
 

 

 

 

 

 

 

 

 

Copyright 

by 

Jessica Renee Wise Younger 

2018 

 

 

  



The Dissertation Committee for Jessica Renee Wise Younger Certifies that this is 
the approved version of the following dissertation: 

 

 

Role of the dorsal stream in skilled reading 

 

 

 

 

 

Committee: 
 

Bharath Chandrasekaran, Supervisor 
 
 

James Booth, Co-Supervisor 

 

Maya Henry 

 

Jessica Church-Lang 

 

Julia Campbell 



Role of the dorsal stream in skilled reading 

 

 

by 

Jessica Renee Wise Younger 

 

 

 

Dissertation 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Doctor of Philosophy 

 

 

The University of Texas at Austin 

August 2018 

  



Dedication 

 

This dissertation is dedicated to my Aunt Teresa who instilled in me the importance of 

education, both for myself and for others. Her influences early in my educational career 

were a driving force behind my decision to pursue a PhD generally, but specifically a 

PhD anchored in education. She nurtured in me the desire to live up to my fullest 

potential, and here I am.  

 



 v 

Acknowledgements 

 

This dissertation has been made possible by a number of people whom I would 

like to thank. First, my advisor, Dr. James Booth whose guidance constantly pushed me 

to continue improving as a scientist. I’ve greatly appreciated our honest and direct 

conversations; you always told me exactly what I needed to hear to make meaningful 

progress. Your mentorship provided me with the right environment I needed to build 

upon my scientific skills and gain confidence in establishing myself in the field.  

I thank Dr. Elliot Tucker Drob, whose class inspired the first chapter of this 

dissertation and whose statistical advice was invaluable for the completion of chapter 

three. I am so grateful for your time and effort in helping me understand the intricacies of 

several statistical approaches, despite me ‘not getting equations’ at first. I am pleased to 

say that, with your help, I think I finally get them now.  

I thank the numerous post-docs and fellow graduate students at both Northwestern 

and UT Austin that have provided me guidance throughout my PhD. In particular, Dr. 

Maggie Gullick and Dr. Chris McNorgan, for always answering my neuroimaging 

analysis questions with patience and helping me talk through complicated three-way 

interactions, and Dr. Christine Brennan and Dr. Melissa Randazzo-Wagner who helped 

me navigate the doctoral education experience.  

Next, I thank all of the research assistants that have helped me in conducting this 

research. My PhD would have taken much longer without your help running participants, 

especially on weekends and early mornings. I thoroughly enjoyed working with each and 

every one of you, and you taught me that teaching can be fun with the right students.   



 vi 

Finally, I thank my husband Andrew, the first Dr. Younger. Your continual love 

and support were instrumental in staying sane and getting through this crazy PhD. You 

gave me the strength and inspiration to persevere. Sometimes literally, by making sure I 

ate more than just pretzel chips and hummus. I am so excited to continue our journey 

together as Drs. Younger. You’re the best.   

 

 



 vii 

 Role of the dorsal stream in skilled reading 

 

Jessica Renee Wise Younger, Ph.D. 

The University of Texas at Austin, 2018 

 

Supervisors:  Bharath Chandrasekaran and James Booth 

 

Reading is a complex cognitive process that draws on several regions throughout 

the brain. These brain regions are thought to be organized into at least two processing 

streams. The dorsal stream is thought to be particularly involved in integrating symbols 

(graphemes) and sounds (phonemes), or phonological decoding, whereas the ventral 

stream is related to visual word recognition. Neuroimaging research has shown that both 

streams are involved during reading in children and adults, though in adult readers, the 

ventral stream tends is relied on more for reading familiar words. As such, the 

development and role of the ventral stream in reading has been well characterized, while 

less is known about the dorsal stream. Specifically, it is unclear whether these two 

streams are part of a single mechanism for reading or represent two distinct processing 

routes. That is, does the ventral stream develop and function independent of the dorsal 

stream? Or does the development and function of the dorsal stream affect the ventral 

stream? In this dissertation, I explore the role of the dorsal stream in reading through a 

variety of methods. First, I examine how the changes in the dorsal and ventral streams 

relate to reading improvement in children. Then, I manipulate dorsal stream function 

using a neuromodulation technique to determine its effect on reading in adults. Finally, I 

use this same technique to examine the role of the dorsal stream in new learning. The 

results of my studies suggest that the development and of the dorsal and ventral streams 
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are linked, and that the dorsal stream is critical for reading acquisition. Further, even in 

adulthood, the contribution of the dorsal stream is critical for continued reading 

improvement. This link between the dorsal and ventral streams has implications for 

teaching strategies for reading, as it suggests these two streams should be strengthened in 

tandem to better promote growth in reading skill.  
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INTRODUCTION 

Reading is often considered a basic skill, yet the cognitive processes underlying it 

are not as easy as ABC. Reading relies on a complex network of brain regions to 

integrate sounds, symbols, and other linguistic information such as pronunciation or 

meaning. Neuroimaging research has narrowed in on the brain regions involved in 

reading primarily located in the left hemisphere. Specifically, the left inferior frontal 

gyrus (L IFG), left temporo-parietal areas, such as left superior temporal gyrus (L STG), 

left supramarginal gyrus (L SMG), and left inferior parietal lobe (L IPL), and left 

occipito-temporal areas, such as the middle and inferior temporal gyrus (L MTG and 

ITG) and fusiform gyrus (L FG) have consistently been found to be activated during 

reading (Cattinelli et al., 2013; Jobard et al., 2003; Taylor et al., 2012). These brain 

regions are also thought to be organized into at least two processing streams. The dorsal 

stream includes temporo-parietal areas and portions of the L IFG and is thought to be 

particularly involved in integrating symbols (graphemes) and, sounds (phonemes) or 

phonological decoding. The ventral stream includes occipito-temporal areas and is related 

to visual word recognition (Cattinelli et al., 2013; Jobard et al., 2003; Pugh et al., 2001). 

These streams can be relied on more or less depending on the type of words being read. 

For example, the dorsal stream is more likely to be involved when reading pseudowords 

or pronounceable but not real words, whereas the ventral stream is more likely to be 

involved when reading highly familiar words (Levy et al., 2009; Taylor et al., 2017).  

Neuroimaging evidence indicates activation in these streams are linked to reading 

skill in both children and adults (Booth et al., 2003; Finn et al., 2014; He et al., 2013; 

Sandak et al., 2004; Shaywitz et al., 2002; Stites and Laszlo, 2017). Specifically, 

activation in the dorsal stream seems to be particularly important for younger readers, 
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with underactivation of dorsal stream areas being the most consistently found differences 

between children with and without dyslexia. Conversely, the ventral stream may be more 

important for older children and adults, as underactivation in the ventral stream is the 

most consistently found difference between adults with and without dyslexia (Richlan et 

al., 2011). The potential developmental effect on the differences between individuals with 

and without dyslexia raises an in important question regarding intervention approaches 

for struggling readers. Namely, should interventions focus on more dorsal stream related 

skills such as phonological decoding, or on more ventral stream related skills such as fast, 

automatic recognition of words? Given the ultimate goal of fast, fluid reading, it may be 

that interventions should focus on engaging the ventral stream, particularly for older 

readers that have had previous exposure to reading instruction. However, it may be that 

skilled reading is reliant on the dorsal stream, such that decoding skills are a prerequisite 

to fluid reading, even for older readers.  

To help answer this question, we must understand the roles of the dorsal and 

ventral streams during reading development. The development of the ventral stream has 

received a great deal of attention (Ben-Shachar et al., 2011; Brem et al., 2006, 2009; 

Glezer et al., 2015; Maurer et al., 2005; McCandliss et al., 2003; Olulade et al., 2013; 

Simon et al., 2013). The role of the dorsal stream, while shown to differ as a function of 

development (Church et al., 2008; Diego-Balaguer, 2014; Turkeltaub et al., 2003), has 

not yet been well characterized. The goal of this dissertation, therefore, is to increase our 

understanding of the potentially pivotal role the dorsal stream may play in skilled reading 

throughout the lifespan. The knowledge from this work will provide important data for 

the design of evidence-based teaching strategies for those learning to read. The following 

sections provide context for the different perspectives used across the three studies 

reported in the current dissertation. I first convey how work with developmental and 
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clinical populations has informed our understanding of the dorsal stream in reading. I 

then describe a relatively novel technique with the potential to manipulate neural activity 

and provide experimental evidence for a causal role of the dorsal stream in skilled 

reading in adults. Finally, I examine whether the dorsal stream plays a causal role in 

reading acquisition.  

DEVELOPMENT OF THE READING NETWORK 

Just as the dorsal and ventral streams are used differently for different types of 

reading, these streams are believed to be used differently during different stages of 

reading development. One of the most popular theories of reading development proposes 

a dorsal to ventral stream shift as readers progress in age and skill (Pugh et al., 2001; 

Schlaggar and McCandliss, 2007). This hypothesized shift in the neural processes aligns 

with behavioral evidence of a shift in the way children read words. Young children first 

learning to read tend to sound out words, relying on their understanding of grapheme-to-

phoneme mappings to extract linguistic information from orthographic symbols. The 

more familiar the correspondence between certain letter combinations and linguistic 

information become, the greater the role visual word recognition plays in reading rather 

than grapheme-phoneme conversion (Ehri, 2005; Harm et al., 1998; Vellutino et al., 

2007; Ziegler and Goswami, 2005). Indeed, neuroimaging evidence has suggested that 

the ventral stream only emerges and begins to respond more preferentially to word forms 

as children begin to learn to associate sound and meaning with print (Maurer et al., 2005, 

2006). Activation in these areas then increases as development progresses (Brown et al., 

2005; Church et al., 2008; Turkeltaub et al., 2003).  

Computational models of reading development suggest that phonological 

feedback via phonological decoding served by the dorsal stream is important for 
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continued strengthening of ventral stream processes (Harm and Seidenberg, 1999; Harm 

et al., 1998). This evidence suggests the dorsal and ventral streams do not develop in 

isolation. Therefore, reading development is likely not merely related to changes in the 

relative amount of activation in individual brain regions, but changes in how they interact 

with one another. If two brain regions show similar patterns of activation during a task, 

they are considered functionally connected, regardless of their direct physical 

connectivity. Studies comparing individuals with and without dyslexia point to reduced 

reading network connectivity as a marker of poor reading (Cao et al., 2008; Hampson et 

al., 2006; Horwitz et al., 1998; Levy et al., 2009; van der Mark et al., 2011; Quaglino et 

al., 2008; Shaywitz et al., 2004). Further, developmental work examining children from 

ages 9-15 has shown age-related increases in connectivity in the reading network, 

particularly in the connections from both dorsal and ventral stream to the L IFG (Bitan et 

al., 2007a; Booth et al., 2008). A similar relationship was found in typical adults. 

Hampson et al. (2006) showed connectivity between the dorsal stream and the L IFG was 

significantly correlated with skill in adult readers, though this relationship was later 

found to depend on the task and strategy employed by the individual (Levy et al., 2009). 

Specifically, better readers were found to rely on the dorsal stream more for pseudoword 

reading and the ventral stream for real word reading.  

While developmental and clinical work thus suggests that better connectivity is 

associated with better reading across the board, the adult literature suggests the 

relationship between connectivity and skill depends on the strategy and the task required 

of the reader. For increased skill in reading familiar words for elementary school-aged 

children then, we would expect decreases in the dorsal stream and increases in the ventral 

stream. Indeed, a Norwegian study that followed children from age 6 to 8 to 12, 

connections in the typical reading network were found to either stabilize or decrease as 
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readers went from preliterate to expert status (Morken et al., 2017). Chapter 1 of this 

dissertation presents a longitudinal connectivity study in typical English children to 

determine how patterns of reading network connectivity change as a function of reading 

skill (Younger et al., 2017).  

NEUROMODULATION 

Work on reading network connectivity provides substantial evidence for the 

dorsal stream playing a dominant role early in reading development, and continuing to 

play a role in reading throughout the lifespan, albeit a potentially smaller one. Yet, the 

previously described studies are observational. Without experimental manipulation, 

whether increases in dorsal stream activity can lead to reading skill improvement across 

the lifespan remains unclear. One such method that allows for experimental manipulation 

of neural activity is neuromodulation. Neuromodulation uses electrical or magnetic fields 

to alter the firing of neurons. Common techniques include transcranial direct current 

stimulation (tDCS) and transcranial magnetic stimulation (TMS). TMS delivers a 

magnetic pulse to force a neuron to fire, whereas tDCS introduces electrical current to 

lower the firing threshold of neurons. tDCS is considered to be safe, with minimal side 

effects such as itching or tingling at the stimulation site, headaches, and nausea (Bikson 

et al., 2009, 2016). Generally, anodal stimulation, or a positive current flow, has been 

shown to decrease the firing threshold, resulting in increased neural activity and 

improvements to behavior. Cathodal stimulation, or a negative current flow, has generally 

been shown to have the opposite effect, reducing neural activity and inhibiting behavioral 

responses (Bikson et al., 2016; Nitsche and Paulus, 2011; Nitsche et al., 2008), however, 

this relationship does not always hold true (Wiethoff et al., 2014). Importantly, the neural 

and behavioral effects of tDCS last beyond the actual stimulation session. tDCS affects 
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neurotransmitters such as GABA and glutamate as well as calcium levels in the cell that 

are important for long term potentiation (Santarnecchi et al., 2015; Stagg and Nitsche, 

2011). The neural changes induced by tDCS make it a promising tool for creating a long-

lasting impact on behavior (Cohen Kadosh et al., 2013; Reato et al., 2013). 

To date, tDCS has been shown to have an effect on a variety of cognitive skills 

including memory, language, and attention, making it a useful technique for enhancing 

our understanding of the role a given brain region may have on behaviors (Cohen Kadosh 

et al., 2013; Krause and Cohen Kadosh, 2013; Price et al., 2015; Santarnecchi et al., 

2015; Vicario and Nitsche, 2013). Several studies have used tDCS to understand the 

reading network in adults, but have found mixed results; while stimulation to the dorsal 

stream seems to consistently support decoding skills, it does not always extend to real 

word reading ability.  (Costanzo et al., 2013; Thomson et al., 2015; Turkeltaub et al., 

2012; Younger et al., 2016). However, the studies have also varied in the range of 

reading skills included in the experimental procedures. It may be the case that there are 

diminishing returns of the benefits of increased activation in the dorsal stream such that 

those already high in skill do not show much behavioral benefit from increased neural 

activity following stimulation. Indeed, Turkeltaub et al. (2012) found L STG dorsal 

stream stimulation did improve real word reading accuracy, but only for individuals that 

performed below-average before stimulation. Readers with average or above initial skill 

did not show benefits of stimulation. Additionally, in a study of children with dyslexia, 

stimulation to the dorsal stream led to significant improvement in text reading accuracy 

(Costanzo et al., 2016a). Thus, the relationship between dorsal stream activity and real 

word reading skill may indeed reach an asymptote such that increases in activation do not 

provide large (if any) increases in skill. Yet, increasing dorsal stream activation may still 

improve reading skill for those who struggle, even in adults. Chapter 2 reports a study 
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that replicates these effects of improved reading after dorsal stream stimulation in below-

average adult readers using stimulation to the L IPL (Younger et al., 2016). This 

experiment extends the initial work by Costanzo and colleagues (2013) to real word 

reading, and supports the idea that interventions focusing on strengthening the dorsal 

stream can improve poor reading skill at any age.   

THE ROLE OF THE DORSAL STREAM IN ORTHOGRAPHIC LEARNING 

Neuromodulation studies have provided experimental evidence that increasing 

dorsal stream activity could be an effective intervention for individuals who struggle with 

reading.  One possible mechanism for this improvement is a strengthening of weak but 

existing connections between graphemes and phonemes. However, it may be that 

affecting the initial formation of those connections would be a more effective 

intervention. Therefore, the role of the dorsal stream in new learning should also be 

examined. Converging evidence from both children and adults with poor reading skill 

indicates successful intervention is accompanied by activity increases in dorsal stream 

areas such as the L IFG and L IPL (Eden et al., 2004; Meyler et al., 2008; Odegard et al., 

2008; Simos et al., 2007; Temple et al., 2003). Further, Odegard et al. (2008) 

demonstrated responders and non-responders could be differed in the extent to which 

they showed increases in the L IPL. Increases to the dorsal stream, then are associated 

with new learning. However, the direction of this relationship is unclear; does successful 

learning increase activity, or can increases in activity improve learning?  

To understand how a potential causal effect of dorsal stream activity on new 

learning, we can examine adults learning to read an unfamiliar script. Studies of this 

nature include examining the brain regions involved when learning a completely 

unfamiliar language, for example, an English speaker learning Chinese (Callan et al., 
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2005; Cao et al., 2017; Deng et al., 2008; Liu et al., 2007; Nelson et al., 2009). Another 

method that allows the experimenter to more precisely control variables such as the 

orthographic transparency, level of exposure or familiarity to individual words of the 

language, and method of instruction, is to examine adults learning an artificial 

orthography (Hirshorn and Fiez, 2014). Evidence from adult learning studies has shown 

the neural systems involved in learning a new script are similar to those used when 

children first learn to read (Callan et al., 2005; Hashimoto and Sakai, 2004; Hirshorn et 

al., 2016; Mei et al., 2014; Moore et al., 2014; Song et al., 2010; Takashima et al., 2014; 

Taylor et al., 2017; Yoncheva et al., 2010a, 2015). These networks include visual 

expertise systems related to the ventral stream, (Maurer et al., 2005; Moore et al., 2014; 

Song et al., 2010; Taylor et al., 2017; Xue et al., 2006a; Yoncheva et al., 2010a) , and 

grapheme-phoneme mapping systems related to the dorsal stream (Callan et al., 2005; Liu 

et al., 2007; Mei et al., 2014; Takashima et al., 2014; Taylor et al., 2017). Further, when 

examining how these neural systems differ as a function of expertise, studies have found 

that dorsal stream areas tend to be more involved when processing unfamiliar novel 

words, but with training and increased familiarity, the ventral stream becomes more 

involved (Mei et al., 2014; Takashima et al., 2014). Adult learning studies thus can 

provide important insights on reading acquisition despite already being skilled readers in 

another writing system. 

