 21.06 6.94 18.46* 

Word Blending 26.67 1.24 21.69 3.66 33.64* 

Matrix Reasoning  28.11 2.21 27.94 2.64 .04 

Note. Wilk’s λ= .10, F(6, 192) = 117.66, p < .001. * p < .001.  

7.4.2 Behavioral task performance 

Figure 7.1 shows the effect of stimulus manipulations on task performance across groups 

in terms of NS efficiency (Fig. 7.1A), errors (Fig. 7.1B), articulation time (Fig. 7.1C), pause time 
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(Fig. 7.1D), fixation duration (Fig. 7.1E), and regression count (Fig. 7.1F). A series of group x 

NS tasks mixed analyses of variance, one for each dependent variable, showed significant group 

and task effects for all measures (all p’s < .001), and significant group by task interactions for all 

measures (all p’s < .001) except for pause time and regression count (both F”s < 1.05, p > .05).  

 

Figure 7.1. Effect of task version on task performance, NS components, and eye movement 
measures by group. A. Efficiency score on the NS tasks. B. Errors/run in naming. C. Average 
articulation time per trial. D. Average pause time per trial. E. Average fixation duration. F. 
Regression count. Note. NS = naming speed task; LC = letters control NS task; PS = 
phonologically similar NS task; VS = visually similar NS task; VPS = visually & phonologically 
similar NS task; OC = object control NS task; OPS = phonologically similar object NS task. 
Standard errors are shown. 
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To examine the significant interactions, we first repeated the ANOVAs separately for (a) 

the four letter NS tasks and (b) the two object NS tasks; none showed significant interactions (all 

p’s > .05). This indicates that the significant interactions had been due to different patterns of 

results in the letter and object naming tasks (see Fig. 7.1). For the letter NS tasks, there were 

significant group differences for efficiency, articulation time, and fixation duration (all p’s 

< .01), with reduced differences for these measures for the object NS tasks (all p’s < .05). For 

errors, the interaction was due to task differences among the dyslexics, but not controls (p < .05).   

For the group effects, one-way ANOVAs using composite scores averaged across tasks 

revealed that controls were more efficient, made fewer errors, had shorter articulation and pause 

times and fixation durations, and made fewer regressions than dyslexics (Fig. 7.1; all p’s < .05).  

For the task effects, paired-samples t-tests using composite scores showed that there were 

significant differences in performance between the letter and object NS tasks on all measures (all 

p’s < .001), with participants being more efficient, making shorter articulation times, pause 

times, and fixations, and fewer regressions and errors on the letter NS tasks than the object NS 

tasks (Fig. 7.1). We then compared the four letter NS tasks, averaging across groups; paired-

samples t-tests showed that the combined visually and phonologically similar task (i.e., the VPS 

condition) had the greatest effect on performance: decreased NS efficiency (Fig. 7.1A), increased 

number of errors (Fig. 7.1B), longer articulation times (Fig. 7.1C), pause times (Fig. 7.1D), and 

fixation durations (Fig. 7.1E), and more regressions (Fig. 7.1F) relative to the letters control task 

(i.e., the LC condition; all p’s < .001). The PS and VS conditions were intermediate in difficulty 

(as shown in Fig.7.1). For the object NS tasks, paired-samples t-tests showed that there were 

significantly longer articulation times for OC (Fig. 7.1C; t (33) = 2.57, p < .05, r = .72), but 
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longer pause times for OPS (Fig. 7.1D; t (33) = 4.72, p < .001, r = .68). Correlations between all 

composite scores are shown in Supplementary Table 7.1.  

7.4.3 Neural activation during task performance 

To examine the regions involved in the serial processing and naming of the stimuli, we  

first compared neural activation during all NS tasks with fixation (main contrast) for each group 

separately to establish that differences found between the tasks were not driven by differences in 

sensorimotor processes. The NS tasks were then contrasted with one another to identify ROIs 

beyond the reading network. 

Sensorimotor activation 

An initial RFX GLM contrast of all NS tasks minus fixation (main contrast) was 

conducted to examine whether the groups recruited key sensorimotor regions during the serial 

processing and naming of stimuli (Fig. 7.2A & Supp. Table 7.2). For both groups, compared to 

fixation, activation across the tasks was significantly greater (all p’s < .01) in key oculomotor 

regions that are involved in saccade control, such as the FEF, SEF, PEF, DLPFC, ACC, and the 

CN (Alahyane et al., 2014; Brown et al., 2007; Connolly et al., 2002; 2005; Ford et al., 2005); 

key speech areas, such as the inferior frontal gyrus, insula, and primary motor cortex (Guenther 

et al., 2006); and key visual regions that are involved in reading along the ventral visual 

pathway, such as the cuneus, lingual gyrus, and the fusiform gyrus (Indefrey & Levelt, 2004; 

Price, 2012). To ensure that a specific NS task was not driving these findings, we subsequently 

contrasted each task from fixation for each group and found similar results. One-way ANOVAs 

using the average mean beta weights of all the tasks showed that overall controls had 

significantly greater activation in the SEF, insula, and lingual gyrus than dyslexics (Fig. 7.2B; all 

p’s < .05). 
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Figure 7.2. Similar pattern of sensorimotor activation during task performance for controls 
and dyslexics. A. Contrast map of all NS tasks subtracted from fixation, cluster size corrected at 
p < .05 (10 contiguous voxels). Significant BOLD activations were observed in all ROIs (‘hot’ 
colors) in key sensorimotor regions that are involved during the serial processing and naming of 
letters and objects as well as key regions involved in the reading network, and are labelled. 
Coordinate values of planes in Talairach space are indicated. B. Group comparisons of 
sensorimotor activation among the NS tasks. Standard errors are shown. Note. AG = angular 
gyrus; DLPFC = dorsolateral prefrontal cortex; FEF = frontal eye fields; FG = fusiform gyrus; 
IFG = inferior frontal gyrus; MFG = middle frontal gyrus; MTG = middle temporal gyrus; PEF = 
parietal eye field; SEF = supplementary eye field; SMG = supramarginal gyrus; STG = superior 
temporal gyrus. 
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Identifying ROIs 

We identified ROIs in two ways. First, in a hypothesis-driven approach, we selected the 

six areas of the reading network (the inferior frontal gyrus, supramarginal gyrus, angular gyrus, 

middle temporal gyrus, superior temporal gyrus, and fusiform gyrus). Second, in a data-driven 

approach, we selected areas of activation that distinguished between tasks. Results for the data-

driven approach are presented in Figure 7.3 and Supplementary Table 7.3.  

We first contrasted the LC and OC tasks to examine group differences between 

alphanumeric and non-alphanumeric stimuli (Fig. 7.3A), and then the OPS and OC tasks (Fig. 

