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ABSTRACT 

 
Reading relies on at least partially dissociable sub-word (sublexical) and word-

specific (lexical) processes, which are subserved by somewhat separable neural 

substrates. Beyond this broad dissociation between sublexical and lexical reading, the 

specific knowledge and neural substrates that enable the reading of known and novel 

words are underspecified. This dissertation investigates the neurocognitive architecture of 

reading through psychometric and lesion-symptom mapping studies of reading aloud. 

The first study used a psychometric approach to determine whether individual 

differences in adult reading skill reflect differences in knowledge of print-to-sound 

statistics. Literate adults read aloud a novel corpus of words varying in frequency, 

spelling-to-sound regularity, and imageability, as well as pseudowords varying in 

spelling-to-sound statistics. Mixed effects regressions examined group-effects and 

individual differences in reading aloud. Our results suggest that learned print-to-sound 

statistics determine both reading difficulty varying between words and reading skill 

varying between readers. Additionally, all three major components of word identity 

(spelling, pronunciation, and meaning) influence reading aloud. 

The second study examined the neuroanatomical basis for acquired effects of 

lexicality, spelling-to-sound regularity, and concreteness on reading aloud in post-stroke 

aphasia. Support vector regression lesion-symptom mapping (LSM) revealed that 
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phonological decoding of print relies on a left frontoparietal network that subserves 

sensory-motor integration. Within this frontoparietal network, accurate reading of 

pseudowords relies especially on left ventral precentral gyrus (lvPCG) being intact, 

suggesting that motor phonological processing is an essential prerequisite. Additionally, 

anterior inferior frontal gyrus may coordinate control over semantic contributions to 

reading aloud. 

The final study examined whether impaired motor phonology preferentially 

disrupts reading aloud of pseudowords in post-stroke aphasia, as suggested by the second 

study. Mixed effects regression and a novel structural connectome LSM method 

confirmed an association between inaccurate pseudoword reading and both motor 

phonological impairment and disconnected lvPCG. In contrast, inaccurate reading of both 

pseudowords and words related to disconnected left temporoparietal cortex and impaired 

sensory-motor integration. These results motivate a neurocognitive model of reading that 

incorporates a sensory-motor phonological circuit. 

Together, these three studies clarify the knowledge and neural substrates 

underlying reading and suggest new directions for psychological and neuroscientific 

studies of reading. 
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CHAPTER 1 

Introduction 

General Introduction 

Most people throughout human history have lived and died unable to read 

(Kaestle, 1985). Unlike language, reading is not biologically ordained to be acquired with 

exposure. Rather, skilled reading is a cultural acquisition that is biologically constrained 

and learned through years of explicit instruction and practice (Dehaene, 2009). Humans 

have existed for hundreds of thousands of years, with some form of language likely 

developing early in human evolution (McBrearty & Brooks, 2000). The development of 

the faculty of reading required the invention of writing, a technological innovation which 

first occurred some 5000 years ago (Schmandt-Besserat, 2010). Mass literacy only 

developed in recent centuries with the help of the printing press, public education, and 

spread of affordable reading materials (Kaestle, 1985). Today, the ability to read is a 

ubiquitous, but not universal, human skill (UNESCO, 2017). The ultimately global 

proliferation of literacy is unsurprising. Learning to read grants one access to 

accumulated human memory in written form, which is invaluable for personal, economic, 

and cultural development (World Literacy Foundation, 2018). Although learning to read 

fluently typically requires years of effort, reading is so ingrained and requisite to basic 

activities in contemporary societies such that literacy is felt to be an unremarkable 

achievement. 

Scientists and clinicians have long been interested in the psychological and neural 

bases of reading (Déjerine, 1892; Huey, 1908). Most scientific studies of reading have 

focused on the single, printed word. Balota et al. (2004) noted that “the word has been as 
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central to developments in cognitive psychology and psycholinguistics as the cell has 

been to biology” (p. 283). Indeed, foundational to skilled reading of text is efficient 

access of the meanings and pronunciations of individual words. Over the last half 

century, research on skilled reading and reading disorders has revealed fundamental 

insights on the cognitive computations and neural substrates that enable single word 

reading. A defining insight is the notion of at least partially dissociable sub-word 

(sublexical) and word-specific (lexical) reading processes, which are subserved by at 

least partially separable neural substrates (Marshall & Newcombe, 1973; Price, 2012). 

However, beyond this broad dissociation between sublexical and lexical reading, the 

specific knowledge and neural substrates that enable skilled reading are underspecified. 

This dissertation examines the cognitive and neural underpinnings of sublexical and 

lexical processes that enable reading aloud in English. 

 

Reading Acquisition: Or, Wigh Kan Yue Rede Thys? 

 Reading is a skill that is typically developed over many years in childhood. Thus, 

some understanding of reading acquisition is helpful for understanding the cognitive 

bases of skilled reading and acquired reading disorders. English writing is an alphabet. 

While not a literal representation of spoken language, alphabets represent individual, 

contrastive speech sounds (phonemes). The alphabetic principle—the notion that written 

symbols correspond with phonemes—is not easily deduced by children (Castles et al., 

2018). Most children require explicit instruction in order understand that letters can be 

translated into sounds. Together, letter knowledge and the ability to segment words into 

their component sounds (phonemic awareness) are foundational for learning associations 
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between phonemes and their corresponding letter representations (graphemes; Byrne et 

al., 1989). According to Ehri’s phase theory (Ehri, 1995, 2005), children progress through 

phases of skill advancement as they learn to read in an alphabetic writing system. Briefly, 

the acquisition of some alphabetic knowledge enables the child to attempt to decode the 

pronunciations of printed words, which are all initially novel. The continued refinement 

of knowledge of spelling-to-sound correspondences through instruction and experience 

gradually enables the child to learn to read words by “sight.” Sight word reading—the 

ability to retrieve a word’s pronunciation and meaning directly from memory—is 

proposed to be the most efficient way to read a word. Simply put, the word is memorized, 

therefore its pronunciation does not need to be decoded. According to Share's (1995) self-

teaching hypothesis, successful decoding attempts are what enable the child to learn 

word-specific orthographic knowledge that supports efficient reading. Specifically, when 

confronted with a novel letter string, generative application of grapheme-to-phoneme 

mappings not only enables decoding of the printed word’s pronunciation, the child’s 

attention is also drawn to the details of the word’s spelling. In this way, continued 

reading experience facilitates development of lexical knowledge that ultimately leads to 

the apparent automaticity characteristic of skilled reading. When a skilled reader views a 

word, they typically cannot help but to read it (Stroop, 1935). Overall, the reading 

acquisition process illustrates that learned knowledge of associations between 

orthographic and phonological forms is crucial for becoming a skilled reader in English. 

What is unclear from studies of reading acquisition is the exact nature of the implicit 

knowledge and computations that enable skilled reading.  
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Cognitive Bases of Skilled Reading Aloud 

This dissertation utilizes the act of reading aloud as the behavioral window into 

the cognitive architecture of skilled reading. Models of reading aloud must account for 

how we compute the pronunciations of both known and novel letter strings. There is 

consensus that at least two information processing streams enable the mapping from print 

to sound. The first, a lexical mechanism, ensures correct reading of known words. The 

second, a sublexical mechanism, decodes sound generatively from print. Thus, all leading 

cognitive models of reading aloud are multi-route models. The notion of lexical and 

sublexical routes for reading was developed over the past half century (see Coltheart, 

2012 for a review). The exact nature of the lexical and sublexical reading processes 

remains debated, with contemporary computational models specifying competing 

cognitive architectures for reading aloud. Here, I review fundamental empirical findings 

that contributed to the multi-route consensus and describe the leading cognitive models of 

reading aloud that attempt to account for these findings. 

 

Behavioral Foundations 

Central Alexia. The strongest evidence in support of a multi-route theory of 

reading aloud is the fact that brain injury, such as a stroke, can cause dissociable patterns 

of acquired reading impairment (“alexia” or “acquired dyslexia”). Alexia syndromes are 

principally distinguished by the types of words that the patient reads aloud inaccurately. 

Given that this dissertation is concerned which post-orthographic reading processes, I 

only review the non-visual “central” alexias (see Coslett & Turkeltaub (2016) and 

Friedman (2002) for reviews of the peripheral alexias). Central alexia typically co-occurs 
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with aphasia, an acquired disorder of language. The cardinal central alexias, which were 

all characterized over the last half century, are deep alexia, surface alexia, and 

phonological alexia. 

Deep alexia, originally described by Marshall & Newcombe (1973), is a multi-

symptom complex that is distinguished by the presence of semantic errors in reading 

aloud (e.g., speak à “talk”; Coltheart, Patterson, & Marshall, 1980). A number of other 

symptoms are always present. Notably, the ability to read aloud pronounceable nonwords 

(i.e., pseudowords, such as flitch) is severely impaired or abolished. Patients with deep 

alexia are also better able to read aloud words whose meanings are more easily accessed 

or specified, as measured by effects of imageability, concreteness, and part of speech. 

Specifically, highly imageable or concrete words (e.g., nouns such as bee) are read more 

accurately than weakly imageable or abstract words (e.g, grammatical words such as be; 

Gardner & Zurif, 1975). Co-morbid non-fluent or global aphasia due to a large left 

perisylvian lesion is typically present. The constellation of symptoms associated with 

deep alexia is thought to result from multiple impairments that affect the reading of both 

pseudowords and words. Given the variety of impairments in deep alexia, the 

characterization of more selective reading deficits, particularly surface alexia and 

phonological alexia, was important for the development of contemporary multi-route 

theories of reading. 

Surface alexia, also first described by Marshall & Newcombe (1973), is defined 

by a selective deficit in reading aloud words comprised of infrequent, or “irregular,” 

spelling-to-sound correspondences (e.g., pint) relative to words comprised of frequent, or 

“regular,” spelling-to-sound correspondences (e.g., mint; Patterson et al., 1985). Low 
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frequency irregular words are especially difficult. Notably, irregular words are frequently 

“regularized” such that they are pronounced based on knowledge of more frequent 

spelling-to-sound mappings (e.g., island à “izland”, broad à “brode”). Pseudoword 

reading is relatively intact. Crucially, the preservation of pseudoword reading relative to 

irregular word reading suggests impaired word-specific processing. Surface alexia 

usually occurs in the context of semantic dementia, a variant of frontotemporal lobar 

degeneration characterized by bilateral anterior temporal atrophy and progressive loss of 

knowledge of the world (Gorno-Tempini et al., 2011; Woollams et al., 2007). 

Phonological alexia, originally described by Beauvois & Derousené (1979), is 

defined by a selective effect of lexicality in reading aloud. Specifically, pseudowords 

(e.g., mub) are read aloud less accurately than words (e.g., tub). While originally 

described as an alexia without comparable aphasia (Beauvois & Derousené, 1979), 

phonological alexia usually co-occurs with a phonological impairment in the context of 

aphasia (Coltheart, 1996). Effects of imageability, concreteness, and part of speech, 

which are always present in deep alexia, may be evident in phonological alexia. Given 

the partial overlap in symptoms, phonological alexia is thought to be a less severe form of 

deep alexia (Crisp & Lambon Ralph, 2006; Friedman, 1996). Semantic errors are, by 

definition, absent in phonological alexia. Phonological alexia is associated with left 

perisylvian lesions, either due to stroke (e.g., Rapcsak et al., 2009) or primary progressive 

aphasia (e.g., Brambati et al., 2009). The characterization of phonological alexia was 

critical because the preservation of word reading relative to pseudoword reading suggests 

impaired sub-word processing. 
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Notably, Marshall & Newcombe (1973) articulated the first multi-route model of 

reading aloud. Their initial characterizations of two cases of deep alexia and two 

relatively “impure” cases of surface alexia provided data that motivated their model. 

Marshall & Newcombe interpreted the dissociation between semantic errors in deep 

alexia and incorrect application of grapheme-to-phoneme mappings in surface alexia as 

evidence that skilled reading depends on separable lexical and sublexical processes. 

Specifically, they proposed that the mapping from print to sound may be mediated by 

semantic knowledge, which is unique to known words, or by knowledge of grapheme-to-

phoneme correspondences, which can be applied to any letter string. This proposed 

functional architecture of reading thus constituted an early “verbal” model that was a 

prelude to contemporary computer simulations of reading aloud. Future studies of more 

pure cases of surface alexia and the eventual characterization of phonological alexia by 

Beauvois & Derousené (1979) cemented the notion that patients may demonstrate either 

1) a selective impairment in lexical contributions to reading that impairs irregular word 

reading or 2) a selective impairment in sublexical contributions to reading that impairs 

pseudoword reading. However, the exact interpretation of the underlying causes of these 

lexical and sublexical reading impairments is a matter of continued debate.  

 

Benchmark Findings in Skilled Reading Aloud. Psychometric studies of skilled 

reading aloud have yielded three key findings that converge with neuropsychological 

studies of alexia. First, words are read aloud faster and more accurately than 

pseudowords (e.g., Forster & Chambers, 1973; Weekes, 1997). Second, high frequency 

words are read aloud faster and more accurately than low frequency words (e.g., Forster 
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& Chambers, 1973; Weekes, 1997). Third, regular words are read aloud faster and more 

accurately than irregular words, particularly when the word itself occurs infrequently 

(e.g., Baron & Strawson, 1976; Jared, 2002; Paap & Noel, 1991; Seidenberg et al., 1984). 

These effects of lexicality, frequency, and spelling-to-sound regularity constitute 

benchmark empirical findings that support the existence of: 

 

1) a sublexical reading process that reliably processes the most frequent spelling-

to-sound mappings. 

2) a lexical reading process that supports the reading of known words as a 

function of frequency of exposure. 

 

Controversial Findings in Skilled Reading Aloud. Researchers disagree on the 

details of the sublexical and lexical reading processes. Two additional findings that 

motivate contemporary debates on the cognitive bases of skilled reading and alexia 

include effects of spelling-to-sound consistency and imageability.  