 Literature examining adults learning a new orthography has revealed important 

factors that can influence the brain regions used when learning to read, such as type of 

instruction (Bitan et al., 2005; Cao et al., 2013; Hirshorn et al., 2016; Liu et al., 2007; 

Mei et al., 2013; Taylor et al., 2017; Yoncheva et al., 2010a, 2015). With the use of 

tDCS, we can additionally manipulate the brain regions likely to be used during learning 

better understand how activity in certain brain regions during learning influences learning 
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outcomes. Two studies have examined learning paired with tDCS (Costanzo et al., 2016a; 

Lacey et al., 2015). In a case study using tDCS to improve reading skill in an alexic 

patient, stimulation to the L ITG in the ventral stream was shown to improve his reading 

speed. Additionally, neuroimaging measures showed an increase in activity in the ventral 

stream following treatment (Lacey et al., 2015). Conversely, a study pairing phonological 

decoding and reading speed interventions with tDCS to the dorsal stream in children with 

dyslexia led to improvements in reading skill compared to those who received sham 

stimulation during training (Costanzo et al., 2016a). In this case, children that received 

stimulation showed significant improvement in non-word reading speed and low 

frequency real word reading accuracy, and these effects were maintained a month after 

training was completed. However, there was no improvement in high frequency words or 

text reading, suggesting that while dorsal stream stimulation did improve decoding 

abilities, it did not affect ventral stream systems. Yet, in both cases, training focused on 

improving existing skills. Thus, the question of whether the dorsal stream plays a causal 

role in reading acquisition remains open. In Chapter 3, I address this question by 

examining how individual differences in reading ability interact with dorsal stream 

stimulation to affect new learning. This work can help determine whether focusing on 

strengthening the dorsal stream as readers learn to decode graphemes is an approach that 

can be applied generally or if there is a limit to the benefits of dorsal stream activity 

during learning. 
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THE CURRENT EXPERIMENTS 

Chapter 1: Longitudinal changes in reading network connectivity 
related to skill improvement 

This chapter is published in the following peer reviewed journal: Younger, J.W., 

Tucker-Drob, E., and Booth, J.R. (2017). Longitudinal changes in reading network 

connectivity related to skill improvement. Neuroimage 158, 90–98. JRB conceived and 

designed the experiments. JWY conceived the analysis. JWY and ETD analyzed and 

interpreted the data. JWY drafted the manuscript. JWY, ETD, and JRB performed a 

critical review of the manuscript. All the authors read and approved the final version of 

the manuscript. 

INTRODUCTION 

The process of reading is complex, relying on a number of brain regions that each 

play a different role in accessing linguistic information from written forms. While most 

people are able to successfully coordinate these brain regions to achieve fluid reading, 

about 5-10% of individuals are diagnosed with dyslexia, a disability in which a person 

has difficulty achieving fluid reading despite adequate instruction, motivation, and 

intelligence (Siegel, 2006). The extant neuroimaging literature examining differences 

between individuals with and without dyslexia has established that individuals with 

dyslexia tend to show reduced activation in key brain regions in the reading network (e.g. 

inferior frontal, temporo-parietal, and occipito-temporal cortex) compared to their 

typically reading peers (Pugh et al., 2001; Richlan et al., 2009, 2011; Shaywitz et al., 

2002). Moreover, research using functional connectivity methods has also found that 

individuals with dyslexia differ in how well these regions work in tandem with one 

another (Cao et al., 2008; Finn et al., 2014; Horwitz et al., 1998; Koyama et al., 2013; 
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van der Mark et al., 2011; Morken et al., 2017; Quaglino et al., 2008). Together, research 

suggests dyslexia involves more than an underactivation of key brain regions in typical 

left hemisphere reading networks, but also reduced functional connectivity between them.  

The typical development of the reading network is not currently well described. 

This can make the interpretation of differences in connectivity between children with and 

without dyslexia difficult. For example, neuroimaging studies examining how activation 

in individual brain regions varies with age and skill have shown that decreases in 

activation over time can be a marker of better reading ability, depending on the brain 

region (Church et al., 2008; McNorgan et al., 2011; Richlan et al., 2011). Thus, decreases 

in connectivity could, in some circumstances, be a marker of better reading, even in the 

left hemisphere. Specifically, one influential model of reading development proposes that 

there is a developmental shift from relying on dorsal stream processing, implicated in 

sound-symbol matching, to ventral stream processing, implicated in automatic 

recognition of word forms,  that occurs as readers progress in age and skill (Pugh et al., 

2001).  

The dorsal, temporo-parietal circuit, including the left posterior superior temporal 

gyrus (L STG) and inferior parietal lobe (L IPL), is primarily involved in phonological 

processing and integrating visual (orthographic) and auditory (phonological) information, 

known as phonological decoding (Pugh et al., 2001). The dorsal route tends to be used for 

reading low frequency words and pronounceable pseudowords (Coltheart, 2006; Jobard 

et al., 2003). The ventral, occipito-temporal circuit, including the fusiform gyrus (L FG) 

and inferior occipital gyrus (L IOG), is proposed to be critical for the fast, automatic 

processing of visual word forms (Pugh et al., 2001). In adults, a portion of the left ventral 

occipito-temporal cortex (L VOT), the putative visual word form area (Cohen et al., 

2000; McCandliss et al., 2003), is thought to host neurons tuned to preferentially respond 
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to real written words over pseudowords or consonant strings (Glezer et al., 2009). The 

ventral pathway tends to be used for words that are frequent or exception words whose 

pronunciation does not follow typical orthography to phonology mapping rules 

(Coltheart, 2006; Jobard et al., 2003). Thus, while both the dorsal and ventral streams are 

thought to be used throughout the lifespan depending on the type of word (i.e. exception 

versus unfamiliar words), the dorsal-to-ventral shift hypothesis proposes that children 

rely more on dorsal stream processing for all word types before shifting to reliance on the 

ventral stream for familiar words.  This hypothesis has some support from cross-sectional 

studies of children and adults that have examined brain activation within these circuits 

(Richlan et al., 2011; Shaywitz et al., 2004; Simos et al., 2007). However, this model has 

not yet been directly tested with longitudinal data with either brain activation or 

functional connectivity analyses.  

Research in both children and adults has indicated that functional connectivity 

within both ventral and dorsal reading circuits is related to reading skill, with more 

skilled readers showing greater connectivity compared to less skilled readers (Cao et al., 

2008; Hampson et al., 2006; Horwitz et al., 1998; Levy et al., 2009; van der Mark et al., 

2011; Quaglino et al., 2008; Shaywitz et al., 2004). Additional studies with adults have 

indicated that reading strategy may influence how the reading network is used (Kherif et 

al., 2009; Seghier et al., 2008).  In line with this idea, Levy et al (2009) found reading 

skill is related to using the ‘correct’ pathway for the type of word being read. That is, 

those readers who showed both higher connectivity between regions in the dorsal route 

during pseudoword reading and higher connectivity between regions in the ventral route 

during real word reading had better overall reading scores. Further, the same study 

demonstrated that individual differences in reading skill of either real or pseudowords 

were also related to individual differences in pathway connectivity. Adults who showed 
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high dorsal route connectivity during real word reading showed relatively poor real word 

reading skill, presumably due to reliance on an incongruent pathway. The results of this 

study indicate that reading strategy (i.e., reliance on dorsal or ventral stream processing) 

is related to reading network connectivity and reading skill.  

While a relationship between reading skill and reading network functional 

connectivity has been established in adults, the development of functional connectivity in 

left hemisphere reading circuits needs to be further understood, particularly for the 

English language. One study has examined changes in reading network connectivity 

longitudinally in Norwegian children with and without dyslexia (Morken et al., 2017). In 

this study, typically developing children were found to show primarily decreasing or 

stabilizing connectivity over time, while children with dyslexia showed aberrant patterns 

of development that may have reflected overcompensation or normalization relative to 

their baseline connectivity levels. However, the study by Morken et al (2017) does not 

examine skill within typically developing children and does not examine the relationship 

between changes in connectivity to changes in reading skill.  Further, Norwegian is a 

semi-transparent language, while English is opaque. That is, Norwegian orthographic to 

phonological mappings are fairly consistent and can be used to correctly pronounce 

unfamiliar words while mappings in English are not as consistent. The difference in 

consistency may result in differences in reading network use throughout development 

(Cao et al., 2015; Levy et al., 2009; Seghier et al., 2008).  

While the extant research with children so far has indicated that the same positive 

relationship between current connectivity and current skill may hold true for English-

speaking children (Cao et al., 2008; van der Mark et al., 2011; Quaglino et al., 2008), the 

dorsal-to-ventral shift hypothesis predicts that decreases in dorsal areas of the reading 

network are necessary for improvement of reading skill in children. This idea is 
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supported by the general decreases in connectivity found in typical children in the 

Morken et al 2017 study. The current study builds on previous literature by taking a 

unique approach to examine the longitudinal changes of the reading network in typically 

developing children. Rather than understanding how current connectivity relates to 

current reading skill, we examine how changes in reading skill are related to changes in 

reading network connectivity. In line with the dorsal-to-ventral shift model of reading 

development, we expect increases in reading skill to be related to decreases in 

connectivity of the dorsal stream and reliance on phonological decoding, together with 

increases in connectivity in the ventral stream and reliance on orthographic recognition. 

Using data from children followed longitudinally, this study will investigate where in the 

reading network high connectivity and low connectivity is associated with better reading 

skill. This knowledge will be important in establishing a better benchmark that can be 

used to compare and understand children who struggle with reading.   

METHODS 

This study was carried out in accordance with the recommendations of the 

Northwestern University Institutional Review Board with written informed consent from 

all the legal guardians of all participants and written assent of all participants. All 

participants and their guardians gave written informed consent or assent in accordance 

with the Declaration of Helsinki. 

Participants  

Data from a group of 59 healthy children (8 to 14 years-old at T1, 29 females) 

were selected from a group of 125 children that participated in a longitudinal study using 

inclusion criteria described below. All children were right handed, native and majority 

English speakers with normal or corrected to normal hearing and vision. Each child had 
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no history of neurological or psychiatric disorders; 19 participants (32%) had a family 

history of learning problems as reported by parents. Participants were selected for the 

current analysis if they were of at least average intelligence and reading ability (see 

below). Further, all participants had acceptable quality MRI data at both time points (see 

below) and at least 40% accuracy on all conditions of the in-scanner experimental tasks.  

Procedure 

Study procedures took place over the course of several visits. During the first 

visit, participants completed a battery of standardized tests. In the second visit, 

participants completed a ‘mock scanning’ session in which they were familiarized with 

the scanner, trained to minimize head movement, and practiced the experimental task. 

The practice version of the experimental task had the same number of trials and timing as 

in the MRI session, but used different and comparable stimuli.  Participants completed 

the T1 MRI session within one week of the mock scanning session.  Approximately two 

to three years after the first session (range: 2.0 – 3.2 years, mean = 2.4 years, see Table 

1), participants were invited back to complete a second standardized testing and T2 MRI 

session.  

Standardized Tests 

Participants completed a battery of standardized tests at both T1 and T2 to assess 

general intelligence and reading ability. Intelligence was measured by the full-scale IQ 

index from the full-scale Wechsler Abbreviated Scale of Intelligence (WASI; Wechsler, 

1999), which includes both verbal and non-verbal components. All children had at least 

average intelligence (>85 standard score), per inclusionary criteria. Reading ability was 

assessed by the Phonemic Decoding Efficiency (PDE) and Sight Word Efficiency (SWE) 

subscales of the Test of Word Reading Efficiency (TOWRE; Torgeson, 1999). The 
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TOWRE requires participants to read as many pseudo-words (PDE) or words (SWE) as 

possible in 45 seconds. All participants had at least average reading ability as measured 

by both the PDE and SWE subscales at T1 (>85 standard score), per inclusionary criteria.  

Participants were categorized as either high or low reading skill change based on 

performance on the PDE subtest of the TOWRE. We chose this measure as it most 

closely captures mastery of the relationships between orthographic and phonological 

information in English (McNorgan et al., 2011). Additionally, while pseudoword and real 

word reading are highly correlated, pseudoword reading is not highly related to 

vocabulary (Ouellette and P., 2006; Ricketts et al., 2007). Reading skill change scores 

were determined by subtracting T1 from T2 raw (unstandardized) scores. To ensure 

improvement was not simply due to lower or higher initial performance, we calculated 

the residual variance in improvement on raw scores after T1 performance was accounted 

for.  Participants were categorized as high or low improvement based on the median-split 

of the residual variance in performance change.  

In-scanner Task 

During the MRI sessions, participants completed a rhyming task as part of a series 

of tasks assessing reading or math. Participants were presented with a series of visual 

word pairs and were asked to indicate whether the words rhymed or not.  Participants 

were asked to respond as quickly and as accurately as possible on a handheld keypad. 

Each word was presented for 800 ms separated by a 200 ms interstimulus interval. 

Participants could respond as soon as the second word was presented and up to the 

beginning of the next trial. A jittered response interval duration of between 2200 and 

2800 ms was used to facilitate deconvolution of the signal associated with each trial. 
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After 2200 ms, a red cross appeared signaling them to respond if they had not yet done 

so.  The task took approximately 7 minutes to complete.   

Word pairs were designed to manipulate orthographic and phonological similarity 

such that participants could not rely on spelling alone to accurately complete the task. 

There were two orthographically similar conditions in which word pairs had overlapping 

rimes with rhyming (e.g., cage-rage) and non-rhyming (e.g., smart-wart) pairs, and two 

orthographically dissimilar conditions with non-overlapping rimes with rhyming (e.g., 

grade-paid) and non-rhyming (e.g., trial-fall) pairs. Each condition had a total of 12 trials 

for a total of 48 reading trials. All words were monosyllabic, having neither homophones 

nor homographs and were matched across conditions for written word frequency in 

children (Zeno 1995) and the sum of their written bigram frequency (English Lexicon 

Project).  

Within the rhyming task, participants completed 24 fixation baseline trials in 

which participants were instructed to press a button when the fixation cross changed from 

red to blue. There were 12 additional perceptual trials in which participants saw two 

nonalphabetic glyphs presented in increasing, decreasing, or constant height and 

determined whether the sequences matched (e.g., both increasing in height) or not (e.g., 

one decreasing and one increasing in height). Timing for the fixation and perceptual trials 

were the same as for lexical trials.  

fMRI Data Acquisition 

Participants were positioned in the MRI scanner with their head secured using 

foam pads. An optical response box was placed in the participant’s right hand to log 

responses. Visual stimuli were projected onto a screen, which participants viewed via a 

mirror attached to the inside of the head coil. Participants wore sound attenuating 
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headphones to minimize the effects of the ambient scanner noise. Images were acquired 

using a 3.0-Tesla Siemens Trio scanner. The blood oxygen-level-dependent (BOLD) 

signal was measured using a susceptibility weighted single-shot echo planar imaging 

(EPI) method. Functional images were interleaved from bottom to top in a whole-brain 

acquisition. The following parameters were used: TE = 20 ms, flip angle = 80 degrees, 

matrix size = 128×120, field of view= 220×206.25 mm, slice thickness = 3 mm (0.48mm 

gap), number of slices = 32, TR = 2000 ms. Before functional image acquisition, a high 

resolution T1-weighted 3D structural image was acquired for each subject (TR = 1570 

ms, TE = 3.36 ms, matrix size = 256×256, field of view = 240 mm, slice thickness = 1 

mm, number of slices = 160). 

fMRI Preprocessing and Analysis 

fMRI data were analyzed using Statistical Parametric Mapping (SPM8, 

http://www.fil.ion.ac.uk/spm). Slice timing was applied to minimize timing errors 

between slices and re-alignment was performed. Images were smoothed using a 4×4×8 

nonisotropic Gaussian kernel. ArtRepair software (http://cibsr. stanford.edu/tools/human-

brain-project/artrepair-software.html) was used to correct for participant movement. 

Images were realigned in ArtRepair, which identified and replaced outlier volumes, 

associated with excessive movement (>4 mm in any direction) or spikes in the global 

signal, using interpolated values from the 2 adjacent non-outlier scans. No more than 

10% of the volumes from each run and no more than 4 consecutive volumes were 

interpolated in this way. This preprocessing step is used in place of using motion 

parameters in further statistical analysis. Functional images were co-registered with the 

anatomical image and normalized to the Montreal Neurological Institute (MNI) 

ICBM152 T1 template, which is an average of 152 normal adult MRI scans. 
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Normalization to an adult template allows for comparison to fMRI research with adults 

and does not negatively affect functional image data (Darcy Burgund et al., 2002). All 

four lexical conditions, the fixation condition, and the perceptual condition were modeled 

within the general linear model. First-level (within-subjects) analyses determined the 

response to words by contrasting all words to the fixation condition. One-sample t-

statistic maps comparing lexical trials to fixation were generated for each subject at T1 

and T2.  

Connectivity Analysis 

 Reading network connectivity was determined using extended unified structural 

equation modeling (euSEM) on the time series for regions of interest (ROIs) in the 

reading network (Gates et al., 2011). euSEM is a data-driven method for determining 

contemporary and lagged co-activation between brain regions selected as nodes of a 

network at the individual level of analysis. Further, euSEM is designed for use with 

event-related designs as it additionally determines the effect of a stimulus on the co-

activation between regions through bilinear interaction terms. euSEM thus determines the 

temporal correlations between brain regions, but does not imply a causal relationship or 

influence of activity in one brain region on activity in another.   

ROI Selection 

Based on previous literature, we chose to construct a model that included ROI’s 

implicated in four processing stages: phonological output computation, phonological 

decoding, orthographic processing, and visual processing (Levy et al., 2009). The 

location of each of these processes was first broadly determined using previous literature 

and then refined using data-driven methods, described below.  Based on previous meta-

analyses (Jobard et al., 2003; Taylor et al., 2012),  the left inferior frontal gyrus (BA 44 
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and 45) is the area most likely to be involved in phonological output computation. Meta-

analyses indicate a number of brain regions are potentially involved in phonological 

decoding. To ensure we did not bias selection of the phonological decoding node, we 

created a large ROI that consisted of inferior and superior parietal lobes, supramarginal 

gyrus, angular gyrus, and superior temporal gyrus. To select regions involved in 

orthographic processing, we used literature examining the posterior to anterior sensitivity 

gradient of the visual word form system to select an area sensitive to sub-lexical 

orthographic processing and an area sensitive to orthography at the word-level (van der 

Mark et al., 2009; Olulade et al., 2013; Taylor et al., 2012; Vinckier et al., 2007). Boxes 

were constructed using 20mm ranges in all three directions. Both ROIs used the same 

range of x and z coordinates (-30 to -50 and -10 to -20 respectively), but differed in their 

y coordinates; the middle portion ranged from -35 to -55 and the posterior portion ranged 

from -60 to -80 (see Figure 1).  
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Figure 1. Search space for four regions of interest. Phonological output computing area is 
in green, phonological decoding in blue, word-level orthographic processing 
in red, and sublexical orthographic processing in yellow. Left shows a 
lateral view, right a ventral view at slice z = -10. 