7.3B). The third set of contrasts were between the LC task and the other letter tasks (Fig.’s 7.3C, 

D, and E). Results showed many areas of differences, for one or the other or both groups. Areas 

of the reading network were identified in most of the contrasts which confirms our intention to 

examine them more carefully. Of the other areas identified, we selected three (amygdala, 

hippocampus, DLPFC) that relatively consistently showed differences and are of greater interest 

to reading.  
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Figure 7.3. Task activation differences between groups. A. Contrast of LC and OC NS tasks. 
B. Contrast of OPS and OC tasks. C. Contrast of PS letters and LC letters. D. Contrast of VS 
letters and LC letters. E. Contrast of VPS letters and LC letters. Each cluster map has a cluster 
size corrected at p < .05 (10 contiguous voxels). ROIs are labelled, with significant BOLD 
activations shown as ‘hot’ colors or ‘cold’ colors. Coordinate values of planes in Talairach space 
are indicated. Note. NS = naming speed task; LC = letters control NS task; PS = phonologically 
similar NS task; VS = visually similar NS task; VPS = visually & phonologically similar NS task; 
AG = angular gyrus; DLPFC = dorsolateral prefrontal cortex; FG = fusiform gyrus; IFG = inferior 
frontal gyrus; MOG = middle occipital gyrus; MTG = middle temporal gyrus; SMG = 
supramarginal gyrus; STG = superior temporal gyrus. 
 

7.4.4 Effect of stimulus manipulations on activation in ROIs 

To investigate the activation differences among the tasks and examine how activation 

was correlated with behavioral performance, we extracted beta weights from each of the ROIs 

using the main contrast and performed a series of group x all NS tasks mixed analyses of 

variance for each region (Fig. 7.4). These analyses showed a significant group effect for the 

inferior frontal gyrus (F(1, 33) = 2.64, p < .05), middle temporal gyrus (F(1, 33) = 1.24, p < .05), 

amygdala (F(1, 33) = 1.96, p < .05), hippocampus (F(1, 33) = 1.14, p < .05), and DLPFC (F(1, 

33) = 1.87, p < .05), significant task effects for all reading regions (all p’s < .05), amygdala (F(5, 
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160) = 3.10, p < .05), and hippocampus (F(5, 160) = 2.38, p < .05), and a significant group x task 

interaction for the fusiform gyrus (F(5, 160) = 8.75, p < .001).  

 

Figure 7.4. Effect of stimulus manipulations on BOLD activation. A. Task activation 
differences within the left-hemisphere reading network between controls and dyslexics.      
B. Processing differences between groups. Beta weights were extracted from 125 cubic voxels 
surrounding the peak activations in regions displaying greater activation during all NS tasks 
compared to fixation (main contrast) separately for each group. Note. NS = naming speed task; 
LC = letters control NS task; PS = phonologically similar NS task; VS = visually similar NS task; 
VPS = visually & phonologically similar NS task; OC = object control NS task; OPS = 
phonologically similar object NS task; DLPFC = dorsolateral prefrontal cortex. Standard errors 
are shown. 
 

To examine the significant interaction for the fusiform gyrus, we first repeated the 

ANOVA separately for (a) the four letter NS tasks and (b) the two object NS tasks and found no 
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significant interactions (all p’s > .05), indicating that the overall interaction was due to different 

patterns in the letter and object tasks, specifically the higher activation for dyslexics in the object 

naming tasks (p < .05; Fig. 7.4A) than for the controls (p > .05). For the group effects, one-way 

ANOVAs using composite mean beta weights averaged across tasks showed that dyslexics had 

significantly greater activation in the inferior frontal gyrus, middle temporal gyrus, amygdala, 

and hippocampus and lower activation in the DLPFC than controls (Fig. 7.4A, B; p < .05). To 

examine the task effects, we first compared letter and object naming. Paired-samples t-tests using 

the composite mean beta weights showed significant differences between the letter and object 

NS tasks in the inferior frontal gyrus, fusiform gyrus, supramarginal gyrus, angular gyrus, 

middle temporal gyrus, amygdala, and hippocampus (all p’s < .05), with greater activation 

during the letter NS tasks in the inferior frontal gyrus, supramarginal gyrus, angular gyrus, 

amygdala, and hippocampus, and greater activation during the object NS tasks in the fusiform 

gyrus (p < .05; Fig. 7.4). Furthermore, for the letter NS tasks, there was greater activation for 

each of the reading regions, amygdala, and hippocampus when the letters were both visually and 

phonologically similar to one another (p < .05), except for the left fusiform gyrus, in which the 

conditions did not differ (p > .05). For the object NS tasks, there was greater activation for the 

inferior frontal gyrus and middle temporal gyrus for the OPS task than the OC task (p > .05).  

7.4.5 Relationship between neural activation and behavior 

We lastly examined the correlations between ROI activation and the behavioral measures 

(Table 7.2). For both groups, the reading ROIs were intercorrelated with one another and the 

hippocampus was positively correlated with both the amygdala and DLPFC (p < .05). Activation 

in all ROIs was positively related to efficiency for dyslexics, but negatively related for controls. 

There was a similar but opposite pattern between groups for articulation time, pause time, and 
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fixation duration in which they were positively related to activation for controls, but negatively 

related for dyslexics. There were no clear patterns for regression count. Overall, for controls, 

increased activation led to longer articulation times, pause times, and fixation durations and 

lower efficiency. For dyslexics, it was the opposite pattern, in which increased activation led to 

shorter articulation times, pause times, and fixation durations and greater efficiency. The angular 

gyrus, superior temporal gyrus, amygdala, and DLPFC were correlated with behavior for 

controls, whereas the inferior frontal gyrus, fusiform gyrus, supramarginal gyrus, amygdala, 

hippocampus, and DLPFC were correlated with behavior for dyslexics.  
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Table 7.2  

Correlations between regions of interest and behavior.  
 Controls 

(n = 18) 
Dyslexics 
(n = 16) 

   1. 2. 3. 4. 5. 6. 7. 8. 9. 1. 2. 3. 4. 5. 6. 7. 8. 9. 
1. IFG -         -         

2. FG .58* -        .74** -        

3. SMG .69** .77** -       .60* .41* -       

4. AG .57* .67** .81** -      .79** .27* .26* -      

5. MTG .54* .49* .68** .56* -     .80* .13* .30* .71** -     

6. STG  .57* .67** .79** .99** .56* -    .25* .74* .61* .79** .80** -    

7. Amygdala .05 .05 -.02 .20 -.17 .22 -   -.58* -.05 -.28 -.52* -.55* .33 -   

8. Hippocampus .40 .57* .59* .51* .37 .50* .65** -  .21 -.01 .46* -.01 -.21 .07 .75** -  

9. DLPFC .47* .45* .55* .16 .51* .13 .35 .54* - .37 .17 .50* .71** .55* .43 .36 .46* - 

Letter NS Tasks                   

    NS Efficiency  -.22 -.28 -.35 -.56* -.06 -.58* -.06 -.21 -.11 .45* .33 .74** .26 .03 .41 .52* .39 .15 