Spelling-to-sound consistency is a graded conceptualization of spelling-to-sound 

regularity derived from the work of Glushko (1979). “Consistent” orthographic units are 

reliably associated with a single pronunciation, whereas “inconsistent” orthographic units 

are associated with multiple, competing pronunciations. Consistency is thought to be a 

function of the relative frequencies of competing spelling-to-sound mappings (Jared, 

2002; Jared et al., 1990) and has been proposed to be the basis of regularity effects in 

reading aloud (Zevin & Seidenberg, 2006). For example, the word “tough” is comprised 

of the orthographic onset t- and the orthographic body -ough. The word “tough” is 
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statistically irregular because there is no single, highly frequent pronunciation associated 

with its body (e.g., “bough,” “through,” “cough”, and “dough”). In contrast, the word 

“wink” is statistically regular because its body is reliably associated with a single 

pronunciation (e.g, think, sink, etc.). Thus, “tough” is harder to read aloud than “wink.” 

Similar effects of context-sensitive spelling-to-sound mappings have also been 

documented in pseudoword reading (Andrews & Scarratt, 1998; Glushko, 1979; Treiman 

et al., 2003). For example, pseudowords associated with an irregular spelling-to-sound 

mapping (e.g., tave, as in the irregular word have versus the regular word pave) may be 

read more slowly than pseudowords associated with only a regular mapping (e.g., bink, as 

in wink; Glushko, 1979). Overall, some researchers take these findings to suggest that 

both pseudowords and words are read through a shared spelling-to-sound translation 

process that is sensitive to the relative frequencies of spelling-to-sound mappings (e.g., 

Harm & Seidenberg, 2004; Zevin & Seidenberg, 2006). Other researchers argue that 

consistency effects arise from other sources, such as spelling-to-sound rules operating at 

the level of the orthographic body (Coltheart, 2012). 

The second finding that motivates differences between cognitive models of 

reading aloud is the effect of imageability. Imageability refers to the degree to which a 

word arouses a mental image, a phenomenon thought to reflect semantic richness (Paivio, 

1991). For example, the irregular word “yacht” refers to a highly imageable concept, 

namely a large fancy boat. While imageability effects are frequently evident in patients 

with alexia, imageability effects are not readily apparent in unimpaired adult readers. 

Some studies have found that high imageability correlates with faster or more accurate 

reading aloud of irregular words, suggesting semantic involvement in lexical reading. 
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The generalizability of these prior experiments is limited due to their use of only low 

frequency words (Shibahara et al., 2003; Strain et al., 1995; Strain & Herdman, 1999) or 

due to uncontrolled confounds such as age of acquisition and the more established 

interaction of frequency and regularity (Strain et al., 2002; Strain & Herdman, 1999; 

Woollams, 2005). Many studies of reading aloud have not found an effect of imageability 

(Brysbaert et al., 2000; Cortese & Khanna, 2007; Ellis & Monaghan, 2002; Monaghan & 

Ellis, 2002). It thus remains unclear whether the empirical evidence for effects of 

imageability on skilled reading aloud is equivocal because of experimental limitations or 

because word meanings are relatively inconsequential to reading aloud. For these 

reasons, some researchers hold that semantics does not contribute significantly to skilled 

reading aloud (Coltheart et al., 2001; Perry et al., 2007). Overall, it seems that effects of 

imageability on skilled reading aloud are small or rare but remain theoretically 

significant, which I will now discuss in the context of computational models. 

 

Computational Models of Skilled Reading Aloud 

 Computational models of skilled reading focus on simulating the “prototypical” 

reader based on data derived from group studies. These models can also be “lesioned” to 

simulate aspects of alexia. There are two major classes of computational models of 

reading aloud: dual-route models and triangle models. Both dual-route and triangle 

models are successful in simulating many aspects of skilled reading and alexia. However, 

dual-route and triangle models make fundamentally different assumptions about the 

cognitive architecture of reading aloud that are of great theoretical significance.  
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Dual-route Model of Reading Aloud. The term “dual-route” is confusing 

because it has been used to mean different things in different contexts (see Harm & 

Seidenberg (2004) for discussion). Here, the specific “dual-route” hypothesis I refer to is 

the notion that there are two direct pathways from orthography to phonology which are 

functionally separable. Thus, dual-route models are those that implement both 1) a direct 

lexical pathway from orthography to phonology and 2) a direct sublexical pathway from 

orthography to phonology. While triangle models postulate two pathways from 

orthography to phonology, triangle models are not “dual-route” in this specific sense. The 

dual-route cascaded (DRC) model is the first and most influential computational 

implementation of dual-route theory (Coltheart et al., 1993, 2001; Figure 1.1A). The 

model is hard-wired by its creators (i.e., it cannot learn), and it employs a symbolic 

approach to representation (i.e., representations are discrete units). There are two 

implemented pathways: a lexical-nonsemantic route and a sublexical route. The lexical-

nonsemantic route connects lexical orthographic nodes, which each represent a word’s 

abstract spelling representation, to lexical phonological nodes, which each represent a 

word’s abstract sound representation. The lexical-nonsemantic route processes all known 

words and uniquely enables correct reading of irregular words. The sublexical route 

operates serially and translates individual graphemes into individual phonemes. Notably, 

the sublexical translation process relies on hard-wired spelling-to-sound rules that reflect 

the most frequent spelling-to-sound relationships across words. The sublexical route can 

therefore only read words that adhere to the rules, which are, by the creators’ definition, 

regular words. Additionally, the sublexical route uniquely enables the reading of 

pseudowords, which are assigned the regular pronunciation. Because the sublexical route 



 12 

relies on rules restricted to graphemes, effects of spelling-to-sound consistency are not 

captured by the DRC model. Overall, when the model “gazes” at a letter string, visual 

features are mapped to abstract letter representations, which then activate the lexical-

nonsemantic and sublexical routes separately. The lexical-nonsemantic and sublexical 

routes converge on a phoneme system, which represents the phonological output code for 

speech production. A more recent and competing computational implementation of dual-

route theory, the Connectionist Dual Process Model (Perry et al., 2007), replaces the 

DRC model’s sublexical route with a connectionist (i.e., distributed representation) 

architecture in order to simulate effects of spelling-to-sound consistency. 

The DRC model can simulate forms of alexia. These simulations can serve as 

tests of specific hypothesis regarding the cognitive bases of alexia. Surface alexia is 

simulated by lesioning the lexical-nonsemantic route (e.g., Coltheart, Tree, et al., 2010). 

Thus, within the DRC model, surface alexia is caused by a lexical impairment 

independent of semantics. Phonological alexia is simulated by lesioning either the 

sublexical route, which is specific to reading, or the phoneme system, which is meant to 

represent the phonological output system shared with speech production processes (e.g., 

Nickels et al., 2008). Thus, phonological alexia can either result from 1) a sublexical 

impairment specific to reading or 2) a general phonological impairment that affects 

general speech production processes. While the DRC creators acknowledge the existence 

of a lexical-semantic route, it remains unimplemented. This is because the mapping from 

lexical orthography to lexical phonology is thought to capture everything required to read 

known words; semantic representations are only required for comprehension. The 

existence of a lexical-nonsemantic route is supported by reports of patients who can read 
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aloud irregular words despite severe semantic impairment (e.g., Schwartz et al., 1980). 

Notably, this is a departure from Marshall & Newcombe’s (1973) original model, which 

hypothesized a lexical-semantic route instead of a lexical-nonsemantic route. The lack of 

an implemented lexical-semantic route means that the DRC model cannot attempt to 

simulate deep alexia, which is distinguished by semantic errors in aloud. Moreover, the 

authors of the DRC model argue that reading in deep alexia is not comparable to normal 

reading and is therefore outside the scope of the model (Coltheart, 2000; Coltheart et al., 

2001) 

 

Triangle Model of Reading Aloud. The “triangle” model earned its name by 

virtue of the triangular configuration that results from connections between three 

distributed modules: orthography, phonology, and semantics (Harm & Seidenberg, 1999, 

2004; Plaut, 1997; Plaut et al., 1996; Seidenberg & McClelland, 1989). The triangle 

model postulates two pathways from orthography to phonology: a direct pathway and an 

indirect pathway mediated by semantics (Figure 1.1B). The triangle model can learn and 

employs a connectionist approach to representation (representations are distributed across 

units). The direct pathway learns graded spelling-to-sound regularities and is thus good at 

reading regular words and enables the reading of pseudowords. However, because there 

is no binary distinction between sublexical and lexical phonology, the direct pathway also 

contributes to irregular word reading. Effects of spelling-to-sound consistency are thus 

captured by the triangle model. The indirect, semantic pathway contributes to reading 

aloud known words in addition to enabling word comprehension. Because the direct 

pathway does not reliably process all irregular words, particularly low frequency irregular 
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words, the semantic pathway is proposed to be necessary for completely accurate reading 

of irregular words. Thus, semantic facilitation of irregular word reading, as measured by 

effects of imageability, are captured by the triangle model. Central to the triangle model 

is the notion of “primary systems.” Specifically, the triangle model emphasizes the 

dependence of reading on more evolutionarily old, or “primary,” visual, phonological, 

and semantic systems that are not specific to reading (Patterson & Lambon Ralph, 1999; 

Woollams, 2014). Skilled reading is therefore thought to emerge through interactions 

between visual, phonological, and semantic systems. Overall, when the triangle model 

“gazes” at a word, a dynamic division of labor between phonological and semantic 

processes cooperatively enables reading aloud, with the phonological process 

contributing necessary sublexical knowledge and the semantic process contributing 

necessary lexical knowledge.  

The triangle model simulates central alexia by lesioning contributions of the 

primary phonological and semantic systems (Figure 1.1C). Surface alexia (i.e., an 

acquired regularity effect) results from a lesioned semantic pathway. The necessary role 

of semantics in irregular word reading is most strongly supported by the consistent 

association between semantic dementia and surface alexia (Patterson & Hodges, 1992; 

Woollams et al., 2007). Phonological alexia (i.e., an acquired lexicality effect) is 

simulated by lesioning the direct phonological pathway. The necessary role of general 

phonological processing in reading is supported by the consistent association between 

acquired phonological impairment in speech processing and phonological alexia 

(Brambati et al., 2009; Coltheart, 1996; Rapcsak et al., 2009). The semantic symptoms 

that characterize deep alexia (semantic errors, imageability effect, concreteness effect) 
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are thought to result from a combination of both phonological and semantic impairment 

(Crisp & Lambon Ralph, 2006; Friedman, 1996), but deep alexia is not a focus of triangle 

model simulations.  

 

Individual Differences in Skilled Reading   

Most empirical and computational research has focused on characterizing the 

prototypical reader through group-level data. However, skilled readers clearly vary in 

their abilities to recognize known words and to decode novel words (García & Cain, 

2014; Perfetti, 2007). There is limited work on the subject of individual differences in 

skilled reading aloud, so it is unclear what makes for the best adult readers. One enduring 

question in the literature is whether skilled readers may demonstrate differences in 

implicit reliance on lexical and sublexical processing in reading. A classic hypothesis is 

that skilled readers can be better at either lexical or sublexical reading (Baron & 

Strawson, 1976). An alternative hypothesis is that skilled readers who are better lexical 

readers tend to also be better sublexical readers (Brown et al., 1994). Within the triangle 

model, skilled readers are proposed to vary in their reliance on semantics (Woollams et 

al., 2016) and in their knowledge of spelling-to-sound statistics (Zevin & Seidenberg, 

2006). In contrast, DRC modelers have posited that skilled readers vary in the rules that 

constitute their sublexical reading process (Coltheart & Ulicheva, 2018). These proposals 

all lack empirical support and have unclear predictions about reading accuracy. 

Clarifying the nature of individual differences in skilled readers is the primary topic of 

Chapter 2 of this dissertation. 
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Neuroanatomical Bases of Reading  

 Reading engages a distributed network of brain regions that also support more 

general visual, phonological, semantic, executive, and motor processing (Jobard et al., 

2003; Martin et al., 2015; Taylor et al., 2013; Turkeltaub et al., 2002). Bilateral occipital 

cortex supports early visual analysis of printed words, while left ventral occipitotemporal 

cortex is required for orthographic analysis (Cohen et al., 2002; Gaillard et al., 2006; 

Vinckier et al., 2007). Parallel to the notion of two pathways for reading derived from 

behavioral studies, at least two left-lateralized neuroanatomical pathways are agreed to 

support skilled reading: a dorsal phonological route and a ventral lexical-semantic route 

(Price, 2012; Figure 1.2).  

 

Dorsal Phonological Route 

The dorsal phonological route subserves sublexical reading. Abundant fMRI and 

PET studies have characterized the cortical regions involved in this dorsal reading route. 

A meta-analysis of 36 studies that contrasted brain activity during pseudoword reading 

relative to word reading identified regions reliably engaged during sublexical reading 

(Taylor et al., 2013). Relative to word reading, pseudoword reading engages left posterior 

fusiform gyrus, left inferior parietal cortex, left inferior frontal gyrus, left precentral 

gyrus, and left insula. Posterior fusiform gyrus is argued to support orthographic 

representations (e.g., Dehaene et al., 2005) and/or interactions between visual and 

language processing (Price & Devlin, 2011). Left inferior parietal cortex may support 

spelling-to-sound transformations (e.g., Booth et al., 2003). Left frontal/insular cortex 

involvement has been attributed to more general executive processes (e.g., cognitive 
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control; Graves et al., 2010) and to phonological output processes (e.g., the DRC model’s 

phoneme system; Taylor et al., 2013). Overall, these findings highlight that sublexical 

reading involves activity in left perisylvian networks. 

Lesion studies of phonological alexia have failed to identify a single cortical 

correlate of sublexical reading impairment. Rather, phonological alexia has been 

attributed to lesions through the territory of the middle cerebral artery (e.g., Lambon 

Ralph & Graham, 2000; Ripamonti et al., 2014). The relationship between lesioned left 

perisylvian cortex and phonological alexia is consistent with the distributed perisylvian 

network identified by activation studies of phonological processing (Vigneau, 2006). 