We then used data driven methods to reduce each of these large anatomically-

based ROIs to spheres with a 6mm radius. Within each of these four ROIs, we conducted 

a one-sample t-test using the lexical trials compared to fixation contrast from all subjects 

and all times. Group level analysis within each of the four ROIs revealed a cluster 

significant at the p < 0.05 cluster-level false discovery rate (FDR) corrected threshold at 

the 0.005 voxel-level threshold. The peak voxel in the phonological output ROI was 

located within BA 45 or the triangularis portion of the inferior frontal gyrus (IFG) at -48, 

11, 26. The peak of the phonological decoding cluster was located within the inferior 

parietal lobe (IPL) close to the supramarginal gyrus (SMG) at -30, -59, 50. The word-

level orthographic processing cluster showed a peak in the left fusiform gyrus (FG) at -

44, -51, -14, corresponding with the location of the putative visual word form area 

reported in previous studies (van der Mark et al., 2009; Olulade et al., 2013; Vinckier et 

al., 2007). The sublexical orthographic processing cluster peak was located in the inferior 
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occipital gyrus (IOG) at -40, -73, -10, consistent with previous reports of locations more 

sensitive to false fonts compared to words (see Figure 2). The group peak for each ROI 

was used as the center for each 6mm sphere. These 6mm spheres were further 

constrained to only include voxels within the pre-defined regions to ensure the sphere did 

not extend into regions not included in the broadly defined anatomical ROIs.  

 Finally, within each of the 6mm spheres, we determined the peak voxel for the 

lexical trials minus fixation contrast for each participant at each time. This procedure 

allowed for individual variation across participants and time and ensured the number of 

informative voxels included in the analysis across participants was equated.  The time 

series for these peak voxels were then extracted using the MarsBar tool within SPM 

(http://marsbar.sourceforge.net/) and used in the euSEM analysis.  

euSEM Analysis 

euSEM was conducted using a combination of Group Iterative Multiple Model 

Estimate (GIMME), a freely distributed MatLab based program (Gates and Molenaar, 

2012) and traditional SEM pathway model construction. GIMME was used to center the 

time series for each subject individually at each of the two time points for each of 14 

variables: four regions at time t, the lagged time series of each region at t+1, the time 

series of the direct effect of stimulus at time t, the time series of the lagged effect of 

stimulus at time t+1, and the bilinear interaction effect of stimulus on each concurrent 

pathway (the time series of each region at t times the input series at t).  The model 

therefore examines the concurrent relationship between activation of brain regions 

(contemporary paths), a temporally causal relationship between brain regions (lagged 

path), the effect of stimulus on an individual brain region (direct effect of stimulus path), 

the lagged effect of stimulus, and the effect of stimulus on the relationship between 
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activation in two brain regions (bilinear paths).  The stimulus was convolved using a 

standard hemodynamic response function model to account for hemodynamic delay. The 

number of observations for each subject corresponds to the number of volumes minus 

one (to allow for time lagged observations). Each participant had 202 volumes collected 

and therefore 201 observations. Observations were considered to have a stimulus present 

if a volume took place during a word trial. Volumes collected during fixation and 

perceptual control trials were indicated as no stimulus.  

Centered time series from each participant at each time were entered into a 

structural equation model using Mplus statistical program (Muthén and Muthén, 2012). 

The model was constructed in a confirmatory fashion based on previous literature 

showing the most parsimonious and best fitting model for reading is a feed-forward 

model that includes paths of IOG to IPL to IFG, from IOG to FG to IFG, and a path from 

FG to IPL (Levy et al., 2009; Richardson et al., 2011). This model thus had five unique 

pathways between each of the four ROIs (see Figure 2).  We modeled the contemporary 

and lagged effects for each of these five pathways, the contemporary and lagged effect of 

stimulus on each ROI, the contemporary and lagged bilinear interaction between stimulus 

and each pathway, and the autoregressive term for each ROI. The focus of the analysis is 

on the paths between IOG and FG, most representative of orthographic processing in the 

ventral stream and the path between FG and IPL most representative of phonological 

decoding in the dorsal stream. However, including all of these theoretically possible 
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paths in the model enables it to account for expected variance given our design. A model 

was estimated for each participant for each time. 

Figure 2. Illustration of the path model for contemporary connections between regions. 
Five forward feeding pathways were included. IOG (yellow) to both FG 
(red) and IPL (blue), FG to IPL, and FG and IPL to IFG (green). The dorsal 
pathway is highlighted in purple, the ventral in orange. Regions for each 
node reflect the 6mm sphere around the group peak found within the search 
space for each ROI, constrained to exclude voxels outside the search space.       

Analysis of Person-Specific Connectivity Parameters 

Finally, to determine how longitudinal changes in reading skill improvement 

relate to connectivity over time in the dorsal and ventral streams, unstandardized 

parameter estimates were extracted and entered into traditional ANOVA statistical 

analyses. We focused on contemporaneous pathways, as these paths were significant in a 

majority of the participants at each time (approximately 78% at T1 and 73% at T2) and 

accounted for the most variance in the model aside from auto-regressive effects. Table 1 
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provides mean parameter estimates for each path type and the percentage of participants 

for which each path type was significant. While all contemporaneous paths were not 

significant for all subjects, the focus of the current study is to determine the effect of 

individual differences and time on reading network connectivity as represented by 

parameter estimates generated by SEM analysis. Parameter estimates are generated 

regardless of significance and can thus be used in further analysis.    

 
 Time 1 Time 2 

Pathway Type  Parameter Estimate Percent 
Significant Parameter Estimate Percent 

Significant 
Auto-regressive 0.39 (0.18) 92.8 0.40 (0.17) 94.5 

Contemporaneous 0.25 (0.17) 77.6 0.20 (0.19) 73.2 
Lagged -0.03 (0.13) 29.7 -0.04 (0.11) 26.7 
Bilinear 

Interaction -0.01 (0.08) 7.1 -0.01 (0.12) 13.9 

Input 0.08 (0.11) 13.6 0.07 (0.11) 12.7 
Lagged Input -0.01 (0.10) 27.5 0.00 (0.10) 23.1 

 

Table 1. Mean (SD) parameter estimates for each pathway type included in the individual 
structural equation model for each participant at each time and mean 
percentage of participants for whom the paths were significant. Aside from 
auto-regressive terms, contemporaneous paths accounted for the most 
variance in the model as indicated by higher parameter estimates compared 
to other pathway types. Additionally, contemporaneous pathways were the 
path type most likely to be significant in individual participant models, aside 
from auto-regressive terms.  

 

To determine whether there was an effect of time, skill change, or interaction of 

time and skill change on reading network connectivity and whether these effects differed 

depending on the path, a 2 (time: 1, 2) x 2 (skill change group: low, high) x 5 (path: IOG 
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to FG, IOG to IPL, FG to IPL, FG to IFG, IPL to IFG) repeated measures ANOVA was 

conducted on unstandardized parameter estimates. We examined potential effects of time 

and skill change on all pathways so that the development of the reading network as a 

whole could be described. Planned follow-up tests included 2 (time: 1,2) x 2 (skill 

change: low, high) repeated measures ANOVAs for each path separately, and paired t-

tests to establish whether a skill change group showed a significant effect of time for any 

pathway.   

Finally, to compare the current findings with those of previous developmental 

studies examining the relationship between current reading network connectivity and 

current reading ability, we conducted correlations between raw scores on the standardized 

test of reading ability and unstandardized parameter estimates for the dorsal and ventral 

pathways. T1 parameter estimates were correlated with T1 reading skill and T2 parameter 

estimates with T2 reading skill. To determine whether connectivity could be used to 

predict reading skill change, we also correlated T1 connectivity with skill change for both 

the dorsal and ventral paths of interest.  

RESULTS 

Behavioral Performance 

Mean standardized scores and accuracy on the in-scanner task for each group at 

T1 and T2 are reported in Table 2. The average time between scans was 2.40 years, and 

improvement groups did not differ in time between scans (high: 2.35, low: 2.46; t (53) = 

1.12, p = 0.27). A 2 (time: 1, 2) x 2 (skill change group: low, high) repeated measures 

ANOVA showed that there was no main effect of skill, and the skill groups did not differ 

on the reading skill metric at T1 (F (1, 57) = 3.02, p = 0.088).  A significant skill change 

by time interaction indicates high improvers do show greater improvement on raw score 
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performance (F (1, 57) = 36.94, p < 0.001). This finding is expected, given that 

participants were categorized on improvement, but not guaranteed, as participants were 

categorized based on residual improvement after accounting for T1 performance.  The 

same repeated measures ANOVA conducted on the Sight Word Efficiency subtest of the 

TOWRE revealed that while all groups improved over time as indicated by a significant 

main effect of time, (F (1,57) = 80.17, p < 0.001), the high improvers made greater gains 

in raw scores (F (1,57) = 4.70, p = 0.034).  Age was not significantly correlated with 

residual improvement scores (r (57) = -0.24, p = 0.71). However, while age is not 

expected to affect gains in raw score over time, age could affect the relationship between 

change in connectivity and change in skill. For example, skill change in older children 

could be related to different patterns of connectivity change as compared to younger 

children.  We therefore included age as a covariate in subsequent analyses, yet age did 

not have a significant effect in any comparison. Subsequent results are thus reported 

without including age as a covariate.  

All children performed well on the in-scanner rhyme judgment task; average 

performance across all conditions for both skill change groups was approximately 85% at 

both times. Per inclusionary criteria, all participants attained accuracy of at least 40% on 

all conditions. Performance did not differ between skill change groups at either time, as 

revealed by a 2 (time: 1, 2) x2 (skill change group: low, high) repeated measures 

ANOVA (F (1, 57) = 0.11, p = 0.745). A significant main effect of time shows that all 

participants regardless of skill change group improved on the rhyme judgment task over 

time (F (1, 57) = 30.71, p < 0.0001). 
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 Age at 

T1 
IQ Phonemic Decoding 

Efficiency Raw Score 
Sight Word Efficiency Raw 

Score 
In-Scanner 

Task Accuracy 
   T1 T2 Change T1 T2 Change T1 T2 

Lo
w 

11.3 
(1.4) 

116.6 
(13.1) 

42.3 
(10.9) 

41.3 
 (9.5) 

-1.0 
(4.9) 

75.6 
 (9.3) 

81.6 
 (8.9) 

6.0 (5.8) 85.2 
(0.1) 

90.5 
(0.1) 

Hig
h 

11.1 
(1.7) 

116.7 
(12.7) 

42.4 
(10.5) 

49.5 
 (6.5) 

7.1 (5.3) 76.9 
(11.0) 

86.7 
 (8.9) 

9.8 (7.6) 86.0 
(0.1) 

91.0 
(0.1) 

 

Table 2. Mean (SD) demographics of improvement group. Skill group was determined 
using the Phonemic Decoding subtest of the Test of Word Reading 
Efficiency. IQ was measured by the full-scale IQ index from the Wechsler’s 
Abbreviated Scale of Intelligence. Improvement groups start out equivalent 
at T1, but high improvers score significantly higher than their low 
improving counterparts at T2. Both groups performed well on the in-scanner 
rhyme judgment task at both times. Both groups improved similarly on task 
performance over time.  

euSEM Analysis 

We used Comparative Fit Index (CFI) and standardized root mean square residual 

(SRMR) to determine model fit. CFI compares fit of the target model to a null model in 

which it is assumed all variables are uncorrelated. CFI scores range between 0 and 1, 

with 1 indicating the best fit.  SRMR is an absolute measure of fit that indicates the 

difference between the residuals of the observed and predicted correlations between 

variables with values ranging from 0 to 1, and 0 indicating a perfect fit on the target 

model. Traditionally, a CFI > 0.90 and SRMR < 0.08 is considered good model fit. CFI 

values between 0.80 and 0.90 and SRMR values between 0.08 and 0.10 are generally 

considered acceptable but suboptimal (Hooper et al., 2008). The mean CFI at T1 was 

0.935 (range: 0.832 – 1.000) and 0.914 at T2 (range: 0.756 – 0.999). The mean SRMR 
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value at T1 was 0.037 (range: 0.015 – 0.066) and 0.043 at T2 (range: 0.018 – 0.088). 

While the range of fit indices indicate that the model fit acceptably for most individuals, 

analyses in which participants with suboptimal model fit (CFI < 0.80, SRMR > 0.08) at 

either T1 or T2 were excluded produced a similar pattern of results reported below at 

statistically significant levels. Therefore, the following results are reported with all 

participants included.  

Path Estimate Analysis 

The 2x2x5 repeated measures ANOVA revealed main effects of skill change 

group (F (1, 57) = 4.03, p < 0.049), time (F (1, 57) = 6.27, p = 0.015), and path (F (4, 

228) = 13.02, p < 0.001), illustrated in Figure 3. Contrary to previous developmental 

studies of reading network connectivity, children generally showed a reduction in 

connectivity over time. However, a significant time x path interaction (F (4, 228) = 3.38, 

p = 0.010), indicates this was not the case for all pathways, and an additional skill change 

group x time x path interaction (F (4, 228) = 3.39, p = 0.010) indicate that these 

longitudinal changes in connectivity differ depending on changes in skill. Mauchly’s Test 

for Sphericity showed that the assumption for sphericity was violated in the main effect 

of path and both interactions, yet Greenhouse-Geisser corrected level p-values remained 

significant (p < 0.001, p = 0.018, and p = 0.018).  

The ventral, orthographic processing pathway of IOG to FG showed a significant 

main effect of time (F (1, 57) = 4.50, p = 0.038), but no relationship with skill change (F 

(1,57) = 0.33, p = 0.568). However, paired two-sample t-tests on the high and low 

improving groups separately indicated that while the high improvers showed consistent 

levels of connectivity over time (t (29) = 0.65, p = 0.520), the low improvers showed a 

decrease in connectivity over time (t (28) = 2.33, p = 0.027).  In the dorsal phonological 
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decoding path of FG to IPL, there was an interaction between skill change group and time 

(F (1, 57) = 6.09, p = 0.017). Follow-up tests on this path revealed high improvers 

showed higher connectivity at T1 (t (50) = 3.42, p = 0.001) followed by a decrease over 

time (t (29) = 2.29, p = 0.030). The low improving group, however, showed no difference 

in connectivity over time (t (28) = 1.12, p = 0.274). This pathway did not show main 

effects of time (F (1, 57) = 1.12, p = 0.290) or skill change group (F (1, 57) = 2.89, p = 

0.090).  

In other pathways of the reading network, only the FG to IFG pathways showed a 

main effect of skill (F (1, 57) = 6.42, p = 0.014) with the high skill change group showing 

greater connectivity between these regions at both times. Both this pathway and the IPL 

to IFG pathway showed main effects of time (F (1, 57) = 12.73, p < 0.001 and F (1, 57) = 

4.10, p = 0.047 respectively). However, while connectivity tended to decrease over time 

in the IOG to IFG pathway, it increased over time in the IPL to IFG pathway. 

Connectivity between the IOG and IPL remained relatively stable over time (F (1, 57) = 

0.20, p = 0.66) and between skill change groups (F (1, 57) = 1.54, p = 0.220).   

In correlational analyses, connectivity in the dorsal FG to IPL and ventral IOG to 

FG paths were not correlated with current raw or standardized test score performance at 

either T1 or T2 (all p > 0.100), indicating connectivity change is related to reading 

change, not contemporary connectivity to contemporary skill. Further, T1 ventral 

pathway connectivity was not correlated with skill change (r (57) = -0.03, p = 0.805). T1 

connectivity in the dorsal pathway was correlated with reading skill change (r (57) = 

0.26, p = 0.043), but this correlation does not survive false discovery rate (FDR) 

correction for multiple comparison (FDR corrected for 6 analyses p = 0.259). 
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Figure 3. Mean parameter estimates with standard error bars for each path for skill 
change groups at each time. Significant skill change x time interaction is 
indicated by SxT, main effects of time by T, and main effects of skill change 
group by S. The only path to show an interaction between skill change and 
time was the dorsal decoding FG to IPL pathway; the high skill change 
group showed a significant decrease over time, but connectivity in the low 
skill change group remained similar. Connectivity between the orthographic, 
ventral path IOG and FG as well as the FG and IFG path decreased over 
time across all participants, while connectivity between IPL and IFG 
increased over time. The only path to show a main effect of skill change was 
the FG to IFG pathway with the high skill change group showing greater 
connectivity compared to the low skill change group.   

DISCUSSION 

The goal of the current study was to determine the developmental trajectory of the 

reading network in typical children, and whether network connectivity changes would 

support the dorsal-to-ventral shift hypothesis of reading development. Overall, we found 

decreases in connectivity for most connections from the first (T1) to the second (T2) time 

point about 2-3 years apart, regardless of changes in reading skill. This result is 

somewhat surprising, considering previous developmental studies of English reading 

network connectivity indicating that increased connectivity is generally associated with 
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better reading skill (Cao et al., 2008; van der Mark et al., 2011; Quaglino et al., 2008). 

However, these previous studies on reading network connectivity in children focused on 

comparing good and poor readers at one time point, generally at about age 11. Yet, 

Quaglino et al (2008) reported that age-matched controls showed decreased connectivity 

between the fusiform gyrus (FG, BA 37) and the inferior frontal gyrus (IFG, BA 44/45) 

compared to children with dyslexia and younger reading-level matched controls. The 

current results also agree with Morken and colleagues’ 2017 study that showed general 

decreases in reading network connectivity over time, but extend the results to a more 

opaque language of English. While we do not replicate the finding that current 

connectivity is related to current reading skill, this may be due to differences in 

population. Previous studies compared typical children to those with dyslexia. In contrast, 

no child had difficulty with reading in the current study, as all participants scored within 

one standard deviation of the standardized mean performance for their age group. 