    Articulation Time  .32 .39 .42 .58* .05 .58* .06 .39 .12 -.45* -.35 -.53* -.17 .00 -.32 -.59* -.45* -.22 

    Pause Time  -.02 .00 .18 .38 .04 .42 -.05 -.07 -.22 -.38 -.30 -.72** -.32 -.14 -.48* -.29 -.16 -.02 

    Fixation Duration .18 .16 .21 .48* -.14 .52* .23 -.06 -.37* -.31 -.26 -.52* -.00 .36 .14 -.24 -.21 .06 

    Regression Count .24 .08 .27 .01 .09 .03 -.19 .01 .04 -.04 -.16 -.31* -.09 .22 .04 -.47* -.56* -.75** 

Object NS Tasks                   

    NS Efficiency -.26 -.06 -.03 -.16 -.16 -.16 -.04 -.01 -.01 .79** .71** .75** .16 .03 .17 .10 .12 .49* 

    Articulation Time .09 .04 .07 .19 .22 .18 .48* .14 -.06 -.53* -.37 -.42 .00 -.17 -.15 -.32* -.24 -.13 

    Pause Time .15 .00 .03 .08 .07 .11 .32 .17 .03 -.51* -.32 -.72** -.24 -.05 -.38 -.33 -.23 -.23 

    Fixation Duration .31 .11 .10 .44* .52* .47* .10 .05 .16 -.37 -.33 -.41 -.06 .35 .12 -.02 -.07 -.17 

    Regression Count -.16 -.12 .00 -.20 -.08 -.16 -.15 -.05 -.21 -.06 -.10 -.01 -.23 -.24 -.03 -.68** -.52* -.51* 

Note. NS = naming speed; AG = angular gyrus; DLPFC = dorsolateral prefrontal cortex; IFG = inferior frontal gyrus; FG = fusiform gyrus; MTG = middle 
temporal gyrus; SMG = supramarginal gyrus; STG = superior temporal gyrus. * p < .05; ** p < .01. 

211 

 



 

7.5 Discussion 

To examine the neural and cognitive processes that underlie reading, we combine fMRI, 

eye tracking, and speech recording in typically achieving adult readers and readers with dyslexia 

to investigate the mechanisms underlying NS tasks, the neural relationship between 

alphanumeric and non-alphanumeric stimuli, and the effects manipulating task stimulus 

composition has on performance. Compared to controls, readers with dyslexia had poorer 

behavioral performance on all tasks (Fig. 7.1), and this was reflected in an increase in activity 

within specific regions of the reading network (Fig. 7.4). Unlike controls who relied on the 

reading network to complete the tasks, readers with dyslexia had greater bilateral activation and 

recruited regions involved with memory to presumably compensate for their reading disability 

(Fig. 7.4). Furthermore, task stimulus manipulations differentially affected performance; there 

was poorer behavioral performance and greater activation when stimuli were both visually and 

phonologically similar to one another.  

7.5.1 Distinguishing typically achieving readers from readers with dyslexia 

Compared to typically achieving readers, readers with dyslexia had poorer behavioral 

performance on all tasks: they were less efficient, made more errors, had longer articulation 

times, pause times, and fixation durations, and made more regressions (Fig. 7.1). These findings 

replicate previous behavioral studies using these tasks (e.g., Al Dahhan et al., 2014). The longer 

pause times and fixation durations found for dyslexics indicate that they may have weaker 

orthographic processing compared to controls. This further implies that recognizing symbolic 

visual stimuli may not be an automatic process, which leads to longer pause times and fixation 

durations to encode and process the stimuli and results in overall decreased task efficiency 

(Supp. Table 7.1; Bowers & Newby-Clark, 2002; Kirby et al., 2010; Yan et al., 2013). These 
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deficits may also be exacerbated by the speeded requirements of the tasks and the similarity 

between the stimuli in the matrix, which both lead to an increase in task difficulty and the 

inability to efficiently access stimulus representations from lexical stores. This hypothesis is 

supported by the different patterns of correlations found between ROI activation and the 

behavioral measures between the two groups (Table 7.2). For example, activation across all ROIs 

was positively related to efficiency for dyslexics and negatively related for controls. This 

supports the argument that the neural processes that underlie reading may not be automatized to 

the same degree in dyslexics as controls, thus requiring greater activation to complete the tasks. 

Overall, the differences found between the groups at the behavioral level were reflected 

at the neural level. Typically, hyperactivation in the inferior frontal gyrus in readers with 

dyslexia coincides with hypoactivation in the left fusiform gyrus, which supports skilled 

orthographic decoding, and in the left temporoparietal regions, which supports grapheme-

phoneme mapping (Norton et al., 2015; Price & Mechelli, 2005; Richlan et al., 2013; Shaywitz 

& Shaywitz, 2006). Compared to controls, dyslexics had greater activation in the inferior frontal 

gyrus, middle temporal gyrus, amygdala, and hippocampus, and lower activation in the DLPFC 

(Fig. 7.4). These differences can be argued to reflect compensatory processing strategies due to 

inefficiencies in appropriately activating regions of the left hemisphere reading network (Diehl et 

al., 2014). Specifically, greater activation for dyslexics in the inferior frontal gyrus, which plays 

a key role in articulation and naming, can be argued to be a compensatory strategy that has been 

developed to overcome inefficiencies or dysfunctions in posterior neural regions that play a role 

in phonological and orthographic processing (Hoeft et al., 2011). However, of the regions in the 

posterior reading network, there was only greater activation for dyslexics than controls in the 

middle temporal gyrus (Fig. 7.4A). A possible explanation for this finding is that this region is 
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involved with orthographic processing, and readers with dyslexia have been found to rely on 

visualization to compensate for verbal difficulties when processing written information (Bacon et 

al., 2013; Bacon & Handley, 2014). Dyslexics have also been found to rely on regions involved 

with working memory and memory retrieval to compensate for their reading difficulties, 

supporting our findings of greater activation in the amygdala and hippocampus for dyslexics than 

controls (Fig. 7.4B; Shaywitz et al., 2006; Shaywitz & Shaywitz, 2008). Overall, these findings 

align with previous research showing differences in brain-behavior relationships between 

controls and dyslexics (e.g., Hampson et al., 2006; Hoeft et al., 2007; van der Mark et al., 2011), 

and imply that reading performance may be mediated by a distinct set of regions in individuals 

with dyslexia relative to typically achieving readers.   