Thus, some researchers argue that damage to essentially any perisylvian region involved 

in phonological processing may impair sublexical reading (Rapcsak et al., 2009; 

Woollams, 2014). Most lesion studies of alexia have pursued syndrome-based 

localization. An alternative process-based approach to lesion-symptom mapping is to 

directly examine the relationship between lesion location and reading deficits without 

requiring a syndromic classification. The second study of this dissertation (Chapter 3) 

applies such a process-based approach to alexia in order to clarify the differential 

contributions of specific perisylvian regions to sublexical reading. 

The underlying structural connections that support sublexical reading are less 

understood relative to cortical contributions. The superior longitudinal fasciculus (SLF), 

arcuate fasciculus (AF), and vertical occipital fasciculus (VOF) are major white matter 

pathways connecting regions involved in the dorsal phonological route. The SLF/AF 

complex connects areas crucial for language processing, including inferior frontal cortex, 

inferior parietal cortex, and posteroventral temporal regions (Duffau, 2016). The VOF 
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connects ventral occipital cortex involved in visual form processing with dorsal occipital 

cortex involved in spatial processing (Yeatman et al., 2014). Despite consensus that 

reading relies on a distributed neural network, no lesion study of alexia has examined the 

role of structural disconnections. Diffusion MRI measures of the SLF/AF complex and 

the VOF differ between good and poor readers, which demonstrates that structural 

connectivity is relevant to reading ability (Vandermosten et al., 2012; Wandell & Le, 

2017). Disconnections between lesioned and otherwise spared cortex may contribute to 

acquired sublexical reading impairment. Overall, it is unclear what specific cortical 

regions need to be structurally connected in order for the dorsal phonological route to 

function. One goal of the third study of this dissertation (Chapter 4) is to identify 

structural connections that are required for sublexical reading. 

Notably, the dorsal phonological route overlaps with the frontoparietal sensory-

motor integration circuit postulated to support speech production in dual stream models 

of speech processing (Hickok & Poeppel, 2007; Rauschecker & Scott, 2009; Ueno et al., 

2011). Despite consensus that sublexical reading relies at least partially on more general 

phonological processing, models of speech processing and reading have largely 

developed separately. Thus, the relationship between reading-specific concepts (e.g., 

sublexical reading) and concepts central to dual stream models of speech processing (e.g., 

sensory-motor integration) is unclear. Whether the primary systems hypothesis of 

phonological alexia can be extended to incorporate a sensory-motor phonological circuit 

is a topic of Chapter 4.  
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Ventral Lexical-semantic Route 

The ventral lexical-semantic route subserves word comprehension and word-

specific phonological processing. Words, irregular words, and highly imageable words 

are thought to rely more on lexical-semantic processing relative to pseudowords, regular 

words, and poorly imageable words, respectively. Leveraging the word > pseudoword 

and irregular > regular contrasts, Taylor et al.’s (2013) meta-analysis characterized 

regions reliably involved in lexical-semantic contributions to reading. Relative to 

pseudoword reading, word reading engages left anterior fusiform gyrus, left posterior 

middle temporal gyrus, and left angular gyrus (Taylor et al., 2013), which are regions 

involved in more general lexical-semantic processing (Binder et al., 2009). Relative to 

regular word reading, irregular word reading engages left inferior frontal gyrus, which 

has been attributed to semantic processing (e.g., Price & Mechelli, 2005), executive 

processes (e.g., Graves et al., 2010), and phonological output processes (e.g., Taylor et 

al., 2013). Although not currently a robust finding in the literature, irregular word reading 

may engage lateral anterior temporal cortex more than regular word reading (Hoffman et 

al., 2015), which supports the triangle model’s notion of semantics contributing 

especially to irregular word reading. Individual studies examining imageability effects in 

reading have found that greater word imageability relates to greater activity in regions 

involved in semantic processing, including bilateral angular gyrus and posterior 

cingulate/precuneus (e.g., Binder et al., 2005; Graves et al., 2010). White matter 

pathways relevant to the lexical-semantic route include the inferior fronto-occipital 

fasciculus, which directly connects occipitotemporal cortex with the temporal pole and 

frontal cortex, as well as the inferior longitudinal and uncinate fasciculi, which together 
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constitute an indirect route from occipitotemporal cortex to frontal cortex (Duffau, 2016; 

Vandermosten et al., 2012; Wandell & Le, 2017). Beyond the association between 

lesioned anterior temporal cortex and surface alexia in semantic dementia (Woollams et 

al., 2007), there is limited lesion evidence establishing which brain regions selectively 

contribute to reading words thought to depend more on lexical-semantic processing. 

Whether additional lesion correlates of acquired lexical-semantic reading impairment can 

be identified is a topic of Chapter 3. 

 
Overview of the Dissertation 

The overall aim of this dissertation is to clarify the specific knowledge and neural 

substrates that support skilled reading. The background information presented in this 

chapter illustrates that typical behavioral performance in reading aloud is well-

characterized, and that broad neural correlates of sublexical and lexical reading processes 

have been identified. A number of open questions remain. This dissertation is comprised 

of one behavioral study that characterizes lexical and sublexical knowledge underlying 

skilled reading aloud, and two lesion-symptom mapping studies that identify neural 

substrates required for reading aloud. 

As most clearly exemplified by the differences between the DRC and triangle 

models (Figure 1.1), the specific knowledge that underlies sublexical and lexical reading 

is unclear. The first study (Chapter 2) addresses three questions regarding the knowledge 

underlying skilled reading. First, do skilled readers use knowledge of graded spelling-to-

sound regularities in reading? Second, do all major components of word identity 

(spelling, pronunciation, and meaning) contribute to skilled word reading? Third, given 

the importance of learned print-to-sound associations in reading acquisition, do 
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individual differences in adult reading skill reflect differences in knowledge of print-to-

sound statistics? 30 literate adults read aloud a novel corpus of words varying in 

frequency, spelling-to-sound regularity, and imageability, as well as pseudowords 

varying in spelling-to-sound statistics. Mixed effects regressions examined group-effects 

and individual differences in reading aloud the words and pseudowords. I argue that 

learned print-to-sound statistics determine both between-word variation in reading 

difficulty and between-reader variation in reading skill. 

Lesion studies of alexia have long been central to advancing our understanding of 

skilled reading (Déjerine, 1892; Marshall & Newcombe, 1973). Whereas fMRI evidence 

for neuroanatomical dissociations between phonological and lexical–semantic reading is 

abundant, evidence from modern lesion studies establishing the differential contributions 

of specific brain regions to specific reading processes is lacking. The second study 

(Chapter 3) examines the neuroanatomical basis for acquired effects of lexicality, 

spelling-to-sound regularity, and concreteness on reading aloud. Participants were 73 left 

hemisphere stroke survivors not preselected for stereotyped alexic dissociations. The 

results of support vector regression lesion–symptom mapping analyses suggest that 

effects of lexicality, regularity, and concreteness on reading differentially depend on 

areas subserving auditory–motor integration and semantic control. 

Studies of alexia to date have only examined phonology and semantics as singular 

processes or axes of impairment, typically in the context of stereotyped alexia syndromes. 

However, phonology in particular is known to rely on subprocesses, including sensory 

phonological processing, motor phonological processing, and sensory-motor integration. 

Moreover, the role of structural disconnections in central alexia is unknown. The final 
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study (Chapter 4) examined whether the primary deficit associated with phonological 

impairment, the lexicality effect, relates to a specific subprocess of phonology in stroke 

aphasia. Participants were 30 subjects with left hemispheric stroke and 37 age- and 

education-matched controls. A mixed effects regression analysis and a novel structural 

connectome lesion-symptom mapping method isolated the contributions of phonological 

subprocesses to reading. I argue that there are at least two partially dissociable 

phonological reading impairments in stroke aphasia: one related to a motor phonological 

impairment and left ventral precentral disconnections, and the other related to a sensory-

motor integration impairment and left temporoparietal disconnections. 

In the final chapter (Chapter 5), I summarize the main findings of these three 

studies and discuss implications for cognitive and neural models of reading. I conclude 

with some notes on limitations and future directions. Overall, this dissertation presents 

new evidence regarding the knowledge underlying skilled reading and the neural 

substrates required for sublexical and lexical contributions to reading.  
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Figure 1.1. Computational models of reading aloud and the primary systems 

hypothesis of central alexia. A) Schematic of the dual-route cascaded model of reading 
aloud. The lexical-semantic route is unimplemented, as indicated by the dashed grey 

lines. Adapted from Coltheart et al. (1993; 2001). B) Schematic of the triangle model of 
reading aloud. Circles represent modules of distributed units. Adapted from Plaut et al. 

(1996). C) Schematic of the primary systems hypothesis of central alexia. Adapted from 
Crisp & Lambon Ralph (2006). An acquired lexicality effect (i.e., phonological alexia) 
can result from a general phonological impairment in either the DRC model (lesioned 
phoneme system activity) or triangle model (lesioned phonology module activity). The 

DRC model also allows for phonological alexia to result from a reading-specific 
impairment (lesioned rule-based nonlexical reading pathway). An acquired regularity 
effect (i.e., surface alexia) can result from a general semantic impairment only in the 
triangle model. The DRC model simulates surface alexia by deleting entries in the 

orthographic lexicon. Within the triangle model framework, an acquired 
imageability/concreteness effect is thought to reflect co-morbid phonological and 

semantic impairment. 
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Figure 1.2. Functional neuroanatomy of reading. Note that this figure is meant to 

convey broad regional specializations. Regions that contribute to the dorsal phonological 
route (orange) support spelling-to-sound translation and speech output processing. 
Regions that contribute to the ventral lexical-semantic route (green) support word-

specific processing (e.g., word comprehension). Occipital cortex supports early visual 
analysis (blue). Ventral occipitotemporal cortex supports orthographic analysis (red). 
IFGoper = inferior frontal gyrus pars opercularis. IFGTri/Orb = inferior frontal gyrus pars 

triangularis/orbitalis. Figure based on Dehaene (2009, p. 63). 
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CHAPTER 2 

Learned Print-to-Sound Statistics Govern Skilled Reading 

Introduction 

Literacy shapes human development, achievement, and well-being (Dehaene et 

al., 2015; World Literacy Foundation, 2018). Learning to read requires linking printed 

words with pronunciations and meanings. Even with adequate instruction, skilled reading 

is not guaranteed, with developmental dyslexia being the most common learning disorder 

(Eden et al., 2015). Fast and accurate reading of known and novel words is fundamental 

to literacy (Castles et al., 2018). Delineating how we read single words is thus a central 

enterprise of education, psychology, and neuroscience research.  

Reading aloud requires the translation of letter strings (orthography) into speech 

sounds (phonology). Indeed, learned knowledge of associations between orthographic 

and phonological forms is central to all computational models of reading aloud (Coltheart 

et al., 2001; Perry et al., 2007; Plaut et al., 1996). At least two mechanisms enable 

reading aloud (Marshall & Newcombe, 1973). The first, a word-specific (lexical) 

mechanism, computes known word pronunciations from print. The second, a sub-word 

(sublexical) mechanism, decodes sound generatively from print. The sublexical 

mechanism is thought to process only the most typical spelling-to-sound mappings 

reliably. Thus, sublexical reading facilitates the reading of words comprised of frequent, 

or “regular,” spelling-to-sound mappings (e.g., mint). Sublexical reading also enables the 

decoding of novel words (e.g., pseudowords such as vint). In contrast, lexical reading 

ensures correct reading of known words and is thus particularly important for reading 

words comprised of infrequent, or “irregular,” spelling-to-sound mappings (e.g., pint). 
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Together, lexical and sublexical processing enable faster and more accurate reading of 

regular words relative to irregular words, high frequency words relative to low frequency 

words, and words relative to pseudowords (Jared, 2002; Paap & Noel, 1991; Weekes, 

1997; see Perry et al. (2007) for a review). These patterns characterize typical adult 

performance in reading aloud English words. 

Skilled readers clearly vary in their abilities to recognize known words and to 

decode novel words (García & Cain, 2014; Perfetti, 2007). It is unclear whether 

individual differences in skilled reading aloud reflect differences in the relative reliance 

on lexical processing and sublexical processing. In a classic study, Baron & Strawson 

(1976) identified 11 adults who were particularly good at determining whether 

pseudowords were homophonic with real words, as well as 8 adults who were particularly 

good spellers. These subjects read aloud 4 lists of 10 regular words and 4 lists of 10 

irregular words. Each list was administered in upper, lower, and mixed letter case. 

Subjects who were relatively better at pseudohomophone detection tended to read regular 

words faster than irregular words, whereas the subjects who were relatively better 

spellers did not. Baron & Strawson interpreted these results to indicate that some literate 

adults rely more on lexical processing for reading, while others rely more on sublexical 

processing for reading. In a more recent recapitulation of Baron and Strawson’s 

hypothesis, skilled readers are proposed to vary in their reliance on a specific aspect of 

lexical knowledge: semantics (Hoffman et al., 2015; Woollams et al., 2016). This 

hypothesis is based on the observation that some readers demonstrate an exaggerated 

effect of regularity, i.e., especially poor irregular word reading, when reading aloud 

words associated with limited mental imagery. The degree to which low word 
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imageability relates to a larger regularity effect is proposed to reveal the reader’s 

semantic reliance. However, not all contemporary models consider semantics as 

significantly involved in reading aloud (Coltheart et al., 2001; Perry et al., 2007). 

Together, the studies of Baron & Strawson (1976), Hoffman et al. (2015), and Woollams 

et al. (2016) suggest that skilled readers may vary along the dimension of reliance on 

lexical versus sublexical processing. What is unclear from these studies is whether any 

potential differences in the relative reliance on lexical and sublexical processing relates to 

reading skill. Brown et al. (1994) found that faster readers tend to demonstrate smaller 

effects of word features in general (e.g., word frequency and spelling-to-sound 

regularity), which is consistent with the simple notion of faster readers tending to read 

with greater skill and automaticity. Yap et al. (2012) similarly found that faster readers 

demonstrated less sensitivity to word features in reading aloud (e.g., word frequency and 

letter length), but they did not consider spelling-to-sound regularity. Beyond greater 

vocabulary knowledge (Yap et al., 2012), the specific knowledge that enables greater 

skill and automaticity in reading is unclear from these studies. Notably, Brown et al. 