Therefore, in the case of typical readers, we find that changes in skill, not current skill, 

are most related to reading network connectivity. 

When examining the case for the dorsal-to-ventral shift, we found a significant 

decrease in the dorsal, decoding processing pathway from FG to inferior parietal lobule 

(IPL) for the group who improved more from the first to the second time point. This 

finding supports the hypothesis that readers should show a decreased reliance on the 

dorsal pathway as they increase in skill. While the high and low improving groups did not 

differ in behavioral performance at T1, they did differ in connectivity; high improvers 

showed greater connectivity between FG and IPL at T1 compared to the low improvers. 

This pattern of results for the dorsal stream is consistent with the hypothesis put forth by 

Pugh et al (2001) that strong phonological decoding skills are necessary for the 

development of the ventral stream for reading. Children who went on to improve their 
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reading abilities had a sufficiently strong connection between orthographic word forms 

and their relationships with sounds before they made a shift away from using dorsal 

stream processing. This interpretation is also supported by the correlation between T1 

dorsal stream connectivity and reading improvement. An alternative interpretation is that 

decreases in the dorsal stream are not due to decreased reliance, but increased efficiency. 

This interpretation is consistent with the cross-sectional studies on brain activity in the 

reading network that suggest the dorsal stream is important early on and has a role in the 

reading process through adulthood (Church et al., 2008; Turkeltaub et al., 2003).  

In terms of the ventral stream, we found decreases in connectivity from inferior 

occipito-temporal gyrus (IOG) to the FG in the sample overall. However, this effect was 

primarily driven by the low improving readers; high improving readers maintained their 

level of connectivity in the ventral stream over time. While this result is inconsistent with 

our hypothesis that decreases in the dorsal stream would be accompanied by increases in 

the ventral stream, it is not incompatible with the dorsal-to-ventral shift. Previous cross 

sectional studies have suggested that rather than the ventral stream being added to the 

reading network as skill increases, the ventral stream becomes increasingly left 

lateralized, and the right hemisphere becomes less involved as skill progresses (Brown et 

al., 2005; Church et al., 2008; Turkeltaub et al., 2003). The current study did not examine 

the connectivity amongst and between regions in the right hemisphere homologue 

regions. The results, therefore, cannot support decreased involvement of the right 

hemisphere over increases in involvement of the left. However, our results are consistent 

with the idea that the ventral stream is not added to the reading network, but rather is an 

important part of the reading network across development. This finding may indicate that 

the dorsal-to-ventral shift is not a sequential process with the dorsal stream developing 

before the ventral stream, but rather they both may develop simultaneously. The finding 
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that low improving readers fail to show any changes in the dorsal stream while at the 

same time exhibiting decreases in the ventral stream suggests that the development of 

these two processing streams are tied together. It is also further support for the hypothesis 

that decreases in the dorsal stream are important for the continued development of the 

ventral stream. It seems these low improving readers showed a failure to fully engage in 

the dorsal stream that was accompanied by a lack of maintenance of the ventral stream.  

In other pathways of the reading network involving the IFG, we show conflicting 

main effects of time. While the IPL to IFG pathway increased over time, particularly for 

the high improvers group, the FG to IFG pathway decreased across all readers. This 

conflicting finding may reflect task demands. While the design of the task ensured that 

participants could not rely on either orthography or phonology alone, ultimately a 

rhyming decision had to be made for each word pair. Participants’ increases in accuracy 

on this rhyming task may be a result of their increased reliance on a more phonologically 

related path (IPL to IFG) and decreased reliance on the more orthographically related 

path (FG to IFG). Indeed, a post hoc analysis indicated that change in connectivity 

between IPL and IFG is negatively correlated with change in connectivity between FG 

and IFG (r (57) = -0.39, p = 0.002).  Previous research has found that the FG is less 

sensitive to phonological familiarity effects (Kronbichler et al., 2007), which may make 

the phonologically related path better suited for solving a rhyme judgment task, 

particularly in the face of conflicting phonological and orthographic information. 

Research comparing brain activation of children and adults suggest adults are more likely 

to activate decoding brain areas such as the IPL, even when only either phonology or 

orthography information is necessary (Booth et al., 2004). The increase in connectivity 

between the IPL and IFG may thus reflect the reading network reaching a more mature, 

adult-like pattern of activity.  
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The final path, IOG to IPL, was the only path to show no changes over time or 

skill. This result contrasts that of Levy et al. (2009) who reported that connectivity 

between visual (middle occipital gyrus) and phonological decoding (left parietal lobe) 

regions was predictive of adults’ real word reading ability. The difference in results is 

likely due to differences in how the visual regions in particular were chosen in the two 

studies. The visual processing region selected by Levy et al. (2009) was chosen to reflect 

general visual processing and the search space was defined using data driven methods 

from studies within their own lab. Our visual processing region search space, in contrast, 

was guided by previous reports of areas involved in sublexical processing. The visual 

region used by Levy et al. (2009) was more posterior compared to the one used in the 

current study, x=-32, y=-91, z=10 and x=-40, y=-73, z=-10 respectively. The Levy et al 

(2009) region is likely to reflect processing orientation and local contours, whereas the 

region in our study is likely to reflect letter processing (Dehaene et al., 2005). Given the 

gradient of feature sensitivity in the occipito-temporal area to word forms (Dehaene et al., 

2005), the pathways in the two studies are likely not reflecting the same neural processes 

making it difficult to compare across them.  

Interestingly, the pattern of reported results was related to changes in reading skill 

independent of age.  While we did not expect gains in reading skill to be related to age 

(e.g. younger children showing greater gains than older children), age could have played 

a role in how changes in skill related to changes in reading network connectivity. One 

potential manifestation of the dorsal-to-ventral shift could be a staged process with 

changes in the dorsal stream being completed before changes in the ventral stream could 

take place. This account would predict that younger children’s skill change should be 

associated with changes in the dorsal stream and older children’s skill change should be 

associated with changes in the ventral stream. In contrast, our results suggest that a 
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simultaneous change in dorsal and ventral streams is related to changes in skill, 

regardless of age. That there was no relationship between dorsal or ventral stream 

connectivity and concurrent raw score at either time further indicates that these changes 

in connectivity are specifically related to skill change. The lack of evidence for age 

related changes in connectivity does not rule-out the possibility that age could have 

subtler effects in different circumstances. Future research should continue to examine 

how age is related to the development of the reading network.  

Finally, the current study examined reading network connectivity in English. The 

stimuli used in this study were purposefully constructed such that all words could not be 

read relying solely on high frequency sound-to-symbol relationships, and knowledge of 

more opaque or whole word correspondences was necessary to complete the task with 

high accuracy. However, more transparent languages may show different trajectories. For 

example, Morken et al (2017) examined reading network development in the semi-

transparent language Norwegian. While the overall results across the two studies are 

similar, there are some differences, particularly the increase in connectivity between the 

IPL and IFG found in the current study. Previous cross-sectional reports of reading 

connectivity in English have additionally reported developmental increases in the 

connection between IPL and IFG (Bitan et al., 2007a, 2009). While the differences 

between studies may be due to differences in the models (precise locations of brain 

regions vary across studies), the results may be due to differences in strategies used 

across languages. Just as activation differences between individuals with dyslexia and 

typical controls is thought to differ across orthographic depth (Richlan, 2014), so too 

might skill related differences in reading network connectivity.      
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Conclusion 

The results of the current study provide a model of reading network development 

in typical readers. We found that readers who show larger gains in reading skill show 

decreases in dorsal stream connectivity while maintaining connectivity in the ventral 

stream. In contrast, low improving readers failed to show changes in the dorsal stream 

and failed to maintain ventral stream connectivity, indicating failed development of the 

dorsal stream may be detrimental to ventral stream development. This pattern of results 

indicates that the development of the dorsal and ventral paths is linked. We hypothesize 

that it is only with a strong dorsal stream that reductions in the dorsal stream can be 

attained without cost to the ventral stream. Future research would benefit from 

investigating whether there is a sensitive period for the development of the dorsal stream 

and whether interventions aimed at encouraging the development of the dorsal stream in 

readers who are still struggling can lead to long-term improvements even in older readers.  
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Chapter 2: Weighing the cost and benefit of transcranial direct current 
stimulation on different reading subskills 

This chapter is published in the following peer reviewed journal: Younger, J.W., 

Randazzo Wagner, M., and Booth, J.R. (2016). Weighing the Cost and Benefit of 

Transcranial Direct Current Stimulation on Different Reading Subskills. Front. Neurosci. 

10, 262. MRW and JRB conceived and designed the experiments. MRW and JWY 

performed the experiments. JWY and JRB analyzed and interpreted the data. JWY 

drafted the manuscript. JWY, MRW, and JRB performed a critical review of the 

manuscript. All the authors read and approved the final version of the manuscript 

INTRODUCTION 

Over the last decade, interest in using brain stimulation techniques as a 

therapeutic tool to treat cognitive impairment in adults has received increasing attention 

(Dubljević et al., 2014). Brain stimulation is a non-invasive method using electrical 

currents to alter the firing potential of neurons in the affected area. While there are a 

variety of techniques that can be used to stimulate the brain, two primary techniques are 

transcranial magnetic stimulation (TMS) and transcranial direct current stimulation 

(tDCS). TMS delivers a larger current and is thought to cause neurons to fire (Ridding 

and Rothwell, 2007) while tDCS delivers a much smaller current and is believed to 

change the membrane potential of neurons (Nitsche et al., 2008; Priori et al., 2009) Both 

techniques have been used to enhance performance on tasks involved in a variety of 

cognitive processes in healthy and impaired adults (Krause and Cohen Kadosh, 2013; 

Miniussi et al., 2008; Nitsche and Paulus, 2011; Nitsche et al., 2008; Williams et al., 

2009). While the evidence for brain stimulation improving function in healthy adults has 

been somewhat controversial (see Horvath et al., 2015 but also Price et al., 2015), its use 
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as a treatment in patient populations with brain injury has been promising (Fregni and 

Pascual-Leone, 2007; Miniussi et al., 2008; Wong and Tsang, 2013). 

More recently, research using brain stimulation to treat learning disorders, such as 

dyslexia and dyscalculia, has been called for (Cohen Kadosh et al., 2013; Krause and 

Cohen Kadosh, 2013; Vicario and Nitsche, 2013). While those with learning disorders do 

not have frank insult to the brain, they are believed to have altered brain activation in key 

brain regions when compared to typical adults (Kucian and Aster, 2015; Norton et al., 

2014; Price and Ansari, 2013; Pugh et al., 2001). The case for using neuromodulation to 

treat learning disorders is thus conceptually straightforward; stimulation to modify the 

activity in a brain region shown to be integral to the cognitive process of interest and 

differentially activated in the disordered population should normalize activation in that 

region and therefore normalize performance. However, identifying the brain regions 

integral to the process is not trivial, particularly in the case of reading. 

Neuroimaging research has identified several brain regions that show altered 

function in individuals with dyslexia that may serve as potential targets of brain 

stimulation. Three brain areas in particular have consistently shown altered functionality 

compared to typical readers – the inferior frontal gyrus (IFG), temporo-parietal areas, and 

occipito-temporal areas (Richlan et al., 2009, 2011). Meta-analysis of neuroimaging 

studies suggests the IFG may be hyperactive in adults with dyslexia as a compensatory 

region, while temporo-parietal and occipito-temporal areas may be hypoactive, reflecting 

impaired processing during reading. Brain stimulation could be used to either enhance 

potential compensatory regions in an attempt to strengthen these networks or enhance 

areas that are consistently underactive in people with dyslexia in an attempt to normalize 

their function.  
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So far, neuromodulation studies examining the tool’s potential to improve reading 

ability have stimulated regions shown to be underactivated in poor readers, and all have 

had some success (Costanzo et al., 2012, 2013; Heth and Lavidor, 2015; Thomson et al., 

2015; Turkeltaub et al., 2012). However, the exact nature of the reading improvements 

has been somewhat inconsistent across studies. Turkeltaub et al (2012) first demonstrated 

the potential for tDCS to be used as a treatment for low-to-average readers by showing 

improved reading fluency after stimulation to the left superior temporal gyrus (STG) 

compared to sham stimulation. These findings were corroborated by Costanzo et al’s 

TMS studies (2012; 2013) that found TMS to the left STG increased real word reading 

speed and text reading accuracy in both dyslexic and average readers. However, a later 

tDCS study by Thomson et al (2015) was inconsistent with the findings of Turkeltaub et 

al (2012). Thomson et al (2015) stimulated an overlapping, but slightly superior region to 

that stimulated in Turkeltaub et al (2012) in average readers and found that right 

hemisphere stimulation led to improvements on real word reading ability, not left 

hemisphere.  

The Costanzo et al TMS studies (2012; 2013) showed that the particular section 

of the temporo-parietal region that is stimulated leads to specific results. In contrast to the 

increases in real word reading following STG stimulation mentioned above, stimulation 

to the more superior temporo-parietal cortex, specifically, the left inferior parietal lobe 

(IPL), led to increases in pseudoword reading. While the lack of improvements in real 

word reading, the ultimate goal of reading therapy, is discouraging, stimulation to the IPL 

and surrounding areas merits further investigation. In particular, tDCS to the more 

superior aspects of the temporo-parietal cortex may lead to greater gains in reading 

ability compared to the precisely targeted stimulation of TMS given the diffusivity of 

tDCS. The superior portion of the temporo-parietal cortex including not just IPL, but also 
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the angular gyrus (AG) and supramarginal gyrus (SMG), have been specifically related to 

smaller-grained grapheme-to-phoneme mapping (Bitan et al., 2007a; Booth et al., 2003; 

Cao et al., 2006; He et al., 2013; Jobard et al., 2003; Pugh et al., 2000; Simos et al., 

2001), which developmental and cross-linguistic studies of reading suggest  is important 

for the initial development of the reading network (Cao et al., 2006, 2015; Martin et al., 

2015; Pugh et al., 2000; Richlan et al., 2011). Therefore, we propose that facilitation of 

small-grain grapheme-to-phoneme processing via modulation of activation in superior 

portions of the temporo-parietal cortex may lead to gains in multiple aspects of reading 

ability including reading fluency and improved grapheme-phoneme mappings in low-to-

average ability adults.   

This hypothesis is supported by second language learning studies with adults 

(Hashimoto and Sakai, 2004; Mei et al., 2014) and reading remediation studies with 

children (Meyler et al., 2008; Rezaie et al., 2011a; Simos et al., 2007; Temple et al., 

2003) and adults (Eden et al., 2004) that show greater ability related gains in superior 

versus inferior temporo-parietal cortex.  Further, functional connectivity between the IPL 

in particular and regions involved in orthographic processing such as the fusiform gyrus 

(FG) has been demonstrated to be related to word reading ability (Koyama et al., 2011; 

Simon et al., 2013). Developmental studies have suggested that the strength of the 

connection between grapheme-to-phoneme processing regions such as the IPL and the 

orthographic processing regions such as the FG may be critical for the specialization of 

these orthographic processing regions, in line with interactive specialization models of 

development that have been extended to reading (Johnson, 2001; Price and Devlin, 2011; 

Schlaggar and McCandliss, 2007). Indeed, dyslexic readers tend to have reduced 

connectivity between these two regions compared to controls. In contrast, there is little 

evidence suggesting the connectivity between the STG and FG is crucial for reading 
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ability (Booth et al., 2008; Cao et al., 2008; Finn et al., 2014; Horwitz et al., 1998; van 

der Mark et al., 2011; Pugh et al., 2000; Quaglino et al., 2008).  

In order to test the hypothesis that tDCS to superior portions of the temporo-

parietal cortex will lead to reading improvement for low ability readers, we stimulated the 

left IPL in low-to-average readers and measured their improvement on two reading tasks; 

single word reading efficiency and a rhyme judgment task. Both require the use of 

phonological and orthographic information, but in different ways. Single word reading 

efficiency requires articulating the phonological output from orthographic input. This 

skill has been shown to be related to both overall word reading ability and the ability to 

decode words based on grapheme-to-phoneme mappings (Adlof et al., 2006; Barth et al., 

2009; Vellutino et al., 2007).  Despite the orthographic processing component, 

neuroimaging studies have suggested that this skill is most related to parietal areas 

including the IPL and AG (He et al., 2013) typically implicated in grapheme-phoneme 

mappings, compared to areas involved in whole-word orthographic mappings. Further, 

training studies have shown that instruction in grapheme-to-phoneme mapping results in 

improvement in single word reading fluency (Ashmore et al., 2002; Simos et al., 2007) 

and these gains are related to activation in parietal areas (Rezaie et al., 2011a, 2011b). 

The rhyme judgment task, in contrast, does not require articulation. Rather it requires the 

activation and memory of phonological representations, sometimes in the face of 

conflicting orthographic information. For this reason, this task is a measure of 

phonological working memory and the strength of the grapheme-to-phoneme maps 

needed to be activated to complete the task accurately. Behavioral studies have shown the 

rhyming task to be related to reading ability (Kovelman et al., 2012; Maclean et al., 1987; 

Ziegler and Goswami, 2005) and neuroimaging studies have shown activation in the left 

IPL to be related to ability on this task (Bitan et al., 2007b; Booth et al., 2003; Hoeft et 
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al., 2006). Together, both tasks provide measures of orthographic and phonological 

processing that are related to activation in the left IPL. By using these two tasks, we can 

address how tDCS affects both the mental manipulation and articulation of phonological 

representation and therefore have a broader picture of what abilities can be impacted by 

tDCS.   

METHODS 

This study was carried out in accordance with the recommendations of the 

University of Texas at Austin Institutional Review Board with written informed consent 

from all subjects. All subjects gave written informed consent in accordance with the 

Declaration of Helsinki. 

Participants 

In total, 100 right-handed 18-35 year-old native English speakers with normal or 

corrected-to-normal vision were screened for below average reading ability (<100 

standard score) as determined by the Sight Word Efficiency (SWE) subtest of the Test of 

Word Reading Efficiency (TOWRE; Torgesen et al., 1999) in line with Turkletaub et al. 