7.5.2 Effect of stimulus manipulations on performance 

Both behavioral and neuroimaging findings showed that letter naming performance was 

significantly better than object naming performance. For both groups, participants were more 

efficient, had shorter articulation times, pause times, and fixation durations, and made fewer 

errors and regressions during the letter NS tasks than the object NS tasks (Fig. 7.1). These 

behavioral differences were reflected with overall greater activation in the ROIs for the letter NS 

tasks (Fig. 7.4), which supports existing research that letter naming is a more automatic task than 

object naming (Cummine et al., 2014; Kirby et al., 2010; Misra et al., 2004). There were 

significant differences in activation between letters and objects in the fusiform gyrus, middle 

temporal gyrus, supramarginal gyrus, angular gyrus, inferior frontal gyrus, amygdala, and 

hippocampus, with greater activation during the letter NS tasks in the inferior frontal gyrus, 

supramarginal gyrus, angular gyrus, amygdala, and hippocampus, and greater activation during 

the object NS tasks in the fusiform gyrus (Fig. 7.4). These findings indicate the role these regions 

214 

 



 

play in the transition from visual to lexical-semantic to phonological processing (Carreiras et al. 

2014; Cattinelli et al. 2013; Indefrey & Levelt, 2004; Jobard et al. 2003; Taylor et al. 2013). 

Manipulations to the letter and object NS tasks produced differences in behavioral 

performance and neural activation. For the letter NS tasks, both groups displayed poorer 

behavioral performance and greater activation when the letters were both visually and 

phonologically similar to one another compared to the single letter manipulation conditions (Fig. 

7.4). This indicates that greater speech monitoring and attentional processing were required to 

complete the tasks as the similarity of the letters in the matrix increased, which was reflected in 

the greater activation of the inferior parietal cortex (Fig. 7.3C, D, E; Binder et al., 2009; Chang et 

al., 2009; Christoffels et al., 2007; Guenther & Vladusich, 2012). These findings further support 

the argument that the ability to rapidly access the visual forms of letters is one of the key 

determiners of NS performance (Bowers et al., 1994). For the object NS tasks, there were 

significantly longer articulation times on the OC task, and longer pause times on the OPS task 

(Fig. 7.1C, D). This indicates that greater semantic and visual processing is needed to 

differentiate between the objects in the matrix and prime the articulation of the phonologically 

similar object names in the OPS task, which was reflected in the greater activation of the 

precuneus and posterior cingulate (Fig. 7.3B; Binder et al., 2009). This in turn increased the 

efficiency of processes involved in articulatory recoding and the execution of motor speech 

commands.  

7.6 Conclusion 

To date, neuroimaging research has played a critical role in identifying the core networks 

of visual and language regions that underlie reading (Price, 2012; Rueckl et al., 2015; Schlagger 

& McCandliss, 2007), and examining how these networks differ in readers with dyslexia (Norton 
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et al., 2015; Paulesu et al., 2014; Pollack et al., 2015). However, this research has produced 

sparse evidence for how fundamental neurobiological processes may be disrupted in readers with 

dyslexia in a way that explains how the cognitive precursors to reading are impaired. We 

describe a novel approach of examining NS performance through fMRI, eye tracking, and speech 

recording to simplify the study of the processes involved during reading. This research design 

allowed us to further understand the differences in activation within the reading network that 

may be related to the behavioral task differences found between typically achieving readers and 

readers with dyslexia. However, one of the limitations of this study is that all participants were 

recruited from a university sample, thus the participants with dyslexia are hypothesized to have 

developed compensatory mechanisms to account for their reading disabilities. Even though the 

two groups in this study differed on all reading measures, future research should be conducted 

using community samples. Further progress in understanding the underlying neural processes of 

reading can aid in the development of more targeted interventions, and can also enhance early 

detection of children who are at risk for developing reading difficulties. This has the potential to 

lead to more effective remediations and can possibly change the outcome trajectories for those 

with reading deficits. 
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Supplementary Table 7.1 

Correlations between letter and object NS behavioral measures.  

 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 
Letter NS Tasks             

1. Efficiency -            
2. Errors -.53** -           
3. Articulation Time -.91** .40* -          
4. Pause Time -.91** .37* .77** -         
5. Fixation Duration -.66** .43* .66** .65** -        
6. Regression Count -.64** .38* .61** .51** .85** -       

Object NS Tasks             
7. Efficiency .72** -.63** -.66** -.66** -.59** -.49** -      
8. Errors -.45** .65** .42* .35* .26 .62** -.57** -     
9. Articulation Time -.58** .36* .76** .45** .41* .38* -.54** .41* -    
10. Pause Time -.65** .29 .54** .74** .56** .39* -.79** .24 .20 -   
11. Fixation Duration -.14 .17 .09 .17 .67** -.08 -.27* -.03 .20 .27 -  
12. Regression Count -.43* .26 .43* .30 .23 .79** -.36* .43* .26 .29 -.06 - 
Note. NS = naming speed. N = 34. * p < .05; ** p < .01. 
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Supplementary Table 7.2 

Significant activations on all NS tasks subtracted from fixation (main contrast). 

  
Brain Areas 

Talairach 
Coordinates 

  
T value 

Volume of 
cluster  

(voxels) x y z 
Controls LH Middle Frontal Gyrus -31 -11 53  3.59 744 

LH Supplementary Eye Fields -3 -4 54  4.86 900 
RH Frontal Eye Fields 21 -2 43  4.00 699 
LH Frontal Eye Fields -21 -5 43  3.64 513 
RH Parietal Eye Fields 18 -69 43  3.78 972 
LH Parietal Eye Fields -19 -67 43  5.73 993 
RH Dorsolateral Prefrontal Cortex 36 22 43  3.24 284 
LH Inferior Frontal Gyrus  -52 11 2  3.91 900 
RH Insula 31 10 7  4.57 996 
LH Insula -31 10 7  3.92 978 
RH Precentral Gyrus 48 -9 43  4.45 742 
LH Precentral Gyrus -50 -10 43  3.50 544 
RH Fusiform Gyrus 36 -40 -18  3.81 899 
LH Fusiform Gyrus -40 -40 -15  3.59 532 
RH Lingual Gyrus 10 -60 -5  5.73 1000 
LH Lingual Gyrus -11 -63 -5  5.09 1000 
RH Cuneus 10 -60 18  3.38 637 
LH Cuneus -10 -93 18  7.13 1000 
LH Supramarginal Gyrus -58 -15 18  4.16 762 
LH Angular Gyrus -49 -40 12  3.44 445 
LH Middle Temporal Gyrus -58 -33 2  4.43 644 
LH Superior Temporal Gyrus -50 -35 18  3.85 597 
LH Amygdala -29 -9 -19  3.65 485 
RH Amygdala 27 -1 -19  4.14 720 
LH Hippocampus -33 -15 -14  3.33 308 
RH Hippocampus 33 -20 -14  3.76 638 