(1994) and Yap et al. (2012) did not find evidence for systematic individual differences 

in the relative reliance on lexical and sublexical reading. Overall, there is limited work on 

the subject of individual differences in skilled reading aloud, so it is unclear what makes 

for the best readers.  

Meaningful individual differences in reliance on sublexical and lexical reading 

could arise as a natural consequence of learning associations between print and speech. 

As children learn to read, they initially rely on sublexical decoding, given that all printed 

words are initially novel. Reliance on lexical reading increases throughout the course of 
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learning to read words fluently (Ehri, 2005; Share, 1995). It is reasonable to expect that 

not all adult readers will achieve the same degree of reliance on lexical reading as 

learning asymptotes. For one, readers vary in whether or not they received explicit 

phonics instruction, which shapes their knowledge and use of spelling-to-sound 

correspondences (Zealand et al., 2009). Moreover, readers vary in their oral vocabularies 

and print exposure (Acheson et al., 2008; Yap et al., 2012). These dimensions of 

variation make it likely that adult readers will vary in the extent and quality of their 

lexical knowledge (Perfetti, 2007). Knowledge of the relative frequencies of associations 

between orthographic and phonological forms (i.e., print-to-sound statistics) may be an 

important aspect of the knowledge underlying skilled reading. Thus, individual 

differences in reading skill may reflect differences in knowledge of print-to-sound 

statistics. The question then is whether the best readers rely primarily on strong 

knowledge of lexical statistics, strong knowledge of sublexical statistics, or strong 

knowledge of both. Given the normal developmental shift from sublexical reliance to 

lexical reliance in reading (Share, 1995), adult readers with less robust knowledge of 

lexical print-to-sound statistics should rely more on their knowledge of sublexical print-

to-sound statistics for accurate word reading.  

The present study aims to determine whether individual differences in adult 

reading skill reflect individual differences in knowledge of lexical and sublexical print-

to-sound statistics. A cohort of literate, native speakers of English read aloud a novel 

corpus of precisely manipulated words and pseudowords. First, we validated this new 

corpus by replicating a number of previously observed benchmark effects in a series of 

group-level analyses. We then tested whether an individual’s knowledge of lexical and 
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sublexical print-to-sound statistics predicted accuracy in word reading. Analyses of 

knowledge of the spelling-to-sound statistics of pseudowords determined whether the 

contribution of sublexical processing to word reading reflects the reader’s knowledge of 

sublexical statistics. Our results demonstrate that individual differences in reading ability 

are explained by the degree of reliance on lexical and sublexical processing during 

reading, with the best readers demonstrating superior knowledge of both lexical and 

sublexical print-to-sound statistics. These findings underscore how learned print-to-sound 

statistics constrain the cognitive systems for skilled reading aloud across readers. 

 

Methods 

Participants 

Participants were 30 native English-speaking adults living in the United States. In 

order to qualify for enrollment, participants must have 1) used English as their primary 

language since age five, 2) been between 25 and 85 years old at the time of enrollment, 

and 3) completed at least 12 years of formal education. All participants were recruited as 

control subjects as part of a larger study on the effects of left-hemisphere stroke on 

language and cognition (NIDCD R01DC014960). Each participant’s years of education 

was determined based on their highest attained degree in the United States (high school = 

12, college = 16, master’s = 18, JD = 19, MD = 20, PhD = 21). Exclusion criteria 

included history of stroke or other neurological disease, history of head injury causing 

loss of consciousness, history of psychiatric disorder requiring hospitalization, ongoing 

use of psychiatric medications other than common antidepressants, and history of 

learning disorder requiring educational intervention (e.g., developmental dyslexia). All 
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participants scored no less than 1 standard deviation below the mean score for their age- 

and education-matched group on the Montreal Cognitive Assessment (Rossetti et al., 

2011). Additional requirements included adequate vision and hearing with correction 

from lenses and hearing aids. Participant demographics (Mean ± Standard Deviation) are 

as follows: age (60.5 ± 13.7 years; range = 31 - 82), education (17 ± 2.6 years; range = 12 

- 21), race (23 Caucasian, 7 African American), and sex (16 male, 14 female). The 

Georgetown University Institutional Review Board approved the study protocol, and all 

participants gave written informed consent.  

 

Real Word Stimuli 

We created a corpus of two hundred monosyllabic English words that varied 

orthogonally in word frequency (low vs. high), spelling-to-sound regularity (regular vs. 

irregular), and imageability (low vs. high). The corpus thus contains one hundred words 

within each level of each factor. Crossing the three factors yields eight types of words 

with twenty-five tokens of each. Letter length ranged from three to six letters. All words 

were selected from the English Lexicon Project database of monosyllabic words (Balota 

et al., 2007). The variation in word frequency and spelling-to-sound regularity permits 

assessment of lexical and sublexical processing in word reading, respectively. The 

variation in word imageability permits assessment of any semantic involvement in word 

reading, which is not consistently found across studies (Ellis & Monaghan, 2002; Strain 

et al., 2002). 

Objective frequency was measured in SUBTLEX-US frequency per million 

words (Brysbaert & New, 2009). The low versus high frequency distinction was defined 
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based on the Zipf scale (van Heuven et al., 2014), with words with Zipf values between 1 

and 4 classified as low frequency and words with Zipf values from 4 to 7 (inclusive) 

classified as high frequency (https://www.ugent.be/pp/experimentele-

psychologie/en/research/documents/subtlexus). This definition translated to a 

SUBTLEX-US word frequency of less than 10 per million qualifying as low frequency 

and a word frequency of at least 10 per million qualifying as high frequency.  

Our approach to defining regularity followed the two-stage classification system 

of Strain et al. (1995). Candidate regular and irregular words were first identified based 

on qualitative adherence to the most frequent grapheme-to-phoneme patterns (Venezky, 

1970). In order to maximize the regular-irregular contrast, we then excluded words based 

on quantitative spelling-to-sound consistency (Jared, 2002). For our exclusionary criteria, 

we primarily considered consistency at the level of the orthographic body. For example, 

the target word “tough” can be segmented into the orthographic onset t– and the 

orthographic body –ough, which map onto the phonological onset /t/ and rhyme /ʌf/, 

respectively. The consistencies of the spelling-to-sound mappings were considered for 

orthographic bodies according to the formula ∑"#$%&'(	*+,!"-./0	1/2342567	.8	1/9250:
∑ "#$%&'(	*+,!"-./0	1/2342567	.8	1/9250:	&	<52=92:	

. 

“Friends” included all monosyllabic words with the same orthographic body and 

pronunciation, and “enemies” included all monosyllabic words with the same 

orthographic body but different pronunciation. Completely inconsistent orthographic 

bodies thus have a value of 0, whereas completely consistent orthographic bodies have a 

value of 1. All monosyllabic words in the SUBTLEX-US corpus, excluding proper nouns 

and dialectal variations, were considered in the consistency calculations. Regular words 

were required to have an orthographic body consistency of 1. For instance, “bike” is a 
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highly consistent regular word in that it only has friends at the level of the body (e.g., 

“like,” “pike,” “spike”). Irregular words were selected to have maximally inconsistent 

orthographic bodies. At the level of the body, “tough” is a highly inconsistent irregular 

word, as it has only one friend, “rough”, and several enemies, such as “through”, 

“though”, “cough”, and “bough.” Words with inconsistent orthographic onsets were also 

included. We avoided including categorically irregular words whose onsets or bodies 

represent highly consistent spelling-to-sound mappings. For example, irregular words 

beginning with wa–, such as “wasp”, or irregular words ending in –ind, such as “mind,” 

were excluded since these categorically irregular grapheme-to-phoneme mappings are 

highly consistent across similarly spelled words. Irregular words with no orthographic 

neighbors at the level of the body were included (e.g., “yacht”). In sum, selected regular 

words have highly consistent grapheme-to-phoneme and body-to-rhyme mappings, and 

all irregular words have highly inconsistent grapheme-to-phoneme and/or body-to-rhyme 

mappings. 

The majority of imageability ratings were drawn from the Cortese & Fugett 

estimates for 3,000 monosyllabic English words (Cortese & Fugett, 2004). Imageability 

values range from 1 to 7, with words with a rating ≤ 4 classified as having low 

imageability and words with a rating > 4 classified as having high imageability. Inclusion 

of function words was minimized in order to avoid confounding part-of-speech effects 

with the low imageability category. For two words, imageability ratings were not 

available in the Cortese & Fugett corpus. The imageability for “horse,” a high frequency 

regular word, was determined by reference to the MRC Psycholinguistic Database 

(Coltheart, 1981). We estimated the imageability category of “sown,” a low frequency 
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irregular word, by computing the known difference in concreteness (Brysbaert et al., 

2014) between “sow” and “sown.” First, the 5-point Likert scale concreteness ratings 

(Brysbaert et al., 2014) were converted to the 7-point Likert scale (1.5x – 0.5). Then, the 

difference in concreteness between “sow” and “sown” was subtracted from the 

imageability rating of “sow” (Cortese & Fugett, 2004). 

Word types were matched orthogonally by frequency, regularity, and 

imageability. Low and high frequency words were matched on letter length, regularity, 

imageability, and articulatory complexity (Stoel-Gammon, 2010). We took articulatory 

complexity into account in order to ensure that any differences in oral reading latency and 

accuracy would not be due to difficulty in articulation. Regular and irregular words were 

matched on letter length, frequency, imageability, and initial phoneme. Irregular words 

tend to have fewer phonemes per letter; therefore, articulatory complexity could not be 

matched across regular and irregular words. Low and high imageability words were 

matched on letter length, frequency, regularity, and articulatory complexity. Adequacy of 

overall matching between word types was assessed through Welch’s two-sample t-tests. 

We also characterized the orthographic Levenshtein distance 20 (OLD20; Yarkoni et al., 

2008) and American English lemma age of acquisition (Kuperman et al., 2012) for each 

word, which are relevant variables that we did not explicitly control for in the matching 

process. OLD20 is a measure of orthographic similarity and is the mean number of letter 

insertions, deletions, and substitutions required to transform an orthographic word form 

into its twenty closest orthographic neighbors. A lower OLD20 score thus indicates a 

denser orthographic neighborhood. We used the OLD20 scores for real words from the 

English Lexicon Project database (Balota et al., 2007). The age of acquisition ratings are 
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the mean self-reported age in years at which the lemma was learned. Both OLD20 and 

age of acquisition have been found to influence reading (Cortese & Khanna, 2007; Ellis 

& Monaghan, 2002; Kuperman et al., 2012; Monaghan & Ellis, 2002; Yarkoni et al., 

2008). OLD20 and age of acquisition were therefore covaried in our analyses of real 

word reading. See Supplementary Tables A.1-3 for summaries of word features and the 

list of stimuli. 

 

Pseudoword Stimuli 

We created 60 monosyllabic pseudowords (2 to 5 letters long) that varied in their 

body-to-sound statistics. This variation enables assessment of how knowledge of the 

pronunciations associated with the orthographic body influences reading performance. 

Specifically, the spelling-to-sound statistics available for each pseudoword at the level of 

the orthographic body were either highly regular (e.g., bink as in “wink”; N = 20), 

ambiguous (e.g., chead as in “bead” or “head”; N = 20), or limited (e.g., dofe, which has 

a unique, or “limited,” orthographic body; N = 20). The regular pseudowords, ten of 

which were adapted from a previous study from our group (Friedman et al., 1992), have 

orthographic bodies that reliably map onto the regular pronunciation (e.g., “wink,” 

“stink,” “sink”). The twenty ambiguous pseudowords were developed as a part of the 

previous study (Friedman et al., 1992). The ambiguous pseudowords (e.g., chead) have 

orthographic bodies associated with two pronunciations: a regular pronunciation (e.g., 

“bead”) and an irregular pronunciation (e.g., “head”). All ambiguous pseudowords have 

at least three neighbors with the irregular pronunciation. The limited pseudowords are 

pronounceable letter strings that have no neighbors at the level of the orthographic body 
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(e.g., dofe). In order to ensure that body-to-sound statistics were the primary dimension 

of variation amongst the pseudowords, the regular pseudowords, ambiguous 

pseudowords, and limited pseudowords were matched to each other as closely as possible 

on letter length, positional bigram frequency (Medler & Binder, 2005), articulatory 

complexity, and OLD20 (see Supplementary Methods in Appendix A). OLD20 scores 

were derived for the pseudowords using the vwr package (Keuleers, 2013) in R (R Core 

Team, 2019) with the English Lexicon Project’s corpus of real words as the reference 

(Balota et al., 2007), excluding words with apostrophes. Adequacy of overall matching 

between pseudowords was assessed through Welch’s two-sample t-tests. 

For each pseudoword, we quantified the frequencies of associated body-to-sound 

mappings by summing the frequencies of real words that contain the mapping. 

Specifically, we calculated the summed log word frequency (Brysbaert & New, 2009) of 

regular and irregular body neighbors for each pseudoword. The body-to-sound statistics 

of each regular, ambiguous, and limited pseudoword were therefore quantified through 

two variables that represented the frequencies of associated regular and irregular 

mappings, with the limited pseudowords having body-to-sound frequency values of 0. 

Proper nouns and dialectal variations were excluded from body-to-sound calculations. 

The frequencies of the regular and irregular body-to-sound mappings served as the 

predictors of accuracy, response time, and pronunciation type in subsequent mixed 

effects analyses. See Supplementary Tables A.4-5 and A.9-10 for summaries of 

pseudoword features and the list of stimuli. 
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Testing Procedure and Scoring 

Behavioral testing was conducted during a single session. Sessions were video-

recorded, and subjects wore a lapel microphone. The tasks were programmed in E-Prime 

3.0 (Psychology Software Tools, 2016) and were presented on a seventeen inch Dell 

laptop with Windows 10 software. The laptop was set up in tent mode and used as a 

touchscreen. Each trial was cued by a beep, with a word or pseudoword presented at the 

center of fixation. Participants had ten seconds to read aloud each word or pseudoword. 