(2012). All participants reported no history of neurological disorder, psychiatric disorder, 

significant head trauma, hearing loss, substance abuse, seizure or migraine, metal 

implants, and current pregnancy. Of the initial 100, 54 participants scored below average, 

however, 14 did not complete both days of the experiment, and were therefore not 

included in the sample. An additional four participants were excluded for scoring <50% 

accuracy on behavioral measures. The remaining participants had at least average (>80 

standard score) intelligence as measured by the Wechsler Abbreviated Scale of 

Intelligence (WASI; Wechsler, 2008,).  Scores on the SWE ranged from 74 to 99 pre-

stimulation (within two standard deviations of 50th percentile performance of 100). 
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Participants were randomly assigned to one of three groups, left inferior parietal lobe (L 

IPL), right superior parietal lobe (R SPL), or Sham. Assignment to the R SPL group was 

done as part of an additional experiment not reported here. For the current experiment, 

the R SPL group served as a stimulation control condition in which participants received 

stimulation to a non-target region which complemented the no stimulation control 

condition fulfilled by the Sham group.  

Of those who met all performance criteria, 11 (7 female) received real stimulation 

to the L IPL, 14 (6 female) received sham stimulation, and 11 (9 female) received real 

stimulation to the R SPL. Due to an imbalance in the run orders in the sham group, four 

participants were randomly eliminated for a final sample of 10 (4 female). One-way 

ANOVAs revealed no significant effects of group on all group characteristics and 

baseline measures as reported in Table 3. 

 
 L IPL  R SPL  Sham 

Age (yrs) 26.8 (5.5) 25.2 (3.5) 26.2 (4.9) 
Gender (f) 7 8 4 
IQ 112.1 (10.9) 111.0 (11.70) 109.3 (9.9) 
Pre-Single Word Reading 88.5 (8.4) 88.1 (7.6) 89.2 (7.9) 
Pre-Rhyme Judgment RT (ms) 854 (124) 972 (147) 998 (193) 
Pre-Rhyme Judgment Accuracy (%) 91.6 (7.0) 88.4 (9.5) 87.9 (12.0) 

Table 3. Participant demographics and mean (SD) for performance for each participant 
group. IQ measured by Wechsler Abbreviated Scale of Intelligence. Single 
Word Reading was measured by the Sight Word Efficiency subscale of the 
Test of Word Reading Efficiency. Note: IQ and Single Word Reading have 
µ=100, σ=15. 

Procedure 

Participants took part in a single-blind, sham and stimulation controlled study 

comparing pre- and post-stimulation performance on two measures of reading ability: 

single word reading efficiency and rhyme judgment. Participants completed two sessions 
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that took place three to five days apart. During the first session, participants completed 

standardized tests and baseline assessments of reading ability. During the second session, 

participants received either sham or real stimulation for 20 minutes, after which they 

completed an alternate form of the reading ability measures using different sets of 

stimuli. Alternate forms of the tasks were counterbalanced across participants. 

Transcranial direct current stimulation  

Direct current was administered using a battery-driven DC stimulator device 

(NeuroConn) via two saline-soaked electrodes (5 cm x 5 cm; 25 cm2). The anode 

electrode was placed over either the L IPL (P3) or R SPL (CP4) according to the 

international 10-20 system for electroencephalography (EEG) electrode placement 

(Herwig et al., 2003). The cathode (return) electrode was placed over the contralateral 

supraorbital frontal region. This montage allows the source of effects of stimulation to be 

more reliably attributed to the anodal stimulation of the target site instead of the cathodal 

stimulation of the reference site, as suggested by Turkeltaub et al. (2012). During real 

stimulation, 1.5 mA of current (current density 0.06 mA/cm2) was delivered for 20 

minutes. During sham stimulation, the machine ramped up to 1.5 mA for 30 seconds, 

then extinguished over a five second fade-out. Using this procedure allows participants to 

feel the initial sensations (e.g. tingling or itching) associated with stimulation without any 

after-effects of stimulation being induced (Nitsche and Paulus, 2000). These stimulation 

parameters replicate the parameters used in Turkeltaub et al. (2012) and are within the 

safety limits established in prior studies on humans and animals (Bikson et al., 2009; Iyer 

et al., 2005; Nitsche et al., 2008).  
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Experimental tasks 

Single word reading efficiency  

Word reading efficiency was measured via the Sight Word Efficiency (SWE) 

subtest of the TOWRE. This test is a measure of ability to read real words accurately and 

quickly. Participants were given 45 seconds to read aloud as many of 104 words as 

possible. A standard score is determined by the number of words read correctly within 45 

seconds, and this score was used as the metric of single word reading efficiency. 

Rhyme judgment task 

The ability to map orthography to phonology and phonological working memory 

were assessed with a rhyme judgment task in which participants were presented with a 

series of visual word pairs and asked to indicate whether the words rhymed or not. Word 

pairs were designed to manipulate orthographic and phonological similarity to ensure 

participants could not rely on orthography alone and phonological representations had to 

be used to accurately complete the task. There were two congruent conditions in which 

word pairs had either similar orthography and phonology (e.g., CAGE-RAGE) or not 

(e.g., TRIAL-FALL), and two incongruent conditions in which word pairs had either 

similar orthography but dissimilar phonology (e.g., PINT-MINT) or dissimilar 

orthography but similar phonology (e.g., GRADE-PAID) pairs. Each condition had 12 

trials for a total of 48 trials in each session.  

All words were monosyllabic, having neither homophones nor homographs and 

were matched across condition for written word frequency in children (Zeno, 1995) and 

the sum of written bigram frequency (Balota et al., 2007). Stimuli used in each version of 

the task were matched on average stimuli length, frequency, number of orthographic 

neighbors, and number of phonological neighbors (Balota et al., 2007). 
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Participants were asked to respond as quickly and as accurately as possible. The 

first word was presented for 800 ms followed by a 200 ms inter-stimulus interval and the 

presentation of the second word. Participants could respond as soon as the second word 

was presented up to 2500 ms after the onset of the word. After the participant responded, 

a red fixation cross appeared signaling the inter-trial interval. The task was self-paced, 

and participants were able to control when the next trial began. Average reaction times 

(RT) to correct trials trimmed to include only responses within 2.5 standard deviations 

from an individual’s average reaction time were used as the metric of rhyme judgment 

ability due to ceiling effects on accuracy 

Analysis 

Performance on each experimental task was submitted to a 3 (Stimulation group; 

L IPL, Sham, R SPL) x 2 (Time; Session 1, Session 2) mixed-model ANOVA in order to 

determine whether a measure showed a Group x Time interaction. Planned follow-up 

tests were conducted using separate 2 (Stimulation group; L IPL, Sham or R SPL) x 2 

(Time; Session 1, Session 2) mixed-model ANOVAs to examine potential Group x Time 

interactions for the L IPL group compared to the two control groups (Sham, R SPL) 

separately. 

RESULTS 

Single Word Reading  

The 3 x 2 ANOVA revealed a significant main effect of Time (F(1,29) = 24.68, 

p<.001) and significant Group x Time interaction (F(2, 29) = 4.41, p=.021), indicating 

that although all groups showed changes in their performance over time, the groups 

differed in the magnitude of these changes.  Follow-up tests revealed the L IPL group 

showed significantly greater improvement compared to the Sham group (F(1,19)=7, 
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p=.016) and a trend towards greater improvement compared to the R SPL group 

(F(1,20)=4.22, p=.053). One sample t-tests indicated that the L IPL and R SPL groups’ 

improvement was significantly greater than 0 (L IPL: t(10) = 4.17, p<0.005; R SPL: t(10) 

= 2.37, p<0.05), while the Sham group did not show improvement (t (9) = 1.72, p>0.1). 

See Table 4 and Figure 4. The results of the current study result in an effect size (Cohen’s 

d) of 1.57 for L IPL stimulation, greater than the 0.46 for left STG stimulation found by 

Turkeltaub et al (2012).    

 

Figure 4. Change in Single Word Reading Efficiency pre- and post-stimulation for each 
group. A significant Group x Time interaction indicates the L IPL group 
showed significantly greater improvement than the R SPL and Sham groups. 
Error bars indicate one standard deviation.  

Rhyme Judgment  

All participants performed well on the rhyme judgment task as indicated by high 

accuracy at Time 1 and Time 2. A 3 x 3 ANOVA did not reveal a main effect of Time or 

any Group x Time interactions (p>0.1). One sample t-tests for each group individually 

showed that no group’s gain in accuracy was significantly greater than 0 (p>0.1). These 
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findings indicate that there was neither a practice effect nor an effect of stimulation on 

accuracy, possibly due to ceiling effects.  

The 3 x 2 ANOVA again revealed a significant main effect of Time (F(1,29) = 

28.9, p<.001) and significant Group x Time interaction (F(2, 29) = 4.13, p=.026), 

indicating a change over time, but a group difference in the magnitude of the change. 

Follow-up tests showed the Sham group experienced significantly greater improvements 

in RT compared to the L IPL group (F(1,19)=7.27, p=.014). However, the R SPL group 

was not significantly different from either the Sham group (F(1,19) = 2.62, p>0.1) or the 

L IPL group (F (1,20) = 1.69, p>0.1). Post-hoc one-sample t-tests, though, indicate that 

both the Sham and R SPL groups’ improvement was significantly greater than 0 while the 

L IPL group did not improve (Sham: t (9)=2.54, p=.006; R SPL: t(10)=2.31, p=.044; L 

IPL: t(10)=1.74, p>0.1). See Table 4 and Figure 5. 

 

 
L IPL  R SPL Sham 

Pre Post Pre Post Pre Post 
Single Word Reading 88.5 (8.4) 98.8 (14.3) 88.1 (7.6) 92.2 (8.3) 89.2 (7.9) 91.7 (8.2) 
Rhyme Judgment RT (ms) 854 (124) 811 (142) 972 (147) 885 (141) 998 (193) 820 (99) 
Rhyme Judgment Accuracy 
(%) 

91.7 (7.0) 94.7 (7.5) 88.4 (9.5) 89.6 (10.6) 87.9 (12.1) 90.0 (9.0) 

Table 4.  Mean (SD) on reading measures pre- and post-stimulation.  Note: Single Word 
Reading has µ=100, σ=15. 
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Figure 5. Change in Rhyme Judgment performance pre- and post-stimulation for each 
group. A significant Group x Time interaction indicates the Sham group 
showed significantly greater improvement than the L IPL and R SPL 
groups. Error bars indicate one standard deviation.  

DISCUSSION 

The goal of the current study was to assess whether stimulation of the left inferior 

parietal lobe (IPL) improves multiple aspect of reading for low-to-average readers by 

measuring its impact on two tasks that tap into different subskills of reading. While L IPL 

stimulation did result in gains in single word reading efficiency, it resulted in relative 

impairment on the rhyme judgment task, demonstrating for the first time a significant 

positive and negative effect on two different tasks with the same stimulation parameters 

within the same group of participants. Although our results indicate stimulation to the L 

IPL may be a good site for improving reading fluency for low-to-average readers, the 

lack of improvement on the rhyme judgment task warrants caution in advocating the left 

IPL as a site to improve several aspects of reading.  

The positive influence of L IPL stimulation on reading fluency measures for low-

to-average readers was consistent with our hypothesis. Although there was a main effect 
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of time, indicating there was a general practice effect for all groups, the L IPL stimulation 

resulted in greater improvement than the Sham or R SPL stimulation. Our finding that 

stimulation to the IPL led to greater improvements for low-to-average readers than 

previous reports of stimulation to the STG (Turkeltaub et al., 2012) are in line with 

studies indicating that single word reading fluency abilities depend on grapheme-to-

phoneme mapping skills supported by the superior aspects of the temporo-parietal cortex 

(Ashmore et al., 2002; He et al., 2013; Rezaie et al., 2011a, 2011b; Simos et al., 2007). 

This finding suggests that improvements in single word reading can result from increased 

grapheme-to-phoneme mapping abilities, even in adults. However, it should be noted that 

montage differences between the current study and that by Turkeltaub et al (2012) could 

also account for the difference in effect size between the two studies. Turkeltaub et al 

(2012) used a bilateral montage, meaning that the cathode or reference electrode was 

placed on the contralateral hemisphere (i.e. right STG). The results of that study cannot 

be attributed solely to facilitation of the left hemisphere, and the effects could have been 

due to alteration in the balance between the two hemispheres or even to inhibition of the 

right hemisphere. In contrast, in the current study, the cathode electrode was placed on 

the contralateral forehead. While we cannot rule out that the effects in the current study 

were due to inhibition of the frontal lobe, it is more reasonable to conclude that the 

effects are due to the modulation of activation in the stimulation site and surrounding 

areas. As Turkeltaub et al (2012) themselves point out, it could be that unilateral 

stimulation may be more beneficial than bilateral stimulation. Further research should 

explore how montage affects the behavioral consequences of stimulation.  

Our results that left hemisphere stimulation leads to improvement in sight word 

efficiency is in contrast to Thomson et al (2015) who found that right, but not left, 

hemisphere stimulation led to behavioral improvements. These conflicting results are 
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likely due to the difference in populations used in each study. In keeping with the 

Turkeltaub et al’s 2012 findings that stimulation only led to improvements in low-to-

average readers, the current study only used readers who had below average performance 

on the TOWRE. However, Thomson et al (2015) used participants with a wide range of 

reading abilities. Because individual differences in skill have been shown to have an 

effect on the behavioral changes induced by tDCS, including individuals with a large 

range of reading ability may have diluted the effects for the left hemisphere stimulation in 

the Thomson et al (2015) study. Future research should examine how individual 

differences in reading ability affect the impact of tDCS on behavioral performance.  

In contrast to the expected results of tDCS on the sight word efficiency, the 

negative effect of L IPL stimulation on improvement on the rhyming judgment task in 

low-to-average readers was unexpected. Previous neuroimaging work with both children 

and adults has shown that increases in activation in the left IPL are associated with better 

performance on the rhyming task (Bitan et al., 2007a; Cao et al., 2015; Hoeft et al., 

2006). If anodal stimulation to the L IPL did increase activation in that area as 

hypothesized, the stimulation group should have shown increases in performance 

following stimulation. However, research with anodal stimulation to the IPL in the 

context of working memory has shown that stimulation actually impairs performance 

relative to sham, particularly in low performers (Jones and Berryhill, 2012; Sandrini et 

al., 2012). Specifically, Sandrini et al (2012) showed that anodal stimulation abolished 

practice effects on a working memory task. These findings are in line with the results of 

the current study; while the L IPL stimulation group did not perform worse after 

stimulation, they did not demonstrate practice effects as seen in the sham group. The 

rhyming task involves phonological working memory when the phonological 

representation of the first word must be held in mind until the second word is presented 
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and the two phonological representations can be compared to make a rhyme decision. 

Therefore, the effects of stimulation on working memory abilities may have prevented 

improvements on the task. Previous work examining the effect of stimulation to the 

parietal lobes has suggested that stimulation interferes with working memory by creating 

an imbalance of activation between the two hemispheres and interfering with the natural 

inter-hemispheric inhibition that occurs in the absence of stimulation (Krause and Cohen 

Kadosh, 2014; Park and Friston, 2013; Sandrini et al., 2012; Sparing et al., 2009). Inter-

hemispheric inhibition may explain the seemingly contradictory results of the current 

study. As reading skills develop, activation during reading becomes more lateralized to 

the left hemisphere with the right hemisphere playing a decreasing role in reading (Eden 

et al., 2004; Shaywitz et al., 2004; Turkeltaub et al., 2003). Simulation causing 

disruptions to inter-hemispheric inhibition may thus be less likely to affect single word 

reading abilities, and therefore, we can expect improvements on single word reading 

tasks such as those seen in the current study. However, previous research has shown that 

low-to-average and dyslexic readers tend to have more bilateral activation during reading 

tasks with a phonological working memory component (Illingworth and Bishop, 2009; 

Milne et al., 2002; Xu et al., 2015). Given that the subjects in the current study were all 

low-to-average readers, it could be the case that the disruption to inter-hemispheric 

inhibition in the parietal lobes was particularly detrimental to their phonological working 

memory abilities, preventing the expected practice effects on the rhyming task. Our 

findings highlight the importance of considering the impact that individual differences 

may have on neural processing and subsequently the effects of tDCS.  

From a clinical perspective, perhaps the most important finding from the current 

study is that tDCS can positively impact one skill while negatively impacting another. 

Our results underscore the importance of including multiple tasks that potentially tap into 
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different underlying cognitive processes in order to assess whether the potential costs of 

stimulation outweigh the potential gains. Assessing multiple tasks becomes especially 

important when considering whether tDCS should be recommended as a treatment. In the 

current study, the cost in practice effect on speed during a rhyme judgment task is 

probably worth the gains seen in single word reading for low-to-average readers; 

accuracy was not affected and speed did not decrease after stimulation. However, this 

population was low-to-average in skill, not impaired. The cost to benefit ratio may 

increase as reading skill decreases. Further studies examining how individual differences 

impact the effects of tDCS on multiple reading tasks are needed before being able to 

advocate for tDCS as a treatment for reading disabilities. 

Further, our findings that tDCS had a differential effect on two aspects of reading 

in low-to-average readers has implications for the design of future tDCS studies. In the 

current study, both tasks were reading-related, but the differences between tasks in the 

working memory component are in line with the literature that anodal tDCS does not 

have the expected positive effect on working memory abilities. These results support the 

idea that tDCS can affect cognitive processes differently, depending on how the target or 

surrounding brain area is involved in a given cognitive process. Future research is still 

needed to determine the circumstances in which the conventional idea that anodal 

stimulation leads to enhancement of activation and behavior while cathodal stimulation 

leads to inhibition of activation and behavior holds true (de Berker et al., 2013; Bestmann 

et al., 2015). When selecting target sites, the areas’ involvement in multiple cognitive 

processes should be considered. The impact of stimulation on each of these processes 

should then be examined so that we might better understand whether tDCS can influence 

cognitive processes differently.  
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Limitations 

The current study used a between subjects design, meaning that the different 

stimulation groups were composed of different individuals. While the groups were 

equated on task behavioral abilities, it is virtually impossible to equate them on all factors 

that could potentially impact the effects of stimulation. For example, other research 

groups have shown that individual differences in physiological measures such as skull 

thickness, and levels of certain hormones and neurotransmitters such as GABA, can 

affect the way stimulation affects an individual (Krause and Cohen Kadosh, 2014). 

Additionally, measures of non-reading related neurocognitive abilities were not collected. 