Dyslexics  LH Middle Frontal Gyrus -31 -11 53  3.34 335 
LH Supplementary Eye Fields -3 -4 54  5.11 742 
RH Frontal Eye Fields 21 -6 43  3.42 524 
LH Frontal Eye Fields -21 -6 43  3.55 474 
RH Parietal Eye Fields 27 -60 43  3.89 666 
LH Parietal Eye Fields -23 -62 43  4.15 994 
RH Dorsolateral Prefrontal Cortex 36 22 43  4.24 613 
LH Inferior Frontal Gyrus  -52 3 2  3.56 562 
RH Insula 31 10 7  3.38 470 
LH Insula -31 10 7  3.16 180 
RH Precentral Gyrus 48 -10 43  4.11 556 
LH Precentral Gyrus -49 -10 43  5.17 969 
RH Fusiform Gyrus 36 -40 -18  4.24 580 
LH Fusiform Gyrus  -36 -40 -18  4.80 798 
RH Lingual Gyrus -40 -40 -15  4.16 504 
LH Lingual Gyrus 36 -40 -18  3.63 711 
RH Cuneus 18 -91 18  5.33 727 
LH Cuneus -10 -98 18    3.94 530 
LH Supramarginal Gyrus -58 -15 18   4.52 690 
LH Angular Gyrus -49 -40 12   3.52  259 
LH Middle Temporal Gyrus -52 -25 2   4.26  831 
LH Superior Temporal Gyrus -33 -26 18    3.42 477 
LH Amygdala -20 -2 -20  1.40 278 
RH Amygdala 25 -2 -14  2.10 625 
LH Hippocampus -28 -15 -10  2.74 773 
RH Hippocampus 29 -13 -12  2.86 720 

Note. Talairach coordinates and numbers of voxels have been averaged across participants for each group. 

227 

 



 

Supplementary Table 7.3 Talairach coordinates of peak activations for each of the contrasts. 
 

Contrast 
 

Group 
 

Brain Areas 
Talairach 

Coordinates 
 

T value Volume of cluster 
(voxels) x y z 

LC > OC Controls LH Inferior Frontal Gyrus -39 13 30  -2.53 359 
LH Superior Temporal Gyrus -36 -38 17  2.69 708 
LH Middle Temporal Gyrus -58 -38 -5  2.67 554 
LH Supramarginal Gyrus -51 -23 30  2.60 506 
LH Angular Gyrus -42 -55 30  2.66 532 
LH Fusiform Gyrus -30 -38 -14  -3.04 628 
RH Fusiform Gyrus  28 -38 -12  -3.24 736 
LH Middle Occipital Gyrus -31 -90 7  -3.60 990 
RH Middle Occipital Gyrus 26 -91 7  -3.07 495 

Dyslexics LH Inferior Frontal Gyrus -39 13 30  -2.11 485 
LH Superior Temporal Gyrus -40 -38 16  1.56 357 
LH Middle Temporal Gyrus -58 -38 -5  1.44 454 
LH Supramarginal Gyrus -51 -23 30  1.64 611 
LH Angular Gyrus -42 -55 30  1.36 581 
LH Fusiform Gyrus -30 -38 -14  -3.04 963 
RH Fusiform Gyrus  28 -38 -12  -3.62 871 
LH Middle Occipital Gyrus -31 -90 7  -3.08 849 
RH Middle Occipital Gyrus 26 -91 7  -7.01 921 

PS > LC Controls  LH Amygdala  - - -   - - 
LH Hippocampus - - -   - - 
LH Inferior Frontal Gyrus -50 9 4    2.35 301  
LH Fusiform Gyrus -30 -38 -18    2.45 226 

Dyslexics LH Amygdala -14 -10 -11    2.74 310  
LH Hippocampus -25 -10 -17   2.54  216  
LH Inferior Frontal Gyrus -49 7 4   1.46 287 
LH Fusiform Gyrus -30 -38 -18   2.66 199 

VS > LC Controls  LH Inferior Frontal Gyrus -50 12 8  2.52 251 
LH Fusiform Gyrus -26 -34 -31  2.73 369 
LH Middle Temporal Gyrus -41 -55 10  2.41 351 
LH Supramarginal Gyrus -34 -36 39  2.86 435 
LH Angular Gyrus -47 -46 39  2.83 342 
RH Dorsolateral Prefrontal Cortex - - -  - - 

Dyslexics LH Inferior Frontal Gyrus -49 8 8  -1.33 459 
LH Fusiform Gyrus -26 -34 -31  3.40 629 
LH Middle Temporal Gyrus -41 -55 10  2.87 303 
LH Supramarginal Gyrus -54 -22 39  2.72 597 
LH Angular Gyrus -47 -46 39  2.99 462 
RH Dorsolateral Prefrontal Cortex 32 24 39  -2.42 329 

VPS > LC Controls  LH Inferior Frontal Gyrus -52 9 8  2.84 591 
LH Fusiform Gyrus -35 -58 -10  2.59 297 
LH Middle Temporal Gyrus -40 -58 8  2.12 528 
LH Superior Temporal Gyrus -50 5 3  2.59 256 
LH Supramarginal Gyrus -60 -23 25  2.54 453 
LH Angular Gyrus -32 -61 36  2.22 139 

Dyslexics LH Inferior Frontal Gyrus -52 9 8  2.84 591 
LH Fusiform Gyrus -35 -58 -10  2.53 514 
LH Middle Temporal Gyrus -38 -58 1  2.39 137 
LH Superior Temporal Gyrus -50 5 3  2.98 298 
LH Supramarginal Gyrus -60 -23 25  2.54 453 
LH Angular Gyrus -32 -61 36  2.22 139 
RH Dorsolateral Prefrontal Cortex 35 21 36   -2.93  620 

OPS > OC Controls LH Superior Temporal Gyrus -50 1 -8  2.90 498 
LH Middle Temporal Gyrus -52 1 -10  2.95 703 
LH Middle Occipital Gyrus -27 -93 3  -2.91 890 
RH Middle Occipital Gyrus 17 -91 3  -3.10 646 
LH Fusiform Gyrus -28 -55 -9  -2.61 641 
RH Fusiform Gyrus 27 -39 -9  -2.89 615 
LH Posterior Cingulate -6 -32 19  2.72 413 
LH Precuneus -10 -55 25  2.85 838 

Dyslexics LH Superior Temporal Gyrus - - -  - - 
  LH Middle Temporal Gyrus -47 1 -14  1.74 791 