Pseudowords were read prior to real words to avoid priming effects. The regular 

pseudowords, ambiguous pseudowords, and limited pseudowords were each read aloud in 

three separate pseudorandomized blocks of 20 items, in that order. The two hundred real 

words were pseudorandomized into eight blocks of twenty-five words. These eight blocks 

of real words each contained all eight word types, and the eight blocks were split between 

two lists of 100 words each (blocks one through four and blocks five through eight). In 

order to minimize order effects on overall performance, the list of real words was 

pseudorandomized such that each block began with a different word type, and each of the 

eight word types followed and preceded each other word type three times. Each block of 

items was separated by a period of rest which was ended at the discretion of the 

participant. There were three practice trials with each test administration. Participants 

were instructed to read aloud each word or pseudoword as quickly and accurately as 

possible. Participants advanced to the next trial by pressing an arrow on the bottom left of 

the touch screen. If the trial timed out, then the screen displayed a message indicating to 

touch the screen to continue.  
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Scoring Accuracy and Response Time 

Accuracy and response time were scored manually for the first complete attempt 

on each word or pseudoword, which was defined as the first oral response consisting of a 

consonant and vowel (CV or VC), excluding a schwa /ə/. First complete attempts 

included self-interrupted attempts meeting the same criteria. The only time an isolated 

vowel was accepted as the first complete attempt was when the target itself was a CV or 

VC (e.g., “ail”). An oral response containing a schwa (/ə/ if unstressed, /ʌ/ if stressed) 

was accepted as the first complete attempt if it was either bounded by consonants or if the 

response was a self-interrupted regularization error (e.g., butch → “buh-” because the full 

regularization is /bʌʧ/). Accuracy on real words was manually coded as 1 or 0 based on 

the pronunciation in Standard American English, with dialectal variations not penalized. 

Defining accuracy for pseudoword reading is not straightforward because pseudowords 

cannot have a true pronunciation. Traditionally, only the “regular” pronunciations of 

pseudowords have been accepted as accurate. Responses on pseudowords were coded as 

incorrect if they contained grapheme-to-phoneme mappings that do not occur in Standard 

American English. Correct responses were categorized as “regular,” “irregular,” or 

“plausible.” A correct response to any pseudoword was coded as regular if it followed the 

typical grapheme-to-phoneme correspondences of American English (e.g., chead → /ʧid/, 

as in “bead”). A correct response to an ambiguous pseudoword was coded as irregular if 

the phonological rhyme was consistent with an irregular word neighbor at the level of the 

orthographic body (e.g., chead → /ʧɛd/, as in “head”). A response to any pseudoword 

was coded as plausible if it contained grapheme-to-phoneme mappings that otherwise 

occur in Standard American English. Author J.V.D. administered the reading task, 
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transcribed the first complete attempt, and scored response accuracies. Response time 

was defined as the length of time between the stimulus-locked beep and the onset of the 

first complete attempt. Trained research assistants blinded to the study’s design manually 

coded response times with reference to the session’s video, audio waveform, and 

spectrogram implemented in a custom interface in MATLAB. 

 

Data Cleaning 

Data cleaning for response time analyses included removal of incorrect trials, 

timed-out trials (> 10 seconds post-item onset), trials that were accidentally skipped, and 

trials flagged by the tester as unusable for response time analyses (e.g., due to coughing, 

responding to a previous trial, or lapse of attention). Examination of Q-Q plots of raw 

response times reading real words and pseudowords indicated an expected violation of 

normality because of rightward skewness. Response time was therefore transformed into 

inverse response time (-1000 / Response time; more positive value = longer response 

time) in order to meet the assumption of normally distributed residuals in linear 

regression and to increase power in all mixed effects analyses of response time 

(Brysbaert & Stevens, 2018). Data cleaning for accuracy analyses included removal of 

trials that were accidentally skipped. For all analyses of pseudowords, we also removed 

trials where the subject pronounced the pseudoword using knowledge from a language 

other than English (e.g., maich -> /meɪx/).  
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Statistical Analyses 

Group Analyses. Statistical analyses were done in R version 3.6.2. (R Core 

Team, 2019). We first characterized the group-level effects in reading aloud the words 

and pseudowords in order to confirm that the reading tasks elicited typical effects 

reported in the literature. For word reading, we examined effects of frequency, regularity, 

and imageability on accuracy and response time. Regular words should be read faster and 

more accurately than irregular words, particularly at low word frequency (Jared, 2002; 

Paap & Noel, 1991). If there is an effect of imageability on accuracy and response time, it 

should be limited to irregular words (Strain et al., 1995, 2002). For pseudoword reading, 

we examined effects of body-to-sound statistics on accuracy, response time, and 

pronunciation. Pseudowords associated with highly regular body-to-sound statistics 

should be read more accurately and quickly and should elicit more regular pronunciations 

(Andrews & Scarratt, 1998; Treiman et al., 2003; Zevin & Seidenberg, 2006).  

In order to quantify group-level effects, mixed effects models were fit using the 

lme4 1.1-21 (Bates et al., 2019) and lmerTest 3.1-1 packages (Kuznetsova et al., 2017). 

Mixed effects models enable assessment of the relationships of word features with 

reading performance while taking into account subject- and item-level random variation. 

For response time analyses, we fit linear mixed effects models using the lme4 function 

lmer with the following options: control = lmerControl(optimizer = "bobyqa", 

optCtrl=list(maxfun=2e5). For analyses of binary outcomes (accuracy and pronunciation 

type), we fit logistic mixed effects models using the lme4 function glmer with the 

following options: family = binomial, control = glmerControl(optimizer = "bobyqa", 

optCtrl=list(maxfun=2e5). First, the maximal random effects structure justified by both 
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the experimental design and the data was identified through backward-stepwise 

elimination (Barr et al., 2013; Brauer & Curtin, 2018; Meteyard & Davies, 2020). 

Specifically, by-subject random slopes, including main effects and interactions, for 

experimentally manipulated features (frequency, regularity, and imageability for real 

words; regular and irregular body-to-sound statistics for pseudowords) were each tested 

for inclusion independently against a nested model without the term. We selected a 

likelihood ratio test alpha level of P < .10 as the significance criterion for inclusion. The 

alpha of the likelihood ratio test cannot be interpreted as the model-selection Type I 

error-rate, but rather reflects the relative weight of model complexity and goodness-of-fit, 

with an α ~ .157 being equivalent to the Akaike information criterion (AIC; Matuschek et 

al., 2017). Our selected alpha level thus penalizes model complexity more than the AIC. 

In addition to controlling for type 1 error in the analyses of fixed effects, a significant 

random slope for a variable identified a dimension of significant individual variation. 

Random effects structures with singular fits and structures that failed to converge were 

rejected in order to avoid overparameterization. Singular fits were resolved by first 

removing correlation terms, followed by removal of terms with zero variance. Fitting of 

fixed effects was then done through backward-stepwise elimination in order to test all 

possible interactions, beginning with the maximal fixed effects structure for 

experimentally manipulated features. Models that differed in their random effects were fit 

via restricted maximum likelihood estimation, while models that differed in their fixed 

effects were fit via maximum likelihood estimation (Meteyard & Davies, 2020). P-values 

for linear mixed effects models of response time were computed using Satterthwaite 

approximate degrees of freedom (Kuznetsova et al., 2017), with the final models being 
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refit via restricted maximum likelihood estimation in order to derive less biased 

estimates. P-values for generalized linear mixed effects models were derived based on the 

standard asymptotic Wald tests. Stepwise removal of non-significant (P > .05) higher-

order fixed effects in all models was assessed through likelihood ratio tests (P > .10). To 

decrease bias and increase precision of fixed effect estimates, we also assessed the 

potential contributions of relevant subject-level and item-level covariates. For all mixed 

effects analyses, subject-level covariates included age and education, and item-level 

covariates included letter length and OLD20 (Yarkoni et al., 2008), as well as lemma age 

of acquisition (Kuperman et al., 2012) for real words. These covariates were entered 

together with the primary fixed effects, and their significance was evaluated after non-

significant interaction terms were removed. In order to assess effects against the grand 

mean in the mixed effects analyses of word reading, categorical predictors were 

deviation-contrast coded (e.g., -1/2 = “low” or “irregular” and 1/2 = “high” or “regular”). 

For the analysis of pseudoword reading, the summed frequencies of the regular and 

irregular body mappings for pseudowords were z-scored to prevent convergence issues in 

model fitting. All continuous covariates were mean-centered. 95% confidence intervals 

for fixed effects were calculated via the Wald method. Figures were produced via the 

ggplot2 (Wickham, 2016) and sjPlot (Lüdecke, 2020) packages. Tables summarizing 

model estimates in Appendix A were generated with the tab_model function from sjPlot. 

Pairwise comparisons (Tukey method) were done with the emmeans package (Lenth et 

al., 2019). All reported p-values result from two-tailed tests. 
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Individual Differences Analyses. The central aim of this study is to determine 

whether individual differences in adult reading skill reflect individual differences in 

knowledge of lexical and sublexical print-to-sound statistics. Word frequency is a word-

specific feature that estimates an individual’s exposure to lexical print-to-sound 

mappings. A smaller effect of frequency on response time in word reading, independent 

of overall response time, suggests robust knowledge of lexical print-to-sound statistics. In 

contrast, spelling-to-sound regularity characterizes the pattern of letters within a word 

and estimates an individual’s exposure to sublexical print-to-sound mappings. A larger 

effect of regularity on response time in word reading, independent of overall response 

time, suggests robust knowledge of sublexical print-to-sound statistics that facilitate 

regular word reading especially. Each participant’s knowledge of lexical and sublexical 

print-to-sound statistics was thus measured as the magnitude of the effects of word 

frequency and spelling-to-sound regularity on response time, respectively. First, we 

leveraged the random effects structure of the group-level model of response time in order 

to confirm variation in the effects of frequency and regularity. Specifically, significant 

random slopes of frequency and regularity confirmed significant individual variation. We 

then derived subject-level coefficients for effects of frequency and regularity via 

individual linear regressions of response time on words. Word frequency and regularity 

were deviation-contrast coded (-1/2 = “low” or “irregular” and 1/2 = “high” or “regular”) 

and entered together as predictors of item-level response time for each subject. These 

subject-specific coefficients were then z-scored and added as by-subject covariates in the 

final logistic mixed model of word reading accuracy that was fit for the group. This 

model therefore tested whether accuracy in reading words reflects individual differences 
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in the relative effects of word frequency and regularity on response time. Covarying the 

effect of frequency is particularly important when examining the relationship between the 

regularity effect and reading accuracy. Specifically, the exact magnitude of the regularity 

effect in a given individual reflects both lexical and sublexical processing ability—

relatively poorer lexical processing or relatively better sublexical processing both could 

lead to a larger regularity effect. Covarying the frequency effect thus controls for the 

contribution of lexical knowledge, thereby revealing the unique contribution of sublexical 

knowledge, as indexed by the regularity effect, to word reading accuracy.  

Additional analyses of individual differences in pseudoword reading were 

conducted in order to examine whether the contribution of sublexical processing to word 

reading reflects the reader’s knowledge of sublexical spelling-to-sound statistics. We 

quantified each reader’s sensitivity to the frequencies of regular and irregular body-to-

sound mappings associated with each pseudoword, as measured by differences in 

response time. As in the analysis of individual differences in word reading, we first 

confirmed significant variation in the effects of body-to-sound statistics through the 

random effects structure of the group-level model of response time. For each subject, a 

linear regression of response time on pseudowords was then fit with the frequencies of 

each pseudoword’s regular and irregular body-to-sound mappings as predictors. These 

coefficients were z-scored and added as by-subject covariates in the final mixed model fit 

for the outcome of interest in the group analysis. First, we examined whether accuracy 

and pronunciation type in reading pseudowords relates to an individual’s sensitivity to 

pseudoword body-to-sound statistics in response time. Greater accuracy and a higher 

proportion of regular pronunciations would indicate superior knowledge of sublexical 
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statistics. Finally, we tested whether an individual’s sensitivity to body-to-sound statistics 

in pseudoword reading accounts for individual differences in the regularity effect in word 

reading accuracy and response time. Superior knowledge of sublexical statistics should 

relate to greater efficiency in word reading, especially if the word is regular.  

 

Results 

Group-level Results and Characterization of Reading Tasks 

Word Reading Accuracy and Response Time. To validate the word reading 

task, we examined how word frequency, regularity, and imageability modulate reading 

accuracy and speed at the group-level (Figure 2.1; Supplementary Tables A.6-8). Our 

results revealed the expected effects of word frequency and regularity (Jared, 2002; Paap 

& Noel, 1991). Regular words were read more accurately and quickly than irregular 

words (accuracy: Z = 5.12, P < .001, Odds Ratio (OR) = 13.4, 95% confidence interval 

(CI) = 4.97 to 36.18; response time: t(169.120) = -4.69, P < .001, unstandardized 

regression coefficient (b) = -113.67, 95% CI = -161.22 to -66.18). There was an 

interaction of frequency and regularity on response time such that there was a larger 

effect of regularity when reading low frequency words relative to high frequency words 

(t(187.83) = 2.73, P = .007, b = 128.50, 95% CI = 36.33 to 220.66). The interaction of 

regularity and frequency did not reach significance for accuracy (Z = -1.85, P = .065, OR 

= 0.19, 95% CI = 0.03 to 1.10). Our results also revealed an interaction of imageability 

and regularity that is sometimes evident in prior studies (Strain et al., 1995, 2002). 

Specifically, imageability interacted with regularity such that there was a larger effect of 

regularity when reading low imageability words relative to high imageability words 
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(accuracy: Z = -2.50, P = .013, OR = 0.10, 95% CI = 0.02 to 0.62; response time: 

t(187.92) = 2.07, P = .039, b = 97.62, 95% CI = 5.24 to 190.00; Figure 2.1). Age of 

acquisition was the only significant covariate in the analyses of accuracy and response 

time, with later age of acquisition relating to less accurate and slower responses 

(accuracy: Z = -3.23, P = .001, OR = 0.72, 95% CI = 0.59 to 0.88; response time: 

t(188.737) = 3.17, P = .002, b = 20.91 , 95% CI =  8.00 to 33.81). Overall, our results 

confirmed the expected group-level effects of frequency, regularity, and imageability on 

word reading.  