It is possible that differences in other cognitive processes between the two groups may 

have affected results. While the current study did not control for such measures, the use 

of random assignment to group and ensuring the group was matched on task performance 

should minimize potential confounds from these factors.  

Finally, as with all tDCS studies, without the use of neuroimaging techniques 

such as structural or functional magnetic resonance imaging (fMRI), we are unable to 

confirm that the stimulated area was in fact the targeted area. Individual differences in 

anatomy may have led to differences in how well the stimulation site aligned with the 

brain regions that are actually used to perform the tasks. Similarly, due to the distributed 

effects of tDCS we cannot make strong conclusions about whether the results are due to 

stimulation to the targeted region or surrounding and connected regions without 

neuroimaging measures. Future research with tDCS would benefit from using 

neuroimaging methods to have more precisely located targets and a better understanding 

of the locations that were actually affected in order to develop the most effective 

treatment methods. 
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Conclusions 

Our study provides important cautionary evidence for the use of tDCS as a 

treatment for low reading ability. Although stimulation to the left IPL led to greater 

improvements in reading fluency than those previously demonstrated with a different 

stimulation site (2012), we also found a negative effect on another subcomponent of 

reading in low-to-average readers, i.e. rhyming two visually presented words. These 

positive and negative effects on two different subcomponents of reading were 

demonstrated using the same stimulation parameters within the same participants. These 

results stress the need for further research examining the effect of a set of stimulation 

parameters on complementary skills so that potential users of tDCS as a therapy can 

accurately weigh the costs and benefits of the treatment. 
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Chapter 3: Parietotemporal stimulation affects acquisition of novel 
grapheme phoneme mappings in adult readers 

This chapter is published in the following peer reviewed journal: Younger, J.W. 

and Booth, J.R. Parietotemporal stimulation affects acquisition of novel grapheme 

phoneme mappings in adult readers. Front. Hum. Neurosci. JWY and JRB conceived and 

designed the experiments. JWY performed the experiments. JWY and JRB analyzed and 

interpreted the data. JWY drafted the manuscript and JRB revised the manuscript. All the 

authors read and approved the final version of the manuscript.  

INTRODUCTION 

Reading is a fundamental educational skill important for academic and vocational 

success (Gerber, 2012), yet not every child develops into a fluid reader. Poor readers 

exhibit a number of behavioral deficits related to reading including phonological 

awareness, grapheme-phoneme (letter-sound) mapping, and reading fluency (Shaywitz 

and Shaywitz, 2005; Siegel, 2006). These behaviors have been related to a primarily left 

hemisphere network of brain regions that show reduced activation in individuals with 

poor reading ability, including inferior frontal, parietotemporal, and occipitotemporal 

areas (Richlan, 2014; Richlan et al., 2011). While neuroimaging research has converged 

on neural patterns associated with poor reading, which neural patterns are causes 

compared to consequences of poor reading is not yet clear. One proposed theory of failed 

reading is that reduced activity in parietotemporal regions involved in grapheme-

phoneme integration results in impaired learning of letter-sound mappings critical for 

reading (Blau et al., 2010; Blomert, 2011; Pugh et al., 2001; Schlaggar and McCandliss, 

2007). This idea is supported by developmental research showing the most consistently 

underactivated region in children with dyslexia is parietotemporal cortex, though adults 
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with dyslexia show greater reduced activation in occipitotemporal areas associated with 

orthographic processing (Richlan et al., 2011).  

Further support is provided by studies of pre-readers with and without risk for 

dyslexia as well as intervention studies. The most consistently reported anatomical and 

functional differences reported are in parietotemporal areas (Vandermosten et al., 2016). 

Indeed, successful reading intervention is marked by increases in parietotemporal regions 

in both children (Odegard et al., 2008; Shaywitz et al., 2004, 2003, Simos et al., 2002, 

2007; Yamada et al., 2011) and adults (Eden et al., 2004). Though intervention modulates 

activity in inferior frontal and occipitotemporal areas, activity in parietotemporal cortex 

has also shown to be predictive of the response to intervention (Odegard et al., 2008; 

Rezaie et al., 2011a, 2011b), further supporting its potential causal role in development of 

reading skill. However, reduced function in occipitotemporal activation has also been 

observed (Raschle et al., 2011, 2012; Specht et al., 2008; Vandermosten et al., 2016). 

Without longitudinal data from sufficiently large samples to determine whether at risk 

children do go on to develop dyslexia, the neural differences associated with risk for 

dyslexia that are also significant predictors of the development of dyslexia cannot be 

established.  

Thus, while parietotemporal activity and an understanding of grapheme-phoneme 

mappings have been established as critical for reading improvement for struggling 

readers, whether parietotemporal activity is causally related to learning grapheme-

phoneme mappings is not yet clear. To better support remedial reading programs for both 

children and adults, we must better understand the role of parietotemporal activity in new 

learning. The neural effects associated with learning of new grapheme-phoneme 

relationships in non-impaired individuals can be examined in adults by training them to 

read a new orthography. This new orthography could be a previously unknown writing 
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system or an artificial one created to control for or manipulate various factors such as 

mapping consistency or visual complexity of characters. Similar to intervention and 

developmental studies, orthographic learning studies in adults have shown learning 

related increases in left hemisphere reading regions (Bitan et al., 2005; Callan et al., 

2005; Hashimoto and Sakai, 2004; Mei et al., 2014; Takashima et al., 2014; Taylor et al., 

2017). Further, parietotemporal areas do show training related increases specifically 

related to accuracy gains on grapheme-phoneme mappings in the new language (Callan et 

al., 2005; Hashimoto and Sakai, 2004; Takashima et al., 2014).  Parietotemporal cortex is 

also involved in reading untrained ‘transfer’ words in the newly learned script that is 

similar to the activity found during reading pseudowords in English (Mei et al., 2014; 

Takashima et al., 2014; Taylor et al., 2017).  However, relationships between individual 

differences in activation and learning have largely been left unexamined, and the 

predictive relationship between parietotemporal activity and learning outcomes seen in 

intervention studies has not yet been established in orthographic learning studies. One 

study has demonstrated a positive relationship between increases in parietotemporal 

activity and increases in accuracy to trained words, but there was no relationship with 

transfer word or retention performance (Deng et al., 2008). However, this study focused 

on training semantic-orthographic, not grapheme-phoneme, relationships. The only 

studies examining pre-training neural predictors of orthography learning in adults have 

been restricted to orthographic processing areas in occipitotemporal regions (Cao et al., 

2013; Xue et al., 2006). Even less is known about the neural predictors of long-term 

retention of the newly learned orthography, though one study indicates visual attention 

prior to learning may be an important factor (Cao et al., 2013). Thus, whether there is a 

relationship between parietotemporal region activation and learning of grapheme-
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phoneme mappings, including the ability to transfer and retain this information, is yet 

unknown.  

One method used to experimentally examine the role of parietotemporal regions 

in reading is neuromodulation. Neuromodulation affects neural activity in the affected 

region(s) which often leads to physiological or behavioral changes (Horvath et al., 2015, 

2016; Nitsche and Paulus, 2011; Nitsche et al., 2008; Stagg and Nitsche, 2011). One such 

neuromodulation tool is transcranial direct current stimulation (tDCS), in which a low 

electrical current is delivered to the scalp. Anodal (positive) current is thought to reduce 

the firing threshold of neurons in brain regions under the electrode, while cathodal 

(negative) current is thought to raise the firing threshold (Nitsche and Paulus, 2000; Stagg 

and Nitsche, 2011). Anodal stimulation is therefore presumed to enhance behavior, 

whereas cathodal stimulation inhibits it, (Jacobson et al., 2012) though this traditional 

pattern does not always hold true (Bestmann et al., 2015; Wiethoff et al., 2014). Studies 

applying anodal tDCS to parietotemporal areas have demonstrated stimulation-related 

improvements in reading ability in low-skill adults (Turkeltaub et al., 2012; Younger et 

al., 2016) and adolescents with dyslexia (Costanzo et al., 2016a). These studies thus 

support previous research showing a relationship between changes in parietotemporal 

function and changes in reading skill. However, this relationship has yet to be extended to 

new learning.  

Only one previous study has paired stimulation with reading skill training to 

determine whether stimulation to parietotemporal areas can facilitate reading intervention 

in children with dyslexia (Costanzo et al., 2016b). Children received training on reading 

speed and grapheme-phoneme mappings with real or sham stimulation aimed at 

enhancing left lateralization of parietotemporal cortex. Reading speed was trained via 

tachiostoscopic presentation of words in which words were flashed on the screen for a 
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limited time range after which children were to read the word aloud. Grapheme-phoneme 

mappings were trained via tasks in which children had to correctly complete the written 

form of a word that corresponded to a presented picture and a task in which children 

rearranged syllables to form real words. Children who received real stimulation during 

training showed improved accuracy for low-frequency words and improved reading 

speed for nonwords compared to children who received training without stimulation. 

Gains in performance for the stimulation group compared to the sham group were also 

maintained for a 6-week period, showing stimulation can have lasting impact on 

performance. Further, because the effects were found on skills not directly related to the 

training received, there is some support for the effects of stimulation transferring to 

untrained skills. This study provides a demonstration of the potential for parietotemporal 

stimulation to enhance reading interventions. Yet, because both reading speed and 

grapheme-phoneme mappings were trained, it is unclear whether stimulation benefitted 

both or only one process. Further, stimulation only affected two of eight measures of 

reading, and while there is some evidence of transfer, that there was no effect on the 

behaviors more directly related to the training is at odds with previous tDCS research. 

Thus, while stimulation to parietotemporal areas do seem to affect reading related 

learning, many open questions remain.  

The goal of the current study, therefore, was to examine the effect of 

parietotemporal stimulation on learning new grapheme-phoneme mappings in adults 

varying in their reading skill. We taught adults to read a novel writing system for English, 

allowing us to examine learning rates when only the visual representation of a word is 

novel, not the sound or meaning. This design ensured any potential effects could be 

attributed to learning new visual representations and not due to potential influences of 

processing novel or meaningless sounds. We then compared learning curves between 
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readers who received real or sham stimulation to the parietotemporal cortex. We 

predicted individual differences in reading skill prior to learning would interact with 

stimulation to affect learning. Specifically, we expected that stimulation would increase 

learning curves for low skill readers more than high skill readers because of diminishing 

returns on the effect of stimulation. To ensure that grapheme-phoneme rules were learned 

and readers did not simply memorize mappings of entire word forms, we examined 

performance on both trained and novel, untrained transfer words. Similar effects of 

stimulation on performance across trained and untrained transfer words would indicate 

parietotemporal stimulation affected acquisition of these new grapheme-phoneme 

mappings. Finally, we also determined whether parietotemporal stimulation facilitated 

long-term maintenance of newly learned material, which would indicate lasting benefits 

of stimulation facilitated learning, as seen in previous studies.   

METHODS 

Participants 

In total, 89 right-handed 18-35-year-old native English speaking adults with 

normal or corrected-to-normal vision enrolled in the study. All participants reported no 

history of neurological disorder, psychiatric disorder, significant head trauma, hearing 

loss, substance abuse, seizure or migraine, metal implants, and current pregnancy. Of the 

initial 89, 79 participants completed all training sessions and were considered for the 

analysis. An additional 16, 8 in each stimulation group, were excluded for showing no 

evidence of learning during training (performance significantly above chance at both the 

final training session and final test of words). The remaining 63 participants included in 

the analysis had at least average (>85 standard score) intelligence as measured by the 

Wechsler Abbreviated Scale of Intelligence (WASI; Wechsler, 2008). All participants 
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scored within two standard deviations above or below the mean on all standardized 

assessments (>70 and < 130 standard score), with the exception of the WASI, in which 

the maximum score was 135. Participants were pseudorandomly assigned to receive real 

or sham stimulation to the left inferior parietal lobe (L IPL) based on standardized testing 

performance at baseline to ensure equivalent performances and number of participants 

across stimulation groups. Of those who met all performance criteria, 32 (25 female) 

received real stimulation to the L IPL and 31 (21 female) received sham stimulation. 

Two-sample t-tests revealed no significant effects of group on all group characteristics 

and standardized test performance as reported in Table 5.  

 
 

Age IQ 
Word 

Identification 
Word 
Attack 

Sight Word 
Efficiency 

Pseudoword 
Decoding 
Efficiency Reading Rate 

Stimulation 
(n = 31) 23 (5) 

 114 (9) 106 (7) 101 (9) 105 (9) 97 (9) 2.25 (0.29) 
Range 1.70 – 3.00 

Sham  
(n = 32) 24 (4) 115 (9) 107 (6) 101 (9) 103 (11) 97 (9) 2.17 (0.33) 

Range 1.22 - 2.68 

 

Table 5. Mean (SD) demographic and skill measures by stimulation group. Groups were 
similar in demographics and performed similarly on all measures of reading 
skill. IQ was measured by the full-scale IQ index from the Wechsler’s 
Abbreviated Scale of Intelligence. Note: All tests have µ=100, σ=15, except 
for Reading Rate. 

Procedure 

Participants took part in single-blind sham controlled study completed over a total 

of six sessions. The training procedure is depicted in Figure 6. The first five sessions 

occurred between 24 and 48 hours of each other, and the sixth took place approximately 

four weeks after the completion of the fifth session (mean 4.7 weeks; range 1.4 to 8 
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weeks). During the first session, participants completed both a battery of standardized 

tests to determine reading ability and a baseline test of the training stimuli. During the 

second, third, and fourth days, participants received 20 minutes of real or sham 

stimulation followed by training on 10 new words in the artificial orthography. Finally, 

they were tested on the entire training set of 30 words and a unique set of 20 untrained 

‘transfer’ words that followed the same grapheme-phoneme pattern as the trained words. 

On the fifth day, participants did not receive stimulation but completed a cumulative test 

of all 30 trained words and 20 unique transfer words to assess final knowledge of the 

artificial orthography. The sixth retention test session was similar to the fifth session; 

participants did not receive stimulation and were tested of all 30- trained words as well as 

a test of 20 unique untrained transfer words.  

 

Figure 6. Depiction of the training procedures. 

Standardized Testing 

Participants completed a battery of standardized tests to assess general 

intelligence and reading ability. Intelligence was measured by the nonverbal-scale IQ 

index from the Performance sub-scale Wechsler Abbreviated Scale of Intelligence 

(WASI; Wechsler, 1999). All participants had at least average intelligence (>85 standard 

score), per inclusionary criteria. Reading fluency was assessed by the Phonemic 
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Decoding Efficiency (PDE) and Sight Word Efficiency (SWE) subscales of the Test of 

Word Reading Efficiency (TOWRE; Torgeson, 1999). The TOWRE requires participants 

to read as many pseudowords (PDE) or words (SWE) as possible in 45 seconds. Untimed 

reading skill was assessed by the Woodcock Johnson Test of Achievement III Word 

Identification and Word Attack subtests (Woodcock et al., 2007). These tests require 

participants to read increasingly difficult words (Word Identification) or pseudowords 

(Word Attack) with no time requirements. The TOWRE tests were additionally 

administered on the fifth day after completion of the final testing session to assess 

whether stimulation may have affected English reading ability.  

In keeping with previous studies demonstrating an effect of tDCS on reading skill, 

we used SWE performance as the metric of reading skill for analytical purposes. 

However, the maximum standard score an adult can earn on the SWE is 113 (mean 100, 

SD 15). Because we wanted to assess a wide-range of reading abilities (two standard 

deviations above or below the mean), we used a modified metric. In addition to recording 

the total number of words participants correctly read in 45 seconds in accordance with the 

standardized protocol, we allowed all participants to read the entire list of words and 

recorded the time to read the list in its entirety. We then calculated a reading rate score by 

dividing the total number of correctly read words by the number of seconds required to 

complete the list. To relate reading rate to standardized test performance, we calculated 

the reading rate that would correspond to standard scores of 87, 100, and 113. The 

corresponding reading rates were 1.911, 2.177, and 2.28 words per second, respectively.  

Artificial Orthography and Training Procedure 

Participants were trained on an artificial orthography using a Klingon-like script 

created for a previous successful artificial orthography training study (Brennan and 
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Booth, 2015). The orthography is composed of letter-like characters that correspond to 

English phonemes and are combined to make English words. By learning real English 

words instead of pseudowords, participants had access to semantic representations during 

learning. This design approximates learning an orthography for which the linguistic 

sounds and their meaning are known. The artificial orthography was previously pruned 

for symbols resembling English letters. The remaining graphemes were randomly 

assigned to correspond with 10 consonant (/b/, /d/, /g/, /k/, /m/, /n/, /p/, /r, /s/, /t/) and five 

vowel (/ae/, /i/, /ɪ/, / ɑ/, /ə/) phonemes. Words were constructed using a CVC structure 

with a transparent 1:1 grapheme to phoneme ratio such that each letter represents one and 

only one sound. This design means that though participants learned English words, the 

training words may not have had the same number of letters as their English counterparts. 

For example, “beet” is written with three graphemes, corresponding to the /b/, /i/, and /t/ 

phonemes present in the word. The low grapheme-phoneme ratio was used to encourage 

a decoding-based learning strategy and discourage a holistic strategy of memorizing 

whole symbols or attempting to translate the symbols into English. Further, it maximized 

the potential for transfer to new words. Inconsistencies between number of consonant 

graphemes in English and artificial orthography words occurred in 25% of the 130 words 

participants were exposed to throughout the course of training and testing. Of those, 

inconsistencies primarily related to digraphs, e.g. the digraph ‘ck’ was represented with 

one letter, ‘k’, in the artificial orthography. Only 7 words had inconsistent consonant 

spellings not related to digraphs (e.g. ‘cat’ was represented as ‘kat’). For a full list of 

stimuli, see Supplementary Table 1.   

Each participant learned a total set of 30 words, broken in to three training lists of 

10 words each. In each training list, each consonant was used twice: once as the first and 

once as the last letter of a word. Each vowel was used twice. Five sets of 20 ‘transfer’ 
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words were also created following the same procedures. These transfer sets were tested 

but not trained, allowing us to determine how well participants generalized the 

underlying grapheme-phoneme rules present in the orthography. Sets of words were 

equated for English word frequency, and the construction of word lists ensured that the 

occurrence of each letter was equated. As such, while semantics was accessible to 

participants, it could not have affected learning. That is, words could not be predicted 

based on information from the first two letters alone, and all three letters needed to be 

processed to correctly identify the word.  