LH Middle Occipital Gyrus - - -  - - 
RH Middle Occipital Gyrus 17 -91 3  -1.66 454 
LH Fusiform Gyrus - - -  - - 
RH Fusiform Gyrus 32 -39 -16  -2.13 879 
LH Posterior Cingulate - - -  - - 
LH Precuneus -10 -55 25  1.48 842 

Note. LH: left hemisphere; RH: right hemisphere; LC = letters control NS task; OC = objects control NS task; PS = 
phonologically similar NS task; VS = visually similar NS task; VPS = visually & phonologically similar NS task; OPS = 
phonologically similar object NS task. Talairach coordinates and numbers of voxels have been averaged across participants. 
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Chapter 8 

General Discussion 

An integrative multidisciplinary analysis of dyslexia 
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The overarching goal of this thesis was to investigate the neural and cognitive processes 

that underlie reading through the use of naming speed (NS) tasks, and examine how these 

processes differ between readers with and without dyslexia at different stages of reading 

development. To accomplish this, five studies were conducted to further the understanding of 

reading and reading difficulties by integrating aspects of their neuroscientific, cognitive, and 

educational accounts, as illustrated by functional magnetic resonance imaging (fMRI), eye 

tracking, and speech recording (Fig. 8.1). As we argue in Chapter 2, interdisciplinary and 

collaborative research among these fields offers the greatest potential for furthering the 

understanding of the underlying causes of reading difficulties. This importantly can lead to the 

early detection of children at risk for developing reading disabilities and to the development of 

appropriate and efficient interventions that are required to support them.  

 

Figure 8.1. Collaborative network among the fields of neuroscience, cognition, and 
education to examine the underlying processes of word reading through naming speed 
tasks. This figure depicts how naming speed (NS) tasks can be used to study the efficiency of the 
foundational processes that are required for successful word reading development by combining 
the neuroscientific, cognitive, and educational accounts of reading.  
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As a starting point to bridging the gaps between neuroscience, cognition, and education, 

we used NS tasks as the basis for studying the underlying neural and cognitive processes of 

reading (Fig. 8.1). These tasks were specifically chosen because they provide an experimental 

control for assessing behavior and brain imaging, and have been shown to predict concurrent and 

future reading ability in both typically achieving readers and in poor readers (Compton, 2003; 

Georgiou et al., 2011; Neuhaus et al., 2001). Researchers have argued that the processes that are 

involved during these tasks comprise a large subset of the same processes used during fluent 

reading of continuous text by typically achieving readers (Kirby et al., 2010; Denckla & Cutting, 

1999; Wolf et al., 2000). Therefore, due to the similarities between these two tasks, NS has been 

described as a “microcosm of reading” (Wolf & Bowers, 1999).  

However, it is important to highlight that even though these two tasks are related, NS 

does not encompass all the processes that underlie reading. Other assessments of phonology, 

through phonological awareness and phonological decoding tasks, and orthography, through 

recognition of orthographic units beyond the letter level, and of semantics, through vocabulary 

and morphology, are also required to assess reading ability as they are not captured well through 

NS tasks. NS is more accurately conceptualized as an efficiency measure of the cognitive and 

neural processes that underlie word reading, and thus highlights key characteristics of 

orthographic processing in word recognition, which is a foundational component of fluent 

reading ability. For this reason, NS task performance has been argued to have the potential to 

detect reading difficulties at an early stage of reading development (Georgiou et al., 2011). 

In order to further understand the etiologies of reading disabilities and examine the 

possibility of using these tasks for the early detection of reading difficulties, it is first important 

to understand the processes that underlie reading and how they evolve over the course of typical 
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development. Therefore, in Chapter 3 we measured eye movement patterns, speech articulations, 

and eye-voice span (EVS; the synchronization of eye movements and articulations) to examine 

developmental trends in performance on letter and object NS tasks in typically developing 

readers from childhood to adulthood. Across development, task efficiency increased and was 

accompanied by decreases in pause and articulation times, fixation duration, number of saccades 

and regressions, and increases in EVS. These findings indicate that as children gain more reading 

experience and expertise, this is associated with improvements in the cognitive, articulatory, and 

oculomotor processes that support reading as well as the overall coordination of these processes. 

Furthermore, while both letter and object NS performance improved across typical reading 

development, participants were more efficient on all dimensions of letter NS tasks, indicating 

that letter naming is overall a more automatic task than object naming. 

From the developmental results in Chapter 3, we focused on letter NS tasks and 

examined differences in behavioral performance among three groups of children: readers with 

dyslexia (ages 9-10), chronological-age matched controls (CA; ages 9-10), and reading-level 

matched controls (RL; ages 6-7) who were reading at the same level as the children with reading 

difficulties (Chapter 4). Children with dyslexia were found to perform more like RL controls and 

were less efficient, had longer articulation times, pause times, and fixation durations, and made 

more errors and regressions than CA controls. From these behavioral measures, pause time and 

fixation duration were found to be highly related to one another and were the most powerful 

predictors of reading ability. Based on these findings, we argued that NS is related to reading via 

pause times and fixation durations, with longer pause times and fixation durations reflecting the 

greater amount of time needed to acquire visual/orthographic information from stimuli and 

prepare the correct response. To extend these findings, in Chapter 5 we examined how these 
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behavioral measures, using the same stimuli, were different in adults with and without dyslexia 

and we found similar results. 

Considering these behavioral differences, we next sought to examine whether the 

behavioral differences found between the groups in Chapters 4 and 5 were attributed to 

differences at the neural level using fMRI. However, before examining these group differences, 

in Chapter 6 we combined fMRI with eye tracking and speech recording as a novel 

multidisciplinary approach to examine the neural and cognitive processes that underlie reading 

using these same NS tasks in average reading adults. This was an important initial study to 

conduct before examining group differences because typically behavioral studies use tasks which 

rely on spoken responses when studying reading or general language processes. This creates an 

issue in fMRI studies because speech production presents the possibility of creating motion 

artifacts. To account for this, fMRI studies have primarily relied on covert naming to study 

reading processes, which creates issues of its own. For instance, during covert naming it is 

unclear whether participants are performing a task, how accurately they are performing, or if 

they are performing a task according to the instructions they were given. To address these issues, 

in Chapter 6 we employed overt and covert sessions of the same tasks with average reading 

adults and found no significant differences between the sessions in behavioral performance, 

sensorimotor activation (except for regions involved in the motor aspects of speech production), 

or activation in regions within the left-hemisphere dominant neural reading network. These 

findings validate the use of overt naming in fMRI studies, and further expand the possibility of 

replicating findings of traditional behavioral studies that use overt naming tasks.  

After establishing the neural substrates associated with NS tasks during typical reading, 

we next examine group differences in behavioral performance and neural activation between 
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typically achieving adults and readers with dyslexia (Chapter 7). We found that compared to 

typically achieving readers, readers with dyslexia had poorer behavioral performance on all NS 

task conditions, which replicated the findings from our behavioral studies (Chapter 4 and 5). 