 

Pseudoword Reading Accuracy and Response Time. To validate the 

pseudoword reading task, we examined whether the frequencies of body-to-sound 

mappings influence accuracy and response time in reading aloud pseudowords. Prior 

studies have found that highly regular body-to-sound statistics facilitate faster reading 

aloud of pseudowords (Andrews & Scarratt, 1998; Glushko, 1979). Consistent with these 

prior findings, the likelihood of an accurate response increased and response time was 

faster in proportion to the frequency of the regular body-to-sound mapping (accuracy: Z = 

2.08, P = .038, OR = 1.47, 95% CI = 1.02 to 2.11; response time: (t(68.71) = -2.14, P = 

.036, b = -47.43, 95% CI = -90.89 to -3.96; Figure 2.2). The frequency of the irregular 

body-to-sound mapping did not relate to accuracy or response time at the group-level (P 

> .10). Higher education related to higher pseudoword reading accuracy (Z = 2.04, P = 

.041, OR = 1.60, 95% CI = 1.02 to 2.50). These results confirm the expected effect of 

body-to-sound statistics on group-level pseudoword reading accuracy and response time 

(Supplementary Tables A.11-12).  



 46 

Pseudoword Reading Pronunciation. Prior studies have found that the variety 

of pronunciations elicited by pseudowords partly reflects the pronunciations associated 

with the orthographic body (Andrews & Scarratt, 1998; Glushko, 1979). To confirm this, 

we examined whether the frequencies of the regular and irregular body-to-sound 

mappings relate to the incidence of the regular and irregular pronunciations in our 

sample. On average, subjects produced the regular response on 78% of all pseudoword 

trials (Supplementary Table A.13). We tested whether a pseudoword’s body-to-sound 

statistics influenced the probability of a regular pronunciation being elicited from skilled 

readers (Supplementary Table A.14). The likelihood of the regular pronunciation on 

correct trials increased in proportion to the frequency of the regular body-to-sound 

mapping (Z = 2.93, P = .003, OR = 3.07, 95% CI = 1.45 to 6.50; Figure 2.3A). There 

was a trending tendency for the likelihood of a regular pronunciation to decrease in 

proportion to the frequency of the irregular mapping (Z = -1.88, P = .060, OR = 0.52, 

95% CI = 0.26 to 1.03). An irregular response was only plausible for ambiguous 

pseudowords, and participants on average produced an irregular response on 15% of 

ambiguous pseudowords. We tested whether an ambiguous pseudoword’s body-to-sound 

statistics influenced the probability of an irregular pronunciation being elicited 

(Supplementary Table A.15). The frequencies of the regular and irregular mappings of 

ambiguous pseudowords interacted to predict the probability of an irregular response on 

correct trials (Z = 2.05, P = .040, OR = 2.91, 95% CI = 1.05 to 8.05; Figure 2.3B). 

Simple slopes analyses indicated that the probability of an irregular pronunciation related 

to the frequency of the irregular mapping only when the frequency of the competing 

regular mapping was higher than average (P < .001 at +1 SD of the regular mapping 
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frequency). The influence of the irregular mapping on pronunciation thus may be 

conditional on the frequency of the regular mapping, perhaps reflecting a required overall 

frequency of exposure to a specific spelling in order for a reader to learn to the relative 

frequencies of competing mappings. Overall, these group-level analyses of pronunciation 

are consistent with prior findings of highly regular body-to-sound statistics increasing the 

likelihood of a regular pronunciation in pseudoword reading (Andrews & Scarratt, 1998; 

Glushko, 1979).  

 

Individual Differences in Reading Aloud 

Individual Differences in Reading Words. If individuals rely on their learned 

knowledge of spelling-to-sound statistics for reading, then individuals who have acquired 

more such knowledge are likely the most accurate readers. To test this, we examined 

whether individual differences in reading accuracy reflected the identified individual 

sensitivities to word frequency and regularity. Backward fitting of random effects (LRT 

P < .10) confirmed individual variation in the main effects of frequency (LRT 𝜒2(1) = 

21.32, P < .001) and regularity (LRT 𝜒2(1) = 3.06, P = .08) on response time reading 

words. Model fitting revealed no individual variation in the effect of imageability on 

response time (σ2 = 0). Thus, we were justified in deriving subject-level coefficients for 

effects of frequency and regularity on response time via individual linear models. For 

each subject, the model yielded two coefficients representing individual sensitivity to 

frequency (SF) and sensitivity to regularity (SR), as well as an intercept representing 

individual mean response time. SF and SR were moderately correlated, such that 

individuals who showed greater SF tended to show greater SR (r(28) = 0.58, P < .001; 
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Figure 2.4A). SF (P = .76) and SR (P = .36) did not correlate with the intercept, 

indicating that individual differences in effects of frequency and regularity were 

independent of average response speed. While lower SF correlated with higher mean 

accuracy (r(28) = .49, P = .006), SR did not correlate with mean accuracy (P = .95). We 

then tested whether the relative levels of SF and SR predicted accuracy reading real 

words. Stepwise addition of SF (LRT 𝜒2(1) = 8.82, P = .003) followed by SR (LRT 𝜒2(1) 

= 6.21, P = .013) both improved the fit of the model of accuracy on real words 

(Supplementary Table A.16). Lower SF predicted higher accuracy while covarying SR 

(Z = 4.28, P < .001, OR = 2.09, 95% CI = 1.49 to 2.92; Figure 2.4B). The inverse 

relationship between SF and accuracy suggests that highly accurate reading is 

characterized by fast lexical processing, as indexed by less of an effect of word frequency 

on response time. In contrast, greater SR predicted higher accuracy while covarying SF 

(Z = -2.61, P = .009, OR = 0.65, 95% CI = 0.46 to 0.90; Figure 2.4C). The positive 

relationship between SR and accuracy suggests that fast sublexical processing is also 

characteristic of highly accurate reading. This analysis of individual differences indicates 

that the most accurate readers are insensitive to word frequency and yet sensitive to 

spelling-to-sound regularity. In other words, highly accurate readers demonstrate both 

fast lexical processing and fast sublexical processing, which may reflect superior 

knowledge of lexical and sublexical print-to-sound statistics.  

 

Individual Differences in Reading Pseudowords. Next, we aimed to determine 

whether the contribution of sublexical processing to word reading reflects the reader’s 

knowledge of sublexical statistics. We therefore quantified each reader’s sensitivity to 
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body-to-sound statistics in pseudoword reading, which most selectively indexes 

sublexical reading. Model fitting of the group response time data in pseudoword reading 

confirmed individual variation in the main effect of the regular body-to-sound mapping’s 

frequency. This random effect captured that individuals varied in the extent to which they 

responded faster in proportion to the regular mapping’s frequency (LRT 𝜒2(1) = 15.77, P 

< .001). Moreover, while the group-level effect was not significant (P > .10), there was 

significant individual variation in the effect of the irregular body-to-sound mapping’s 

frequency on response time (LRT 𝜒2(1) = 33.74, P < .001). This random effect captured 

that some individuals responded slower in proportion to the irregular mapping’s 

frequency. Thus, we were justified in deriving subject-level coefficients for effects of 

regular and irregular body-to-sound frequencies on response time via individual linear 

models. For each subject, the model yielded two coefficients representing individual 

sensitivity to regular body-to-sound mappings (SRM) and sensitivity to irregular body-to-

sound mappings (SIM), as well as an intercept representing mean response time. Greater 

SRM and SIM indicate slower response times (i.e., greater inhibition) in proportion to the 

frequency of the regular and irregular mapping, respectively. SRM did not correlate with 

SIM (P = .86), nor did the intercept correlate with either SRM (P = .71) or SIM (P = .71). 

First, we examined whether readers who are more sensitive to sublexical spelling-

to-sound statistics are more accurate decoders. Specifically, we tested whether SRM and 

SIM related to accuracy on pseudowords through stepwise addition of SRM and SIM to 

the mixed model of accuracy (Supplementary Table A.17). Greater SIM related to 

higher accuracy on all pseudowords, regardless of the type of correct pronunciation 

elicited (Z = 2.07, P = .038, OR = 1.80, 95% CI = 1.03 to 3.13; Figure 2.5A). The 
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addition of SIM to the model of pseudoword accuracy significantly improved model fit 

(LRT	𝜒2(1) = 4.75, P = .029). SRM did not significantly relate to pseudoword accuracy 

(P = .90). These results suggest that readers who are sensitive to the frequencies of 

infrequent spelling-to-sound mappings, as indexed by slower response times on 

pseudowords associated with irregular pronunciations, are more accurate decoders. Thus, 

individual variation in knowledge of the spelling-to-sound statistics of English is 

meaningful with regards to reading skill. 

Next, we tested whether a reader’s knowledge of spelling-to-sound statistics 

influences the output of sublexical reading, as indexed by relationships between 

individual SRM and SIM and the probability of the specific pronunciation elicited by 

pseudowords (Supplementary Table A.18). Greater SIM related to a higher probability 

of a regular pronunciation, as opposed to either an irregular or otherwise plausible 

pronunciation (Z = 2.89, P = .004, OR = 1.36, 95% CI = 1.11 to 1.69; Figure 2.5B). The 

addition of SIM to the model of regular correct response probability significantly 

improved model fit (LRT	𝜒2(1) = 7.67, P = .006). SRM did not relate to the probability of 

a regular correct response (P = .932). This relationship between SIM and pronunciation 

suggests that readers who are more sensitive to the frequencies of irregular mappings are 

more likely to apply regular mappings to novel words, perhaps because their knowledge 

of sublexical spelling-to-sound mappings better reflects the objective spelling-to-sound 

statistics of English. 

If individuals with greater SIM have superior knowledge of the spelling-to-sound 

statistics of English, then these individuals may be more sensitive to spelling-to-sound 

ambiguities. To clarify whether greater SIM reflects greater uncertainty in pronunciation 
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selection when reading pseudowords, we tested whether SIM interacted with the type of 

pronunciation produced (regular versus irregular) to predict response time on the 

ambiguous pseudowords (Supplementary Table A.19). Indeed, subjects with higher 

SIM were particularly slow when they produced the irregular pronunciation instead of the 

regular pronunciation (interaction of SIM and pronunciation type: t(511.25) = 2.77,  P = 

.006, b = 106.16, 95% CI = 31.14 to 181.18; Figure 2.5C). This result suggests that 

readers who are sensitive to the frequencies of irregular body-to-sound mappings may 

retrieve multiple pronunciations associated with a spelling, resulting in differences in 

reading times depending on the pronunciation selected for a pseudoword. In addition, 

irregular responses took longer to produce across subjects, indicating that irregular 

pronunciations are generally more difficult to retrieve than regular pronunciations 

(t(524.39) = 2.98,  P = .003, b = 120.57, 95% CI = 41.27 to 199.86). Together with our 

analysis of individual differences in pseudoword reading accuracy, our analyses of 

pronunciation indicate that the most accurate decoders have superior knowledge of less 

common sublexical spelling-to-sound mappings in English.  

 

Relating Individual Differences in Reading Words and Pseudowords. If the 

contribution of sublexical processing to word reading reflects the reader’s knowledge of 

sublexical statistics, then sensitivity to body-to-sound statistics in pseudoword reading 

should account for the efficiency of word reading. The efficiency of regular word 

wording should especially relate to the reader’s sensitivity to body-to-sound statistics. We 

therefore tested whether individual’s SRM or SIM in pseudoword reading accounts for 

the effect of regularity on their accuracy or response time reading real words. 



 52 

Specifically, we added SRM and SIM as by-subject covariates to the mixed models of 

accuracy and response time on real words and tested for interactions of SRM and SIM 

with word regularity through backward-stepwise elimination (Supplementary Tables 

A.20-21). Greater SIM related to higher accuracy reading real words (Z = 2.29, P = .022, 

OR = 1.47, 95% CI = 1.06 to 2.05; Figure 2.6A), but there was no interaction of SIM 

with regularity (P = .71). The addition of SIM improved model fit (LRT 𝜒2(1) = 5.02, P = 

.025). SRM was not significantly related to accuracy through either a main effect or an 

interaction with regularity (P > .60). For response time, SIM interacted with word 

regularity such that individuals with greater SIM were especially fast on regular words 

relative to irregular words (interaction: t(26.62) = -2.33, P = .028, b = -22.74, 95% CI = -

41.90 to -3.58; main effect: t(28.00) = -1.92, P = .066, b =  -120.04, 95% CI = -242.84 to 

2.76; Figure 2.6B). Notably, the addition of SIM and its interaction with regularity 

accounted for 55% of individual variation in the effect of regularity on response time 

reading real words (LRT 𝜒2(2) = 8.87, P = .012). Overall, literate adults who show 

sensitivity to the frequencies of irregular mappings in reading novel words are more 

accurate readers of real words and faster readers of regular words. These results 

demonstrate that effects of spelling-to-sound frequencies in word and pseudoword 

reading are linked within individuals. A shared body of learned spelling-to-sound 

statistics thus supports the reading of both known and novel words. Table 2.1 

summarizes the main findings of both the group-level and individual differences 

analyses. 
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Discussion 

Our results demonstrate that individual differences in adult reading skill reflect 

differences in knowledge of lexical and sublexical print-to-sound statistics. Building on 

studies of literacy acquisition in children (Ehri, 2005; Share, 1995), our results suggest 

that the most accurate adult readers are efficient sublexical readers in addition to being 

efficient lexical, or “sight word,” readers. The contribution of sublexical reading to word 

reading efficiency reflects the degree to which the reader has learned sublexical print-to-

sound statistics. While individual differences in reading accuracy are tied to knowledge 

of print-to-sound statistics, the facilitation of high imageability on irregular word reading 

at the group-level supports a role for all three major components of word identity 

(spelling, pronunciation, and meaning) in lexical reading (Harm & Seidenberg, 2004; 

Perry et al., 2007; Plaut et al., 1996). We propose learned print-to-sound statistics as a 

parsimonious determiner of reading difficulty varying between words and reading skill 

varying between readers. 