Training took place over the course of three sessions, during which 10 of the 30 

words from the training set were each presented twice. This low number of training trials 

per word was to minimize potential ceiling effects on learning. On each training trial, a 

word was presented for a total of 4000ms. After 2500 ms, the correct corresponding 

auditory word was played, which lasted approximately 600ms. The word remained on the 

screen for an additional 1500ms following the pronunciation. Participants were instructed 

to say the correct word aloud at some point during the trial (see Figure 7).  While the 

verbal responses were not recorded, the requirement to say the word ensured attention to 

the task and aided in the learning process.  

 Figure 7. Illustration of a training trial 
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After each training block, the entire set of 30 training words as well as one set of 

transfer words were tested. As such, the number of words participants were explicitly 

trained on prior to testing differed each training day. In the first and second training 

sessions, 20/30 and 10/30 words respectively were similar to transfer words in that the 

correct pronunciation of the symbol was not known, however, participants had been 

previously exposed to these symbols during the baseline test. During each test trial, one 

word was presented on the screen for 2000 ms followed by an auditory word. Participants 

were asked to determine whether the presented stimuli are from the same word (i.e., if the 

auditory and visual items match), and press a button in response. Participants were not 

provided feedback on these tests. Each visual word was presented twice: once matched 

with its correct audio, and once mismatched. The foil for a target word was a word from 

the set that shares at least one letter with the target word. In order to prevent learning 

from the test, foil pairs were always presented together. A different transfer set was tested 

after each training block to ensure transfer words were completely novel for each test. 

Each test thus consisted of 60 trials of trained words and 40 trials of untrained transfer 

words. 

tDCS  

Direct current was administered using a battery-driven DC stimulator device 

(NeuroConn) via two saline-soaked electrodes (5 cm x 5 cm; 25 cm2). The anode 

electrode was placed over the L IPL (P3) according to the international 10-20 system for 

electroencephalography (EEG) electrode placement (Herwig et al., 2003). The cathode 

(return) electrode was placed over the contralateral supraorbital frontal region. During 

real stimulation, 1.5 mA of current (current density 0.06 mA/cm2) was delivered for 20 

minutes. During sham stimulation, the machine ramped up to 1.5 mA for 30 seconds, 



 69 

then extinguished over a five second fade-out. Using this procedure allows participants to 

feel the initial sensations (e.g. tingling or itching) associated with stimulation without any 

after-effects of stimulation being induced (Nitsche and Paulus, 2000). These stimulation 

parameters replicate the parameters used previous reading studies (Turkeltaub et al., 

2012; Younger et al., 2016) and are within the safety limits established in prior studies on 

humans and animals (Bikson et al., 2009; Iyer et al., 2005; Nitsche et al., 2008).  All 

participants watched a silent movie for 20 minutes during the actual or sham stimulation 

(Antal et al., 2007; Gill et al., 2015).  

Analysis 

Accuracy to trained and transfer words across the six testing sessions were 

analyzed using a multivariate latent growth curve modeling approach (McArdle and 

Nesselroade, 2003) using Mplus v7.3 (Muthén and Muthén, 2012). Data were analyzed 

using full information maximum likelihood (FIML) estimate to take all data, including 

participants with missing data, into account. Latent growth curve modeling estimates an 

intercept, the starting value for a measurement, and a slope to represent the intercept’s 

change across all measurement points.  Accuracy during the baseline testing session was 

entered as the initial measurement or intercept (path weight of 0) for both trained and 

transfer words. The slope therefore estimated the amount of accuracy change beyond the 

baseline session that occurred over the remaining sessions relative to 0, for all 

participants, regardless of initial baseline performance. Because the shape of the learning 

curve may not be linear, path weights for the three training sessions were allowed to be 

freely estimated while the path weight for the testing session (Day 5) was fixed to 4. 

Since no additional training with the artificial orthography occurred between the final 

testing session and the retention testing session, the path weight for the retention session 
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was also fixed to 4. Further, we expected a direction change to occur between the first 5 

days and the retention test such that accuracy would increase over the first 5 sessions but 

decrease at the retention test. Therefore, we entered an additional slope to model the 

change between the final testing session and the retention test. For these second intercepts 

and slopes, all testing sessions were fixed to 0 with the retention test session fixed at 1. 

This approach allowed us to examine effects of stimulation and skill on both acquisition 

of the new orthography and its retention separately. Model fit was assessed using the root 

mean squared error of approximation (RMSEA) and the Comparative Fit Index (CFI). 

CFI compares fit of the target model to a null model in which it is assumed all variables 

are uncorrelated. CFI scores range between 0 and 1, with 1 indicating the best fit. 

RMSEA is an absolute measure of fit that indicates the difference between the observed 

and predicted covariance matrix with values ranging from 0 to 1, and 0 indicating a 

perfect fit on the target model. Traditionally, a CFI > 0.90 and RMSEA < 0.05 is 

considered good model fit. CFI values between 0.80 and 0.90 and RMSEA values 

between 0.05 and 0.08 are generally considered acceptable but suboptimal (Hooper et al., 

2008). 

Covariates 

To determine the effect of variables on intercept and slopes, intercept and slopes 

were regressed on covariates entered into the model. Covariates of interest were 

stimulation group, reading skill, and interaction between reading skill and group. Group 

was entered as a dummy coded variable with as 2 representing real stimulation and 4 

sham. Reading rates centered around the rate corresponding to the mean standard test 

score of 100 (2.177) were entered to represent reading skill. A group by skill interaction 

term was determined by multiplying the group dummy code variable by the centered 
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reading rate and entered as an interaction term. Additional covariates were entered to 

control for previously demonstrated effects of age, IQ, and sex on stimulation. Age was 

centered around 18, the youngest age in the sample, IQ was centered on the population 

mean standard score (100), and sex was dummy coded as 1 or 2. These values were then 

each multiplied by the group dummy variable to obtain an interaction term for each. The 

intercept and slopes were additionally regressed on the three interaction terms.  

Missing Data 

Not all participants had usable data from all testing sessions. 17 participants (9 

stimulation, 7 sham group) did not complete the retention test session. In some cases, 

individual responses were not recorded due to technical errors or slow response time. 

Trials were excluded if the response time was less than 300ms or no response was 

recorded (including responses that did not correspond to the instructed keyboard 

response). Data from a testing session was considered unusable and entered into the latent 

growth curve model as missing if the number of missing responses was greater than 

statistically different from chance (22 and 13 missing responses for trained and transfer 

tests respectively). Thus, in all included time points, participants responded to at least 

63% (trained) and 67% (transfer) of all trials, whether correct or incorrect. All 

participants had at least three time points of useable data and missingness was not 

systematically related to reading skill or stimulation group. The number of participants 

for each time point ranged from 45 (the retention test) to the full set of 63 participants. 

All time points met minimum covariance coverage (10%) with values ranging from 

68.3% to 100%.  
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RESULTS 

Standardized parameter estimates of each covariate on the intercept and training 

and transfer slopes are reported in Table 6. Standardized parameters indicate the 

estimated standard deviation change in intercept and slopes given one standard deviation 

change in the predictor variable.  

 
 

  Trained Words Transfer Words 
  Estimate (SE) Estimate (SE) 

Intercept 

Stimulation Group 0.193 (0.631) -0.133 (0.613) 

Skill 2.756* (0.802) 2.481* (0.874) 

Group by Skill  -2.635* (0.835) -2.391* (0.888) 
Group by Age 0.098 (0.436) 0.294 (0.415) 

Group by IQ -0.489 (0.420) -0.541 (0.394) 
Group by Sex -0.060 (0.275) 0.030 (0.267) 

Training 
Slope 

Stimulation Group -0.181 (0.239) 0.005 (0.244) 
Skill -1.148* (0.462) -1.358* (0.450) 

Group by Skill  1.269* (0.452) 1.347* (0.448) 
Group by Age -0.424* (0.160) -0.268 (0.166) 

Group by IQ 0.491* (0.156) 0.372* (0.163) 
Group by Sex 0.130 (0.103) 0.030 (0.267) 

Retention 
Slope 

Stimulation Group -0.838* (0.285) -0.74 (0.439) 
Skill -0.820 (0.623) 1.984* (0.838) 

Group by Skill  0.672 (0.641) -1.282 (0.957) 
Group by Age 0.949* (0.173) 0.274 (0.386) 

Group by IQ -0.235 (0.261) -0.068 (0.387) 
Group by Sex 0.001 (0.144) 0.300 (0.212) 

 

Table 6. Parameter estimates (standard error) for each covariate on the intercept, training 
slope, and retention slope for trained and transfer words. Positive effect of 
group indicates an advantage for sham, and a negative effect of group 
indicates an advantage for stimulation. Skill had a significant effect and 
interaction with group on training slopes for both trained and transfer words. 
Stimulation affected the retention slope for trained words while skill 
affected the retention slope of transfer words. *p<0.05 
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 Trained Words Transfer Words 
 Estimate (SE) Estimate (SE) 

Lower Skill -1.869* (0.857) -1.668 (0.938) 
Average Skill -0.092 (0.535) 0.381 (0.588) 

Higher Skill 1.685* (0.869) 2.431* (0.953) 

Table 7. Parameter estimates (standard error) for the effect of group for lower, average, 
and higher skill readers. Positive effect of group indicates an advantage for 
sham, and a negative effect of group indicates an advantage for stimulation. 
Stimulation improved the training curve for low skill readers, but interfered 
with learning for high skill readers. *p<0.05 

Trained Words 

Model fit indices indicate the model fit the data for trained words well (RMSEA = 

0.039; CFI = 0.978). Significant effects of skill and group by skill interaction term on the 

intercept indicate higher skilled readers tended to perform better at baseline. However, 

lower skill readers tended to show the lowest performance at baseline within the 

stimulation group while higher skill readers tended to have the lowest performance within 

the sham group. 

There were significant effects of skill and group by skill interaction on the 

training slope after controlling for significant effects of interactions between stimulation 

group and age and IQ. A negative parameter estimate for skill indicates the training slope 

became smaller as skill increased. Because skill was treated as a continuous variable, we 

used the model to estimate the effect of group on the training slope at three skill levels to 

interpret the interaction effects. The three skill levels chosen were the centered mean and 

two standard deviations above or below the centered mean reading rate calculated using 

the mean and standard deviation of the centered reading rate in the sample (mean 0.111; 

sd 0.309). There was a significant positive effect of group at the lower skill level, but a 

significant negative effect of group at the higher skill level. Thus, stimulation benefited 

the training slope for lower skill readers, but stunted the training slope for higher skill 
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readers. Given the significant effects of variables of no interest (such as the interaction 

between stimulation group and age), results were visualized by calculating the model 

estimated performance of the same participant across different levels of stimulation group 

and skill. In this way, the visualization of results shows the effect of stimulation group 

and skill in the absence of any effects of demographic variables. Figure 8A shows the 

model predicted performance for an 18-year-old male with average IQ (reflecting a mean 

score of 0 for these covariates of no interest) and either two standard deviations below 

(low skill) or above (high skill) the mean centered reading rate of the sample. All 

subsequent plots use these same parameters. It should be noted that despite differences in 

intercept (baseline performance) the effects of slope are calculated assuming an intercept 

of 0. As such, slope would only be affected by baseline performance if participants 

reached a ceiling for accuracy, preventing further possible improvements. As Figure 8 

shows, participants did not reach ceiling; indeed, the group with the highest baseline 

accuracy achieved only the third highest accuracy at the final testing session.    

There was no effect of skill on retention slope, rather, there was a significant 

effect of stimulation group after controlling for a significant group by age interaction. 

The sham group showed a steeper negative retention slope compared to the stimulation 

group. Thus, regardless of skill level, the stimulation group forgot less in the interval 

between the training and the retention test (see Figure 8B).  
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Figure 8. Model estimate of training (A) and retention (B) slope for trained words. 
During training (A), low skill readers (blue) benefitted from real stimulation 
(solid), showing steeper learning curves compared to those who received 
sham stimulation (dashed). High skill readers (red), showed less training 
related gains following stimulation (solid) compared to those who received 
sham stimulation (dashed). During retention (B), those who received real 
stimulation (solid) showed less forgetting compared to those who received 
sham stimulation (dashed). Plots reflect the model predicted performance 
for an 18-year-old male with average intelligence (reflecting mean centered 
scores of 0) at two standard deviations below (low) and above (high) group 
mean reading skill.  

Transfer Words 

Model fit indices indicate the model did not fit the data for transfer words as well 

as trained words (RMSEA = 0.095; CFI = 0.787). Given work showing model fit indices 

tend to over-reject acceptable models in samples <100 (Kenny et al., 2015), the model 

was considered acceptable. The same pattern of results was found for the intercept of the 

training slope for transfer words with higher skill readers tending to have higher baseline 

performance with the interaction showing the same pattern of results within each group.  

The training slope for transfer words also showed similar effects of skill and 

group by skill interaction, though there was only an additional significant effect of group 

by IQ interaction, not group by age as in the trained words data. Skill again had a 
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negative effect on the training slope for transfer words. We performed the same simple 

slope calculations to determine the direction of effect in the group by skill interaction 

employed for the trained words. We obtained a similar pattern of results, with stimulation 

tending to benefit the training slope at lower levels of reading skill and stunting it for 

higher levels of reading skill (see Figure 9A). However, in this case, the effect of group at 

the lower reading skill level was not significant (see Table 7).  

On the retention slope, there was a significant effect of skill but not group, 

contrasting the results of the trained word model. Reading skill had a positive effect on 

the retention slope for transfer words, indicating poorer readers showed a greater 

decrease in performance on transfer words between the final training session and the 

retention test (see Figure 9B).  However, stimulation had no effect on retention, nor did it 

interact with skill to significantly affect retention.  
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Figure 9. Model estimate of training (A) and retention (B) slope for transfer words. 
During training (A), low skill readers (blue) who received real stimulation 
(solid) showed steeper learning curves for transfer to novel words compared 
to those who received sham stimulation (dashed). High skill readers (red) 
were less able to transfer letter knowledge to newly learned words following 
stimulation (solid) compared to those who received sham stimulation 
(dashed). During retention (B), high skill readers regardless of stimulation 
group (red) showed less decline in transfer compared to low skill readers 
(blue) who show a decrease in transfer.  Plots reflect the model predicted 
performance for an 18-year-old male with average intelligence (reflecting 
mean centered scores of 0) at two standard deviations below (low) and 
above (high) group mean reading skill. 

DISCUSSION 

The goal of this study was to determine whether parietotemporal stimulation 

could improve learning and long-term retention of new grapheme-phoneme relationships 

in lower reading skill adults. As predicted, parietotemporal stimulation improved 

acquisition rates for lower skilled adults. Yet, parietotemporal stimulation negatively 

impacted higher skill adults’ learning curves. The effects of stimulation also transferred 

to untrained material, with stimulation benefitting transfer word learning curves of lower 

skill readers and impairing that of higher skill readers. Further, stimulation improved 

long-term retention of trained material across all skill levels.  This study supports prior 

40

50

60

70

80

90

100

Baseline Day	1 Day	2 Day	3 Final	Test Retention
Test

Ac
cu
ra
cy
	(%

)

Transfer	Word	Training	Slope

Stim	Low

Stim	High

Sham	Low

Sham	High
40

50

60

70

80

90

100

Final	Test 	Retention	Test

Ac
cu
ra
cy
	(%

)

Transfer	Word	Retention	Slope



 78 

research showing pre-learning parietotemporal activity predicts response to reading 

intervention and goes beyond previous orthographic learning studies that have shown 

training affects parietotemporal cortex activity by suggesting that parietotemporal activity 

can affect new learning, including transfer and long-term retention.  

That stimulation affected individuals of varying skill levels differently suggests 

our readers did have variation in the composition of their reading network at baseline, 

most likely in the parietotemporal area targeted by stimulation. By manipulating 

parietotemporal function, we provide evidence to support the importance of this region 

for word learning from explicit instruction (Lopez-Barroso et al., 2013; Richardson et al., 

2010; Wong et al., 2007). The results of the current study suggest that for adult learners, 

new learning depends on an optimal balance between semantic, phonological, and 

orthographic information. Connectionist models of reading suggest semantics is reached 

via two pathways, an orthography to semantics pathway and an orthography to 

phonology to semantics pathway. These pathways both contribute to word reading, but 

the division of labor between the two differs depending on the type of word being read 

(e.g. exception words, high frequency words, pseudowords) (Harm and Seidenberg, 1999, 

2004; Seidenberg, 2005). The phonologically mediated pathway is less efficient, but 

initially dominant when learning to read, whereas the more efficient orthography to 

semantics pathway is formed and strengthened over time. Even when the more efficient 

orthography to semantics pathway is fully formed, the phonologically mediated pathway 

remains a significant contributor to word reading, with the sum of outputs from the two 

pathways being greater than the output of the either pathway on its own (Harm and 

Seidenberg, 2004). According to this model, one reason for lower reading skill may be a 

weaker phonologically mediated pathway. Lower skill but non-impaired readers, such as 

the readers in the current study, may still achieve reasonable reading skill by relying 
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more on the orthography to semantics pathway.  The orthography to semantics pathway 

thus plays a dominant role regardless of word type, which ultimately results in an overall 

less efficient reading network (Harm and Seidenberg, 2004). In our study, 

parietotemporal stimulation likely strengthened this phonologically mediated pathway, 

resulting in better learning in lower skill readers. However, this same increase to an 

already strong phonologically mediated pathway in higher skilled readers may have 

caused this less efficient pathway to be a stronger contributor throughout the course of 

learning which prevented the more efficient orthography to semantics pathway from 

effectively contributing as it developed later in learning. Indeed, neural connectivity 

studies in typical adult readers have suggested that readers who tend to rely on one 

processing stream regardless of word type are more likely to have lower reading ability 

compared to those readers whose neural strategy shifts depending on word type (Levy et 

al., 2009). Thus, readers who continued to rely on the phonologically mediated pathway 

could successfully acquire the orthography, but at a slower rate than those readers who 

were able to successfully shift the division of labor between the two pathways over the 

course of learning.  