These results were reflected in an increase in neural activity within specific regions of the left-

hemisphere reading network. Furthermore, unlike typically achieving readers who relied on this 

reading network to complete the tasks, readers with dyslexia had greater bilateral activation and 

recruited regions involved in memory that was not found in typically achieving readers to 

presumably compensate for their reading disability. This greater bilateral activation may also be 

related to compensation in the brain to overcome the deficits of dyslexia. It is however important 

to note that both typically achieving readers and readers with dyslexia in Chapter 7 were 

recruited from a University sample. Thus, it is possible that even though both groups 

significantly differed on all reading measures, the participants with dyslexia that were recruited 

may have had a superior ability for compensation.  

8.1 Overall implications and clinical relevance 

A central goal of educational research conducted in the field of neuroscience is to find 

effective ways to identify children who are at risk for developing reading difficulties and to 

develop more appropriate and effective interventions to support them (Tommerdahl, 2010). The 

results presented in this thesis have important implications for furthering the understanding of 

the processes that underlie reading, which with further research can aid in the early detection of 

reading difficulties and more targeted interventions. Incorporating fMRI with eye tracking and 

speech recording to assess NS performance provides a more global understanding of the 

underlying neurological bases of reading difficulties and may be a first step in translating 

neuroscience findings to educational settings, either by helping select between certain remedial 
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options or by identifying new intervention targets (Fig. 8.1). Furthermore, integrating these 

approaches is important because even though fMRI provides valuable insight into the neural 

underpinnings of cognitive processes, it is not a tool that can be used for literacy assessments due 

to the high costs that are involved (Hruby et al., 2011). In contrast, eye movement recording is an 

ideal tool to assess literacy skills and identify early warning signs in children at risk for 

developing reading disabilities, because the neural regions that are associated with eye 

movement control are well characterized, and recent computational models have provided 

valuable theoretical frameworks that examine how perceptual, cognitive, and oculomotor 

systems lead to eye movement patterns found during typical and atypical reading (Engbert et al., 

2005; Goswami, 2009; Rayner, 1997; Reichle et al., 2013; Reilly & Radach, 2006).  

Throughout the studies in this thesis, eye movement behavior and speech articulations 

accounted for specific variance in predicting both NS task efficiency and overall reading ability 

(e.g., see Table 5.9), indicating that NS may be related to reading via serial oculomotor 

programming. This is not surprising because the oculomotor requirements between NS tasks and 

reading are similar: in both tasks participants are required to engage and disengage attention as 

they serially name stimuli in a visual array. Eye movement patterns and speech articulations may 

then be capturing important variance associated with processing serial information. NS tasks are 

currently the only assessment tool that directly examines the serial oculomotor processing of 

reading (Kuperman & Van Dyke, 2011). Therefore, analyzing eye movements and articulations 

during NS tasks early in reading acquisition, using simple stimuli such as objects or colors, may 

be able to highlight key differences in oculomotor behavior between typically developing readers 

and those with dyslexia that can help identify early warning signs in children who may be at risk 

for developing a reading disability (Rayner, 1985). Using eye tracking to examine NS 
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performance early in reading development is also a realistic goal because as suggested in Chapter 

2, children currently receive eye tests before entering school. NS tasks, which can be used with 

objects or colors for pre-readers, are relatively quick to administer, are similar to standard eye 

tests, and do not require extensive training to conduct and analyze. Therefore, examiners could 

identify children at risk for future reading difficulties by examining how NS performance 

compares to an individual’s current grade or age norms (Wolf et al., 2002).  

8.2 Future directions 

One concern with the group behavioral and neural differences found in the studies 

presented in this thesis (e.g., Chapters 4, 5, and 7) is whether they reflect a specific cause of 

dyslexia as opposed to a consequence of less exposure to reading, a deviant learning path, or of 

compensatory mechanisms. Complex interactions among multiple genetic risk variants and 

environmental factors collectively affect typical and atypical reading development (Haft et al., 

2016). Therefore, due to the complexity of the processes that are involved in reading and the 

heterogeneous patterns of reading difficulties across individuals with dyslexia, independently 

considering specific etiological theories of these group differences may be too simplistic of a 

view. Instead, dyslexia may be more accurately conceptualized as an outcome of multiple risk 

and protective factors that interact at the genetic, neural, cognitive, and environmental levels 

(Ozernov-Palchik et al., 2016; Pennington, 2006). In this multifactorial model, a number of 

etiological factors interact probabilistically with one another to increase the susceptibility for a 

disorder in a quantitative and continuous manner (Pennington, 2006). Specifically, 

environmental and genetic factors interactively affect neural systems, which in turn affect a 

number of cognitive processes, and together this results in a risk profile for developing dyslexia 

(Ozernov-Palchik et al., 2016; Pennington, 2006; Parrila & Protopapas, 2017).  
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To further explore this multifactorial model, it is important to conduct longitudinal 

neuroimaging and eye tracking studies from early childhood to adolescence. This is important 

because the majority of studies examining dyslexia have been conducted using children and 

adults who have already had years of reading difficulties. This makes it impossible to determine 

whether the cognitive and neural processes that are found between typically achieving readers 

and readers with dyslexia are due to consequences of the reading deficit itself, which leads to 

reduced reading experience and/or compensatory mechanisms, or instead are due to specific 

underlying neurobiological etiologies of the reading disorder. Furthermore, to date MRI studies 

have only examined pre-reading children who are at risk for developing dyslexia, but have not 

followed these pre-readers until they could be classified as having dyslexia or typical reading 

abilities. It remains to be established whether the differences in neural patterns found in at risk 

pre-readers are the same in the subset of children who develop dyslexia.  

Therefore, conducting longitudinal neuroimaging studies will allow researchers to 

examine how neural differences in the reading network before formal reading instruction has 

begun correspond to later reading deficits, and how this may be affected by or associated with 

poor reading skill and/or limited reading experience. In addition, combining genetic and 

neuroimaging studies is an emerging strategy to further understand these results by linking 

dyslexia susceptibility genes to neural structure and function (Eicher & Gruen, 2013; Marino et 

al., 2012; Paracchini et al., 2006). An interdisciplinary, multi-level imaging-genetic approach is 

important to examine the pathways leading from genes to behavior and how these pathways are 

different among individuals with dyslexia (Mascheretti et al., 2017). This approach will not only 

lead to the optimization of current diagnostic criteria for dyslexia, but also has the potential to 

lead to early identification of children who are biologically at risk for developing dyslexia. 
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Longitudinal studies of at-risk pre-readers until they are classified as having dyslexia or 

typical reading abilities are also important in identifying key compensatory mechanisms that may 

influence typical reading development. For example, studies have found that adequate oral 

language skills, such as vocabulary, and/or rapid naming, may be protective factors that 

influence typical reading development, suggesting that they moderate the effects of deficits in 

other areas such as phonological awareness (Carroll et al., 2014; Torppa et al., 2015; Thompson 

et al., 2015). Researchers have also suggested that executive function and high levels of task-

focused behavior, which is defined as internal goal-driven, top-down, or endogenous attention, 

may be critical cognitive protective factors (Eklund et al., 2013; Thompson et al., 2015). In 

addition, a number of cortical regions that are not found to be activated in average readers are 

found to be recruited in compensated dyslexics (Figure 7.4; Noble et al., 2015). However, it is 

unclear what role these compensatory mechanisms have during the development of typical 

reading, under which circumstances they form, whether they are present before the onset of 

reading, and more importantly, which instructional or environmental factors hinder or stimulate 

these alternate pathways. Future research that is aimed to answer these questions is important for 

developing customized interventions, and possibly informing educational policies.  