Researchers have long been interested in identifying differences in implicit 

reading strategy among skilled readers (Baron & Strawson, 1976; Brown et al., 1994; 

Graves et al., 2014; Woollams et al., 2016; Yap et al., 2012). Our results suggest 

constraints on variation in reading strategy imposed by learned knowledge of associations 

between orthographic and phonological forms. In real word reading, individuals whose 

reading speed was less affected by word frequency were more accurate. This result 

supports the notion that high-quality lexical knowledge characterizes skilled reading 

(Perfetti, 2007), with strong knowledge of lexical print-to-sound statistics contributing to 

lexical quality. Notably, at a given level of frequency sensitivity, greater regularity 
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sensitivity related to higher word reading accuracy. Cooperative reliance on both lexical 

and sublexical processing thus facilitates accurate reading. The positive correlation 

between frequency sensitivity and regularity sensitivity suggests that readers with 

inefficient lexical processing tend to rely more on sublexical processing for accurate 

word reading. The most accurate readers are thus the outliers from this relationship who 

demonstrate strong lexical and sublexical knowledge. Given the positive correlation 

between frequency sensitivity and regularity sensitivity, studies that use the magnitude of 

the regularity effect to quantify individual differences in semantic reliance in reading 

(Hoffman et al., 2015; Woollams et al., 2016) are at least partially confounded by 

individual differences in lexical reading efficiency. The relative contributions of lexical 

and sublexical processing likely varies across words based on how well a particular 

word’s print-to-sound statistics have been learned by the reader (Share, 1995). Overall, 

any differential reliance on lexical and sublexical processing partly reflects the quality of 

the reader’s knowledge of the statistics of the written language. By linking lexical and 

sublexical processing speed with accuracy, our results highlight the central role of the 

learned knowledge of systematicities between print and sound in reading.  

Our analyses of pseudoword reading revealed that efficient sublexical readers 

have superior knowledge of sublexical spelling-to-sound statistics. At the group-level, 

participants were most likely to read accurately and quickly and to produce a regular 

pronunciation when the pseudoword’s orthographic body was statistically regular. These 

results are consistent with prior studies demonstrating that adult readers utilize 

knowledge of body-to-sound statistics to read pseudowords (Andrews, 1982; Glushko, 

1979; Treiman et al., 2003). However, our results also indicate that adult readers vary in 
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their knowledge of sublexical statistics. Specifically, some readers demonstrated greater 

sensitivity to infrequent (irregular) body-to-sound mappings in pseudoword reading. 

These irregularity-sensitive readers were more accurate readers of both pseudowords and 

words. Irregularity-sensitive individuals’ mastery of spelling-to-sound statistics is 

evidenced by their higher propensity to produce the most common (regular) spelling-to-

sound mappings on pseudowords and by their particularly fast reading of regular real 

words. These results are most consistent with connectionist implementations of 

sublexical reading, which propose that knowledge of graded spelling-to-sound 

regularities supports the reading of both known and novel words (Harm & Seidenberg, 

2004; Perry et al., 2007; Plaut et al., 1996). The finding that the best adult readers are 

sensitive to sublexical spelling-to-sound statistics complements recent evidence that the 

best early readers are sensitive to sublexical spelling-to-sound statistics (Siegelman et al., 

2020). Future research will be needed to determine whether individual differences in 

sensitivity to print-to-sound frequencies emerge as a result of differences in print 

exposure, vocabulary knowledge, reading instruction, cognitive capacities, or an 

individual’s inherent ability to learn print-to-sound mappings (e.g., Andrews & Lo, 2012; 

Bhattacharya & Ehri, 2004; Yap et al., 2012).  

Our analyses of individual differences indicate that adult reading skill is tied to 

knowledge of print-to-sound statistics. However, our group-level analyses support the 

notion that all major components of word identity (word spellings, pronunciations, and 

meanings) contribute to word reading (Harm & Seidenberg, 2004; Perfetti et al., 2005; 

Plaut et al., 1996). The extent to which word meanings contribute significantly to skilled 

reading beyond word comprehension is debated (Coltheart et al., 2010; Woollams et al., 



 56 

2007). Our finding of an interaction of regularity and imageability in reading accuracy 

and speed, controlling for effects of age of acquisition and frequency, provides additional 

evidence for word meanings influencing the computation of sound from print (Strain et 

al., 2002). The mapping from print to meaning, which is more arbitrary than the mapping 

from print to sound, may facilitate reading aloud particularly when a word is comprised 

of infrequent spelling-to-sound mappings. Irregular words with less easily accessed or 

specified meanings may reveal how robustly the reader has learned irregular spelling-to-

sound mappings. Our finding of an effect of word meaning during difficult spelling-to-

sound translation provides motivation to implement semantic systems in computational 

models of reading aloud (e.g., Coltheart et al., 2001; Perry et al., 2007), which would 

help clarify the mechanism through which semantics influences reading aloud. 

Overall, our analyses of how word features drive reading performance and how 

these effects vary across individuals implicate learned print-to-sound statistics as a 

parsimonious account of between-word variation in reading difficulty and between-reader 

variation in reading skill. The lexical and sublexical reading processes both reflect the 

frequencies at which print-to-sound mappings are encountered by the reader. 

Consequently, the frequencies of print-to-sound mappings primarily govern the difficulty 

of computing a letter string’s pronunciation. Infrequent words, words comprised of 

infrequent spelling-to-sound mappings, and novel words whose spellings are not reliably 

associated with known pronunciations are thus harder to read. Word meanings may help 

access a known word’s pronunciation when learned spelling-to-sound statistics cannot be 

used to reliably decode the word. Individual variation in skilled reading is dictated by the 

degree to which lexical and sublexical print-to-sound statistics have been learned. A 
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primary goal of literacy acquisition perhaps should be to acquire rich knowledge of 

spelling-to-sound statistics across multiple grain sizes of orthography, such as the letter, 

the orthographic body, and the whole word. Difficulty learning the statistics of written 

language should be further investigated as a potential cause of reading impairment in 

developmental dyslexia, and loss of access to or knowledge of these statistics should be 

investigated as a symptom of acquired dyslexia.  
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Table 2.1. Summary of group effects and individual differences in reading aloud 
words and pseudowords. 

 Effect Description 
Real Word Group Effects Frequency High frequency words are read 

     more accurately/quickly than 
     low frequency words 

 Regularity Regular words are read more 
     accurately/quickly than 
     irregular words 

 Regularity × Frequency 
     Interaction 

Regularity effect is larger at low 
     frequency  

 Regularity × Imageability 
     Interaction 

Regularity effect is larger at low 
     imageability 

Pseudoword Group Effects Regular Body-to-sound 
     Frequency 

Pseudowords with highly 
     regular bodies are read more 
     accurately/quickly and elicit 
     regular responses more often 

 Irregular Body-to-sound 
     Frequency 

A higher frequency of the 
     irregular mapping can 
     increase the likelihood of the 
     irregular pronunciation   

Real Word Individual 
Differences 

Frequency Less of a frequency effect on 
     response time relates to 
     higher accuracy reading words 

 Regularity More of a regularity effect on 
     response time relates to 
     higher accuracy reading words 

Pseudoword Individual 
Differences 

Irregular Body-to-sound 
     Frequency 

Greater sensitivity to 
     irregular mappings in 
     response time relates to 
     higher accuracy reading 
     pseudowords/words, and 
     faster reading of regular words 
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Figure 2.1. Group-level effects of frequency, spelling-to-sound regularity, and 
imageability on reading aloud accuracy and response time. A) Raw subject mean 

accuracy by word frequency, regularity, and imageability. A logistic mixed model (5998 
observations) incorporating trial-level data revealed significant main effects of frequency 

and regularity, and an interaction of regularity and imageability (P < .05). Significant 
post-hoc pairwise contrasts of marginal mean accuracies for regular versus irregular 
words are marked (*P < .05, **P < .001).  B) Raw subject mean response time on 

accurate responses by word frequency, regularity and imageability. A linear mixed model 
(5748 observations) incorporating trial-level data revealed significant main effects of 

frequency and regularity, and interactions of regularity and frequency and of regularity 
and imageability (P < .05). Significant post-hoc pairwise contrasts of marginal mean 
response times for regular versus irregular words are marked (*P < .05, **P < .001). 

Dots represent raw subject-level means. Grey lines connect paired values within subjects. 
Dots and lines are jittered along the x-axis for visualization. See Supplementary Tables 

A.7-8 for associated mixed model estimates.  
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Figure 2.2. Group-level effects of body-to-sound statistics on pseudoword reading 
accuracy and speed. A) Predicted probability of an accurate response on pseudowords. 
A logistic mixed model of accuracy (1791 observations) revealed that a higher frequency 
of the regular body-to-sound mapping related to higher accuracy (P < .05). B) Predicted 

response time of accurate responses on pseudowords. A linear mixed model (1701 
observations) revealed that a higher frequency of the regular body-to-sound mapping 

related to faster response times on pseudowords (P < .05). Inverse response times (-1000 
/ response time) were coordinate transformed into raw response time in milliseconds for 

visualization. See Supplementary Tables A.11-12 for full model estimates.   
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Figure 2.3. Group-level relationships between pseudoword body-to-sound statistics 
and the pronunciation elicited. A) Predicted probability of a regular pronunciation on 

all pseudowords. A logistic mixed model of pronunciation type in relation to the 
frequencies of the regular and irregular mappings (1711 observations) revealed that a 

higher frequency of the regular body-to-sound mapping related to a higher probability of 
a regular pronunciation on accurate trials (P < .05). A response was classified as regular 
if it followed the most typical grapheme-to-phoneme correspondences (e.g., pronouncing 
chead to rhyme with “bead”). B) Predicted probability of an irregular pronunciation on 

ambiguous pseudowords. A logistic mixed model of pronunciation type (572 
observations) revealed an interaction between the frequencies of the regular and irregular 
body-to-sound mappings (P < .05). Simple slopes analyses of this interaction indicated 

that the probability of an irregular pronunciation related to the frequency of the irregular 
mapping only when the frequency of the competing regular mapping was higher than 

average (P < .001 at +1 SD of the regular mapping frequency). A response was classified 
as irregular if the pronunciation was consistent with an irregular body neighbor (e.g., 

pronouncing chead to rhyme with “head”). See Supplementary Tables A.14-15 for full 
model estimates.    
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Figure 2.4. Individual sensitivity to frequency and sensitivity to regularity relate to 
accuracy reading real words. A) Correlation between sensitivities to word frequency 

and regularity in response time (r(28) = 0.58, P < .001). B) Relationship between 
frequency sensitivity and accuracy on real words. The x-axis represents frequency 

sensitivity after regressing out regularity sensitivity. A logistic mixed model of accuracy 
incorporating trial-level data (5998 observations) revealed that lower sensitivity to word 
frequency related to higher accuracy on real words, covarying regularity sensitivity (P < 
.001). C) Relationship between regularity sensitivity and accuracy on real words. The x-
axis represents regularity sensitivity after regressing out frequency sensitivity. A logistic 
mixed model of accuracy incorporating trial-level data (5998 observations) revealed that 

higher sensitivity to regularity related to higher accuracy on real words, covarying 
frequency sensitivity (P = .009). Dashed blue lines represent the correlational trend. See 

Supplementary Table A.16 for full model estimates.  
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Figure 2.5. Sensitivity to irregular mappings in pseudoword reading relates to the 
accuracy, output, and speed of decoding. In reading pseudowords, subjects varied in 
the extent to which their response times slowed down in proportion to the frequency of 
the irregular body-to-sound mapping (LRT 𝜒2(1) = 33.74, P < .001). We refer to this as 
Sensitivity to Irregular Mappings (SIM), where greater SIM indicates slower response 
times. Subject SIMs were then re-estimated as fixed effects through individual linear 
regressions of response time. A) Subject accuracy on pseudowords as a function of 

subject SIM. A logistic mixed model of accuracy on pseudowords incorporating trial-
level data (1791 observations) revealed that greater SIM predicted higher accuracy 

reading pseudowords (P < .05) B) The number of regular pronunciations produced on 
pseudowords as a function of subject SIM. A logistic mixed model of correct responses 

to pseudowords (1711 observations) revealed that greater SIM predicted a higher 
likelihood of a regular response, as opposed to an irregular or otherwise plausible 

response (P < .01). C) Subject mean response times on ambiguous pseudowords as a 
function of SIM and pronunciation type. A linear mixed regression of response time on 
ambiguous pseudowords (559 observations) revealed that response type (regular versus 
irregular) interacted with subject SIM (P < 0.01), such that subjects with greater SIM 

were particularly slow with they produced the irregular pronunciation. Across subjects, 
irregular pronunciations took longer to produce in general (P < .05). Dashed lines 

represent correlational trends in the raw data. Subject mean response times on ambiguous 
pseudowords exclude outlier trials (greater than 1.5 x interquartile range). See 

Supplementary Tables A.17-19 for full model estimates.  
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Figure 2.6. Sensitivity to irregular mappings (SIM) in pseudoword reading relates to 
accuracy and speed in real word reading. A) Subject mean accuracy reading real 

words by SIM in reading pseudowords. A logistic mixed model incorporating trial-level 
data (5998 observations) revealed that higher SIM related to a higher probability of an 
accurate response reading real words (P < .05). B) Subject mean response time reading 

regular and irregular words by SIM in reading pseudowords. The grey lines connect 
paired observations within a subject. A linear mixed model incorporating trial-level data 

(5748 observations) revealed that SIM interacted with word regularity in predicting 
response times (P < .05), in addition to higher SIM marginally relating to faster response 

times overall (P = .066). Simple slopes analysis indicated that individuals with higher 
SIM in pseudoword reading were particular fast readers of regular words. The 

unstandardized simple slopes of the regularity effect in real word reading at -1 and +1 
standard deviation of SIM were -89 and -134 respectively (P < .01). The dashed lines 

represent correlational trends in the raw data. See Supplementary Tables A.20-21 for full 
model estimates.   
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CHAPTER 3 

Localization of Phonological and Semantic Contributions to Reading 

Introduction  

Localization of critical components of the reading network is a matter of 

longstanding investigation (Dejerine, 1892). Seminal studies of patients with alexia, an 

acquired disorder of reading, contributed to the positing of at least two reading 

mechanisms: a phonological procedure through which sound is decoded from print and a 

lexical-semantic procedure through which whole-word knowledge is accessed (Marshall 

and Newcombe, 1973; Coltheart, M., Patterson, K., & Marshall, 1980; Patterson et al., 

1985). Impairments in phonological and lexical-semantic reading processes manifest as 

specific reading deficits observed in alexia syndromes, which are defined by the type of 

words the patient reads inaccurately. In the case of the non-visual “central” alexias (i.e., 

phonological, surface, and deep alexia; Coslett & Turkeltaub, 2016), the dimensions of 

lexicality (word versus pseudoword), orthographic regularity (regular versus irregular 

grapheme-phoneme correspondences), and concreteness (concrete versus abstract 

meaning) are defining. Notably, localization of neural contributions to phonological and 

lexical-semantic reading remain unclear, and the degree to which reading depends on the 

neurocognitive architecture of the more general, or “primary”, systems of phonology and 

semantics is debated (Woollams, 2014). 