Stimulation had a positive effect on learning grapheme-phoneme relationships, 

but only for readers who showed initial lower reading skill, as measured by real word 

reading fluency. These findings underscore the importance of considering baseline 

performance when determining the effect of stimulation, and may reconcile conflicting 

results amongst reports of the effect of stimulation on reading in healthy adults (Thomson 

et al., 2015; Turkeltaub et al., 2012; Westwood and Romani, 2017; Younger et al., 2016). 

Studies examining either lower skill adults or adults with dyslexia have demonstrated 

positive effects of left hemisphere stimulation on reading ability (Turkeltaub et al., 2012; 

Younger et al., 2016). However, two studies have found a null effect on reading ability 
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after left hemisphere stimulation, with one showing a positive effect after right 

hemisphere stimulation (Thomson et al., 2015; Westwood and Romani, 2017). These two 

studies, however, studied adults within the typical range of reading ability and do not 

account for individual differences in baseline performance. As suggested by previous 

research, the effects of stimulation may have been reduced when examining all skill 

levels together, resulting in a null effect (Benwell et al., 2015; Hsu et al., 2016).  

The differential effect of stimulation depending on baseline skill level is 

consistent with previous stimulation studies as well (Benwell et al., 2015; Hsu et al., 

2016; Katz et al., 2017; Tseng et al., 2012), yet the results of our study extend these 

studies in an important way. Previous research has indicated potential diminishing returns 

of stimulation, with the benefit of stimulation decreasing as baseline performance 

increases (Katz et al., 2017; Tseng et al., 2012). Our study shows not just diminishing 

returns but a significant negative effect of stimulation as skill increases. While other 

studies have shown anodal stimulation generally thought to have a positive effect on 

behavior can in some cases have a negative effect (Antal et al., 2007; Jacobson et al., 

2012; Sandrini et al., 2012), to our knowledge, ours is the first study showing anodal 

stimulation can have a positive effect for some individuals, and a negative effect for 

others, depending on baseline skill level (though see Wiethoff et al., 2014 for other 

examples of individual differences in direction of effect). This result supports our 

previous findings reported in Younger et al (2016) in which we demonstrated stimulation 

can have a negative and not just a null effect.  

The effects of parietotemporal stimulation extended beyond explicitly trained 

words to novel transfer words. While the effect did not reach significance for the lower 

skill readers, the same pattern of effects was found for transfer words as trained words. 

These results support that parietotemporal stimulation affected learning of grapheme-
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phoneme mappings at the letter level, and did not simply improve route memorization of 

trained whole word forms. Previous orthographic learning studies have shown that 

transfer depends on the type of instruction received during training (Bitan et al., 2005; 

Cao et al., 2013; Hirshorn et al., 2016; Mei et al., 2014; Taylor et al., 2017), even when 

training is not on individual letters, but on entire word forms (Yoncheva et al., 2010, 

2015). Yoncehva et al (2010) taught participants to read words using the same 

orthography, but directed attention to either grapheme-phoneme mappings at the letter 

level or word level. While both groups achieved high accuracy on explicitly trained 

words, only the group whose attention was directed towards letter-level mappings were 

able to identify novel words (Yoncheva et al., 2010). In the current study, all participants 

received the same instructions with explicit attention to the letter-level mappings 

embedded within the words. Transfer ability was thus not modulated by instruction, but 

rather by individual differences in pre-training reading skill and parietotemporal 

stimulation. Therefore, individual differences in skill and neural function prior to training 

influence learning of grapheme-phoneme mappings which transfers to untrained material.  

Despite the skill by stimulation interaction on acquisition rates, parietotemporal 

stimulation benefitted retention of trained material across all skill levels. This result 

suggests parietotemporal stimulation may have a differential effect on initial learning and 

consolidation, and these two stages interact with baseline skill differently. Previous 

studies examining the effect of stimulation during cognitive training have shown 

differential effects on initial and later performance (Martin et al., 2014; Reis et al., 2009, 

2015), possibly due to a specific effect on consolidation (Alonzoa et al., 2012). In some 

cases, there are no immediate effects of stimulation, and benefits only emerge after a 

delay period (Antonenko et al., 2017). Thus, while parietotemporal stimulation interacted 

with skill to affect acquisition, stimulation may be more universally beneficial to 
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consolidation of learned material. However, the long-term benefits of stimulation were 

only seen for explicitly trained words and did not transfer to novel words. While transfer 

effects of tDCS are inconsistent, several studies, including Costanzo et al (2016), showed 

long term benefits of stimulation to tasks that were not performed during the initial 

training period (see E. Berryhill, 2017 for review). One possible explanation for the lack 

of maintained transfer effects seen in the current study is the spacing of stimulation 

sessions. Work examining tDCS enhanced working memory training has shown that 

stimulation has a greater effect when spaced a few days apart (Au et al., 2016). The 

majority of stimulation sessions were in the current study were on concurrent days, and 

no session took place more than 48 hours apart. In contrast, the Costanzo et al (2016) 

study delivered three stimulation session over the course of a week. Thus, not only the 

type of training, but also the timing of stimulation sessions, may be an important factor 

for determining the optimal design of a tDCS facilitated intervention.   

The current study provides promising evidence for parietotemporal stimulation 

enhancing training on grapheme-phoneme mapping for lower skill readers. Yet, the 

current study does not allow us to make a definitive statement regarding the specificity of 

parietotemporal stimulation or the underlying source of these behavioral effects. We 

chose to stimulate the parietotemporal cortex given its demonstrated role in grapheme-

phoneme mapping. However, this area is also associated with cognitive skills such as 

visual attention, which can also influence reading skill (Bosse et al., 2007; Gabrieli and 

Norton, 2012; Heim et al., 2015; Shaywitz and Shaywitz, 2008; Vidyasagar and Pammer, 

2010). Studies using a similar target site have also shown stimulation can affect visual 

attention (Minamoto et al., 2014) and working memory (Hill et al., 2016; Möller et al., 

2017; Trumbo et al., 2016). These cognitive mechanisms are related to grapheme-

phoneme processing, and thus may have mediating roles on the relationship between 
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reading skill, parietotemporal stimulation, and grapheme-phoneme mapping. More 

comprehensive profiles of reading ability may provide additional insights as to the type 

of reader most likely to respond to stimulation enhanced training. Further, the effects of 

stimulation can spread to regions functionally and structurally connected to the target 

region (Bikson et al., 2013; Choe et al., 2016; Park et al., 2013; Turi et al., 2012). It is 

therefore possible that stimulation additionally affected related reading regions such as 

the inferior frontal gyrus and occipitotemporal cortex. Conversely, stimulation to any of 

these connected regions could also potentially result in the same behavioral effects. The 

spreading effects of stimulation may have acted in conjunction with stimulation to the 

parietotemporal cortex to affect learning to a greater degree than expected compared to 

stimulation of parietotemporal cortex in isolation. Given the anatomical and functional 

connection between parietotemporal and occipitotemporal cortex (Yeatman et al., 2013), 

parietotemporal cortex stimulation may be more beneficial to reading skill compared to 

other stimulation targets (Younger et al., 2016). Neuroimaging data could be used to 

address how neuroanatomy interacts with stimulation to affect behavior.  

Conclusions 

The current study provides evidence that the parietotemporal cortex plays an 

influential role in learning grapheme-phoneme mappings. Parietotemporal stimulation 

enhanced acquisition of letter-sound mappings of a novel orthography in lower skill 

readers, and this knowledge was both generalized to untrained material and maintained 

over a delay period. Thus, parietotemporal stimulation may be an effective tool to support 

reading instruction for those who struggle by both enhancing existing grapheme-phoneme 

mappings and supporting the acquisition of new ones. However, stimulation did not 

benefit all readers equally; higher skill readers were negatively affected, possibly because 
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stimulation interfered with the optimal division of labor between processing pathways. 

Thus, while parietotemporal function is critical to new learning, its role in continued 

reading improvement likely changes as readers progress in skill.  
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GENERAL DISCUSSION 

The goal of this dissertation was to determine the role of the dorsal stream in 

skilled reading throughout the lifespan. In Chapter 1, a longitudinal examination of 

reading network connectivity in typically developing children showed the development of 

skilled reading was linked to development of both the dorsal and ventral streams. 

Specifically, readers who showed the greatest improvement in skill showed changes in 

the dorsal stream and maintenance of the ventral. Conversely, readers who did not 

improve failed to both show changes in the dorsal stream and to maintain connectivity in 

the ventral stream. In Chapter 2, manipulation of the dorsal stream suggested that 

changes to the dorsal stream can result in changes to reading skill, even in adult readers. 

Reading efficiency significantly increased following dorsal stream stimulation in adult 

readers with below-average skill even without additional training. Finally, in Chapter 3, 

the role of the dorsal stream in reading acquisition was determined; dorsal stream 

function is important for reading acquisition, yet the continued reliance on this stream 

may be detrimental to continued improvements in reading. In this study, dorsal stream 

stimulation led to improved reading acquisition in low skill readers yet slowed learning in 

high skill readers. Thus, the dorsal stream’s primary role is in early reading, and while its 

role may diminish over time, it remains an important contributor to skilled reading 

throughout development.   

Together, the results of these studies support the proposed dorsal to ventral shift 

and suggest a model of reading development largely consistent with connectionist models 

of reading (Seidenberg, 2005). Connectionist models of reading suggest that reading is 

accomplished through a single mechanism in which inputs from orthographic, 

phonological, and semantic processing pathways interact with each other to arrive at an 
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output. Connectionist models propose two pathways whose inputs are used to arrive at a 

phonological output (i.e. reading aloud). In one path, orthography is related to phonology 

via connections between a series of hidden units that represents smaller units of both 

representations (e.g. letters, phonemes, or the context in which the unit is encountered). 

In contrast to this phonological pathway, a second way phonology can be activated is via 

semantic representations that are activated by orthographic input. In this model, efficient 

reading is achieved by the combination of input from both the phonology and semantic 

pathways, though the relative division of labor between them changes depending on the 

type of word being read (Harm and Seidenberg, 1999, 2004a; Seidenberg, 2005). 

Importantly though, because these two pathways are part of a single mechanism, these 

pathways are dependent on each other such that alterations to any one pathway would 

have consequences to the entire system. While these models of reading are not 

necessarily intended to directly represent the neural mechanisms in reading, the 

information flow of the dorsal stream parallels that of the phonological pathway and the 

ventral stream parallels the semantic pathway. The current dissertation provides 

neurofunctional and behavioral data that supports three primary characteristics of the 

single mechanism connectionist model derived from computational modeling and tests. 

First, the dorsal stream is important earlier in reading development, and its formation is 

important for the development of the ventral stream. Second, while the ventral stream is a 

more effective pathway, efficient reading is not achieved from this pathway alone; the 

dorsal stream continues to benefit reading efficiency even after the ventral stream 

matures. Finally, the proper division of labor between the dorsal and ventral streams is 

crucial for efficient reading. 

In Chapter 2, I examined the dynamics of the reading network in relation to 

changes in reading skill in typical children. Despite equivalent reading performance at the 
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first assessment point, initial dorsal stream connectivity separated those children who 

would go on to improve their reading skill from those who would show no change.  Over 

time, the high improving readers showed reduction in dorsal stream connectivity, while 

low improvers showed reduction in the ventral stream, specifically an orthographic 

processing portion involved in both streams. Changes in the dorsal stream were thus 

related to changes in other components of the reading network and reading skill, 

suggesting the development of one stream is affected by development of the other. In the 

case of the high improving children, it seems that after developing a strong dorsal, 

reading skill continued to develop because of a shift in the division of labor between the 

two streams. That is, while both streams may have initially equally contributed to 

reading, over time, the ventral stream took on the majority of the labor, leading to 

increased reading skill. The low improving readers, however, did not show a strong 

dorsal stream and showed a reduction in the ventral stream over time. In this case, failure 

to effectively engage the dorsal stream led to failure to develop the ventral stream, and 

little improvement in the reading skill. Connectionist models predict the reliance of 

ventral stream development on the dorsal stream, which is achieved via feedback loops 

between orthographic, phonological, and semantic representations. While the semantic 

pathway can, in theory, emerge without the phonological path, it develops much faster 

with additional input from the phonological path. This pathway provides more reliable 

activations of phonology based on patterns between smaller units of orthography and 

phonology while mappings between orthography to semantics, which has far fewer 

patterns to leverage in mapping, are learned. The interactivity between the two pathways 

suggests that without reliable input from the dorsal stream, the development of the ventral 

stream would be slower, and improvements in reading skill become stagnant (Harm and 

Seidenberg, 2004a), the pattern of development seen in this study.   
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Chapter 1 showed the importance of shifting the division of labor from the dorsal 

to the ventral stream. However, connectionist models suggest input from the 

phonological pathway remains important even after the semantic path has been fully 

developed. We show direct support for this model in Chapter 2, which examined the 

effects of dorsal stream stimulation on reading efficiency in adult readers. Cross sectional 

neuroimaging analyses of the reading network suggest that activation in parietotemporal 

cortex (dorsal stream) matures earlier in reading development (Martin et al., 2015; 

Turkeltaub et al., 2003) and ventral occipital temporal cortex (ventral stream) reaches 

adult patterns of activation by age 15 (Ben-Shachar et al., 2011). As such, even the 

youngest readers in our study (age 18) had enough opportunity to reach a stable period of 

development, and the increases in reading efficiency following stimulation of the dorsal 

stream occurred in the context of a mature ventral pathway. Thus, even in adult reading 

networks, reading skill can be changed by altering the dorsal stream, consistent with a 

single-mechanism model. However, the experimental design of this study does not allow 

us to determine the mechanism by which reading skill was improved. Improvements in 

the reading skill could be accomplished by either improving the quality of the dorsal 

stream such that the input from this path is more reliable, or by shifting the balance of 

labor such that the contribution from the dorsal stream is increased. In this study, readers 

were not provided with any training in reading, making changes in the quality of the 

dorsal stream unlikely. Rather, stimulation likely increased reliance on this stream 

instead. This interpretation is in line with connectionist models of poor reading as well. 

Computational models show that reduced input from the phonological pathway leads to 

poor readers to over-rely on the semantic pathway. This compensation allows for 

adequate performance high frequency words, though low frequency reading is more 

impaired (Harm and Seidenberg, 1999, 2004a). Yet, improvements in real word reading 
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following dorsal stream stimulation suggest that even with if the dorsal stream is weak, 

an appropriate division of labor between the two streams is more beneficial to reading 

skill than compensation via over-reliance on the ventral stream.  

While Chapter 2 demonstrated how the dorsal stream could affect reading skill in 

a previously learned writing system, Chapter 3 examined its role in reading acquisition. 

To determine the dorsal stream’s role in new learning, adults were taught to read a new 

writing system during real or sham dorsal stream stimulation. When low skill readers 

received dorsal stream stimulation, their acquisition rate was improved such that their 

learning curve was similar to that of high skilled readers. Thus, as predicted by 

connectionist models of reading, the dorsal stream is causally related to initial reading 

acquisition (Harm and Seidenberg, 2004a; Seidenberg, 2005). However, high skill 

readers who received dorsal stream stimulation showed reduced acquisition rates. Since 

these readers already had a strong dorsal stream, stimulation may have caused these 

readers to over-rely on this stream. Just as over-reliance on the semantic pathway results 

in poorer reading, over reliance on the phonological path then resulted in slower learning 

curves. The pattern of results is again predicted by computational simulations of reading 

acquisition when relying exclusively on either pathway. While exclusive reliance on the 

phonological path is initially comparable to the learning trajectory in which both 

pathways are used, learning reaches an asymptote more quickly and at a lower 

performance rate (Harm and Seidenberg, 2004a). Indeed, all readers showed a rapid 

increase in accuracy after the first session. However, gains following the second training 

session are much lower for the high skill stimulated readers, and even lower following 

the third training session, suggesting the high skill stimulated readers approached an 

asymptote in learning. Low skill stimulated and high skill sham-stimulated readers, 

however, still made large gains following the second training session and thus seem to 
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approach an asymptote later in learning. This pattern of results suggests that dorsal 

stream is especially important for initial acquisition, but continued increases in accuracy 

relies on the addition of input from the ventral stream. Though the learning period in this 

study was short, previous artificial orthography studies teaching new orthographic 

mappings to phonologies of English words have shown that short training sessions (one 

day) can result in a specialized, word-like response in the ventral stream (Maurer et al., 

2010; Yoncheva et al., 2010b, 2015). Thus, it is plausible that the ventral stream became 

an effective contributor to learning as early as the second training session. Stimulation 

that increased reliance on the dorsal stream in high skill readers may have prevented the 

ventral stream from effectively contributing, resulting in lower acquisition rates. Low 

skill readers who did not receive stimulation, in contrast, may not have had a sufficiently 

strong dorsal stream to develop an effective ventral stream in such a short time frame 

(Harm and Seidenberg, 2004a). Together, Chapter 3 shows the integrity of the dorsal 

stream is important for effective reading acquisition, in part due to its importance in 

developing a strong ventral stream for continued improvement. Further, continued 

reliance on the dorsal stream without contribution from the ventral stream can result in 

slower learning.  

From this dissertation, we can conclude the development of the dorsal stream is 

crucial for development of skilled reading and remains important for skilled reading 

throughout the lifespan. These findings concerning the role of the dorsal stream have 

important implications for reading instruction and intervention. First, an understanding of 

grapheme-phoneme correspondences is crucial to support the development of efficient 

reading. As such, early reading instruction should incorporate explicit instruction in 

grapheme-phoneme correspondences. However, this instruction need not only focus on 

letter-level mappings. Larger sound-symbol units such as syllables or small words can be 
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taught for effective learning, as demonstrated by the artificial orthography study in 

Chapter 3. As seen in Chapter 1, without a strong dorsal stream as a base, readers will not 

develop a properly balanced processing stream for reading and thus not realize their full 

potential for efficient reading. However, grapheme-phoneme mappings should not be 

relied on solely during reading. After building a foundation of mappings, Chapter 3 

suggests automatic recognition of larger units of letters (or words) should be encouraged 

so as to facilitate proper reliance on the more efficient direct pathway. Finally, reading 

instruction should be adjusted to the skill level of the reader, not necessarily their age or 

educational status. Chapter 2 showed that even adult readers would benefit from 

improvement in their understanding of grapheme-mappings if not already well-

established. Despite being a less efficient pathway, reading intervention and instruction 

should consider the development of the dorsal stream and grapheme-phoneme mapping 

skills to cultivate maximal reading abilities in students.  
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