This ties into the last key area that requires further research, which is determining 

appropriate intervention programs for children with NS deficits. Developing remediation 

programs to improve NS performance are difficult to design because not only are there several 

reasons for why NS deficits occur, but the cognitive processes underlying NS performance are 

also not well understood. This has led to a current debate in the field of reading education on 

how to efficiently improve NS performance, and in turn improve reading fluency. It has been 

argued that training children on NS tasks may not be an efficient way to improve reading 
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fluency, because NS performance is related to developmental processes (Norton & Wolf, 2012). 

For example, even though NS performance, such as naming times and error scores, improve with 

age and reading acquisition, standard scores that are based on age are relatively consistent in 

overall naming ability. This illustrates that NS may reflect a basic index of processing, because 

despite interventions improving reading and language variables, there are few changes that are 

made to overall naming ability from pre- to post- treatment (Norton & Wolf, 2012).  

Currently, two studies have analyzed whether children can be trained on NS. Fugate 

(1997) randomly assigned first grade children into either a letter-training group or a comparison 

group to examine the effects of letter training over the course of 12 school days. Children in the 

letter-training group were found to have higher letter naming speed and oral reading fluency than 

the comparison group, but there were no significant differences between the groups seven weeks 

after training. Conrad and Levy (2009) also examined the effects of letter naming training for 

children in Grades 1 and 2 who had slow digit NS and poor word reading skills. Participants 

were assigned to one of three groups: letter naming training following by orthographic training, 

orthographic training followed by letter naming training, or a control group. Prior to training, 

participants did not differ in word reading, orthographic processing, letter naming, or 

phonological awareness. Letter NS performance was found to improve only when letter naming 

training followed orthographic training, which indicates that improving orthographic awareness 

in turn improves NS. However, it is unclear whether these improvements are long-lasting or how 

they translate to improvements in reading fluency (Norton & Wolf, 2012).  

Furthermore, currently only two studies have targeted the rapid naming of letter sounds. 

de Jong and Vrielink (2004) trained Dutch children in Grade 1 by administering 10 sessions, 

each lasting 15 minutes, over two weeks that focused on eight letter sounds (four consonants and 
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four vowels). Participants were first trained on isolated letters and then on sets of letters. 

Compared to controls, children who received the training did not have faster letter-sound naming 

or improved word reading skills. These findings were also reported by Hintikka et al. (2005) who 

trained at risk Grade 1 Finnish children on the relations between phonemes and their 

orthographic representations through a computerized program, which took place three times per 

week for 10 to 20 minutes for six weeks. During training participants were required to listen to a 

letter sound and find its matching orthographic representation among distracters. Children who 

received the training did not have significant improvements in naming speed or reading relative 

to controls. The results from both studies indicate that it may be difficult to improve the rate at 

which children retrieve letter sounds. However, it also indicates that the duration of the training 

may have been too short for children to improve their rapid naming of letter sounds, and longer 

training periods may be needed to see improvements relative to controls.  

As mentioned throughout this thesis, NS performance involves a complex system of the 

foundational processes required for reading and breakdowns may occur in any of the subsystems. 

Individuals may have a breakdown in single or multiple components, or they may have a failure 

in integrating information across subprocesses. Therefore, it may be beneficial to have programs 

that target the multiple levels of language and cognitive processes that are involved in reading 

(Norton & Wolf, 2012). However, even though fluent reading comprehension depends on 

accuracy and automaticity at every level of language, such as orthography, morphology, syntax, 

and semantics, only a few intervention programs have incorporated these different levels. To 

examine the effect of different reading intervention programs Morris et al. (2011) randomly 

assigned 279 Grade 1 and 2 children with reading difficulties to one of four different intervention 

programs: two multicomponential intervention programs which trained children on either 
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strategies for word identification or trained children on the different levels of reading (such as 

orthography, semantics, syntax, and morphology), a phonological control program, and a control 

program in which no reading instruction was administered but targeted study skills and math 

instruction. For reading accuracy and fluent comprehension, children who received the 

multicomponential intervention programs performed significantly better than children who were 

in the other two programs, and this improvement was maintained one year after the intervention. 

These findings highlight the importance of having multicomponential intervention programs that 

target different aspects of reading, and help children build and integrate connections among the 

different processes that are involved in reading. These types of intervention programs are 

especially crucial for children with NS deficits in which their reading difficulties are associated 

with inefficiencies in integrating the neural and cognitive processes that underlie reading.  

8.3 Conclusion 

Overall combining neuroimaging and eye tracking studies is important when studying 

dyslexia because even though dyslexia may be thought of as a homogenous disorder with a 

central diagnostic phenotype (reading), it is still a heterogeneous disorder in which individuals 

may have deficits in any one of the sub-processes that support reading and/or in the integration 

of those processes. This leads to different reading deficits that are important to consider in any 

investigation into the neuroanatomical basis of dyslexia, because different cognitive deficits 

imply different neural bases and presumably coincide with differences in the structural 

connections between regions of the left-hemisphere dominant neural reading network (Ramus et 

al., 2018). These different cognitive deficits may also suggest variability in the types of 

compensation strategies that are used that may contribute to the fMRI results found in Chapter 7. 

Therefore, combining multiple techniques, such as fMRI, eye tracking, and speech recording, to 
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study reading and reading deficits provides a better controlled, more global view of the processes 

that are involved and how these processes differ in individuals with reading difficulties (Fig. 

8.1). Future research that adopts this multidimensional approach to examining reading 

difficulties is important because it will not only lead to the optimization of current diagnostic 

criteria for dyslexia, but also has the potential to lead to the early identification of children who 

are biologically at risk for developing dyslexia. This in turn has the potential to lead to more 

effective and appropriate interventions which can positively impact and change the outcome 

trajectories for those with reading deficits. 
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