── 

Citation: Dickens, J. V., Fama, M. E., DeMarco, A. T., Lacey, E. H., Friedman, R. B., & 
Turkeltaub, P. E. (2019). Localization of phonological and semantic contributions to 
reading. Journal of Neuroscience, 39(27), 5361-5368. 
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An effect of lexicality in which pseudowords are read less accurately than real 

words is the hallmark of phonological alexia (Beauvois and Derousené, 1979). Whereas 

both phonological and lexical-semantic processing support real words, novel letter strings 

(e.g., twuv) lack lexical-semantic support and rely on direct phonological translation from 

print. Attempts to identify a critical lesion site for phonological alexia have yielded 

inconsistent results throughout perisylvian cortex (Lambon Ralph and Graham, 2000; 

Rapcsak et al., 2009; Ripamonti et al., 2014).  

Deep alexia may be thought of as a severe form of phonological alexia with 

concomitant semantic impairment (Friedman, 1996). An effect of concreteness in which 

words with abstract meanings are read less accurately than words with referents highly 

available to the senses is thus characteristic of deep alexia and, in some cases, 

phonological alexia (Friedman, 2002). Examination of acquired concreteness effects in 

reading are limited to lesion-syndrome studies of deep and phonological alexia, with 

lesioned left insula being implicated in a non-statistical subtraction analysis of ten 

phonological alexics (Ripamonti et al., 2014). Within the broader literature on semantic 

cognition, EEG (Adorni and Proverbio, 2012), fMRI (Binder et al., 2009; Wang et al., 

2010), PET (Binder et al., 2009; Wang et al., 2010), and lesion studies (Warrington, 

1981; Loiselle et al., 2012; Joubert et al., 2017) suggest dissociable systems for abstract 

and concrete concepts, with abstract and concrete concepts perhaps relying more on 

verbal perisylvian and perceptual extrasylvian regions, respectively (Binder et al., 2009). 

Importantly, for the goals of the current study, the neural basis for the processing 

advantage of concrete words is unknown. 
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The hallmark of surface alexia is an effect of orthographic regularity in which 

words with irregular grapheme-phoneme correspondences (e.g., yacht) are read less 

accurately than words with regular grapheme-phoneme correspondences and 

pseudowords (Marshall and Newcombe, 1973). Typical grapheme-phoneme 

correspondences yield incorrect pronunciations of irregular words (i.e., regularization 

errors). Thus, access to whole-word knowledge either at the level of the orthographic 

word form or lexical semantics is thought to support correct reading of irregular words. 

Surface alexia is associated with semantic dementia, a disorder characterized by gradual 

atrophy of the temporal lobes (Woollams et al., 2007), and is less common in individuals 

with focal lesions.  

Overall, previous lesion studies of acquired reading deficits have pursued 

syndrome-based localization in which lesions are analyzed in relation to categorical 

diagnoses based on clustering of behavioral deficits. Despite its merits, this approach 

precludes examination of the full spectrum of reading performance and lesion-behavior 

associations in the broader patient population. This paper examines the brain areas 

critical for reading words that vary in lexicality, regularity, and concreteness in left 

hemisphere stroke survivors not pre-selected for alexia. Using multivariate lesion-

symptom mapping to localize brain areas critical for reading words differentially 

dependent on phonological and lexical-semantic processing, we aim to identify brain 

networks underlying these processes. 
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Methods 

Participants 

Participants were 73 native English-speaking adults (spoken since age ≤ 5) with 

chronic left hemisphere ischemic or hemorrhagic stroke (Table 3.1). All participants 

were drawn from a larger study investigating the brain basis of aphasia recovery and had 

at least 10 years of education and adequate vision with correction and hearing. Exclusion 

criteria were a history of stroke outside the left hemisphere, significant brain injury, or 

other significant neurological and psychiatric disorder. All participants performed the 

pseudoword reading task, while a subset of 48 also performed the regular/irregular and 

concrete/abstract word reading tasks. The Georgetown University Institutional Review 

Board approved the study protocol, and all participants gave written informed consent. 

 

Oral Reading Battery 

Participants completed a battery in which they read aloud words that varied along 

the dimensions of lexicality, orthographic regularity, and concreteness. There were three 

pairs of matched lists: pseudowords and regularly spelled real words, regular words and 

irregular words, and concrete words and abstract words (Table 3.2). The 

word/pseudoword list consisted of 20 pairs of monosyllabic strings of 3-4 letters in order 

to minimize articulatory complexity, with pseudowords differing from the matched 

regular words by one letter. The regular/irregular word list consisted of 15 word pairs 

selected from PALPA 35 (Kay et al., 1996) and matched on letter length, CELEX log10 

word form frequency (Baayen et al., 1995), bigram frequency (Medler and Binder, 2005), 

and concreteness (Brysbaert et al., 2014). The concrete/abstract word list consisted of 30 
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word pairs matched on letter length, log10 frequency, and bigram frequency. Each pair of 

matched lists constituted its own block in the session. Within a block, an item from the 

matched lists was presented pseudorandomly at the center of fixation on a computer 

screen in Calibri font (size 44) via PowerPoint. Each item was cued by a beep, and 

participants had 10 seconds to read the item aloud and end the trial via a key press. 

Responses were recorded digitally, scored online, and rescored offline as either correct 

(1) or incorrect (0) based on the first complete response. Overall accuracy scores in 

reading aloud each of the six item categories served as the behavioral outcomes of 

interest.  

 

Image Acquisition  

Participants completed a single scanning session in the Center for Functional and 

Molecular Imaging at Georgetown University. Images were acquired on a 3T Siemens 

Trio scanner using a 12-channel head coil. For each patient, a high-resolution T1-

weighted magnetization prepared rapid gradient echo (MPRAGE) sequence was acquired 

with the following parameters: 176 sagittal slices; slice thickness = 1 mm, field of view 

(FOV) 250×250 mm; matrix = 256×256; repetition time (TR) = 1900 ms; echo time (TE) 

= 2.52 ms; inversion time (TI) = 900 ms; flip angle = 9°, voxel size = 1×1×1 mm. 

Additionally, a T2-weighted sampling perfection with application optimized contrasts 

using different flip angle evolution (SPACE) sequence was acquired with the following 

parameters: 176 sagittal slices; slice thickness = 1.25 mm, FOV = 240×240 mm; matrix = 

384×384; TR = 3200 ms; echo train length = 145, variable TE; variable flip angle, voxel 

size = 0.625×0.625×1.25 mm.  



 70 

Lesion Tracing and Normalization 

Lesion masks were manually segmented on each participant’s MPRAGE using 

ITK-SNAP software (Yushkevich et al., 2006; http://www.itksnap.org/) by author P.E.T., 

a board-certified neurologist. T2-weighted structural images were referenced for 

additional sensitivity to white matter lesions within the vascular distribution of the stroke. 

Native space MPRAGEs and lesion tracings were warped to MNI space using the 

Clinical Toolbox Older Adult Template as the target template (Rorden et al., 2012) via a 

custom pipeline. First, brain parenchyma was extracted from each native space image by 

applying a mask intended to minimize the clipping of gray matter edges. The initial mask 

was generated by combining the lesion tracing image (binarized) with white and gray 

matter tissue probability maps generated by the unified segmentation procedure in 

SPM12 (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) applied to the original 

native space image, cost-function masked with the lesion tracing. The resulting mask was 

blurred and inverted to remove non-brain tissue from the image. The resulting brain 

extracted image was then normalized using Advanced Normalization Tools software 

(ANTs; http://picsl.upenn.edu/software/ants/; Avants et al., 2011). Lesion masking was 

used at each step of the ANTs process. After bias field correction was applied, 

normalization proceeded using a typical ANTs procedure, including a rigid transform 

step, an affine transform step, and a nonlinear SyN step. Next, the output of this initial 

ANTs warp was recursively submitted to three additional applications of the SyN step. 

Finally, the resulting linear (rigid and affine) and four nonlinear warp fields were 

concatenated and the original native space MPRAGE and lesion tracings were 

transformed to the template space using BSpline interpolation. This iterative application 
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of nonlinear warping was intended to improve normalization of expanded ventricles and 

displaced deep structures in individuals with large lesions. The normalized lesion tracings 

were finally downsampled to 2.5 mm3. 

 

Multivariate Lesion-Symptom Mapping 

We applied a multivariate LSM technique, support vector regression lesion-

symptom mapping (SVR-LSM; Zhang et al., 2014), in order to localize brain areas 

critical for phonological and lexical-semantic reading processes. Given the non-random 

nature of lesion distributions and the resultant autocorrelation of voxel lesion status, 

univariate methods such as voxel-based lesion-symptom mapping (VLSM; Bates et al., 

2003) are vulnerable to mislocalization, especially when multiple brain areas support the 

process of interest (Mah et al., 2014). In this study, consideration of lesion covariance is 

particularly important because reading relies on a distributed network of coordinated 

regions (Turkeltaub et al., 2002; Price, 2012). SVR-LSM considers the lesion status of all 

voxels in a single regression model and is less vulnerable to lesion mislocalization and 

more sensitive to nonlinear relationships (Zhang et al., 2014). We applied SVR-LSM in 

MATLAB R2017b via a graphical user interface implementation developed by our lab 

(DeMarco and Turkeltaub, 2018; https://github.com/atdemarco/svrlsmgui/). Only voxels 

lesioned in at least 10% of participants were included in each analysis. We controlled for 

effects of lesion volume on reading accuracy by regressing lesion volume on both the 

lesion data and behavioral outcomes of interest, a method that eliminates lesion volume 

biases while maintaining sensitivity to lesion-behavior relationships (DeMarco and 

Turkeltaub, 2018). Six SVR-LSM analyses were run to identify lesions associated with 
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inaccurate reading of pseudowords, real words, regular words, irregular words, concrete 

words, and abstract words; accuracy on the word type of interest served as the dependent 

variable in each of these analyses. To isolate the effects of interest in the reading scores, 

accuracy on the corresponding control task was covaried with both the reading score of 

interest and the lesion data (e.g., for the analysis on concrete word reading, abstract word 

reading was included as a covariate in order to isolate the effects of high concreteness). 

Regardless of word type, reading engages similar visual, phonological, semantic, 

executive, and motor output processes. In a population of stroke survivors not pre-

selected for alexia syndromes, strong dissociations across tasks are unlikely. Covarying 

performance on the matched reading task enables estimation of the typical post-stroke 

relationship between reading 1) pseudowords and real words, 2) regular and irregular 

words, and 3) concrete and abstract words, and whether deviations from these typical 

relationships relate to lesion distribution. In other words, the lesion symptom mapping 

analyses tested whether performance on the word type of interest was worse than is 

typical, as determined through the relationship with the matched word type. This 

approach controls for all the shared processes across word types—e.g., vision, speech 

production—and isolates the processes that are differentially important for reading each 

word type.  Significance was determined using a permutation-based approach in which 

the behavioral scores were randomly reassigned to participants and SVR-beta-value maps 

were generated for each of 10,000 permutations. SVR-beta values were catalogued on a 

voxelwise basis and thresholded at P < .005. To correct these maps for multiple 

comparisons, a cluster size threshold was applied to achieve a family-wise error rate of 

.05 based on the largest cluster in each of the voxelwise thresholded permutation maps. 
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This permutation approach minimizes the effects of lesion autocorrelation in lesion-

symptom mapping analyses (Kimberg et al., 2007). Overall, clusters identified through 

SVR-LSM represent lesions that account for additional variance in performance reading 

the word type of interest over and above the variance captured by performance on the 

control reading task. 

 

Results 

Participants demonstrated a wide range of reading abilities, as indicated by the 

large variance relative to total points possible (Table 3.3). Figure 3.1 shows the 

relationship between paired tasks as estimated through linear regression. The best-fit lines 

(Figure 3.1) and the mean difference in performance between paired tasks (Table 3.3) 

demonstrate that, on average, participants tended to perform equally well on regular and 

irregular words, while participants tended to perform slightly less well on abstract words 

compared to concrete words. The majority of subjects read pseudowords less accurately 

than the matched real words or were otherwise equally accurate on both. To examine how 

general decoding ability related to effects of regularity and concreteness on reading 

accuracy in the 48 subjects who completed all reading tasks, accuracy on pseudowords 

was correlated with the difference in accuracy between 1) regular and irregular words and 

2) concrete and abstract words. Pseudoword reading accuracy correlated positively with 

the difference in accuracy between regular and irregular words (r = .38, P = .008). Thus, 

poorer decoding ability related to less of an advantage for regular words over irregular 

words. Pseudoword reading accuracy did not correlate with the difference in accuracy on 

concrete and abstract words (r = .01, P = .935). 
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Since the matched tasks were included as covariates for lesion-symptom mapping, 

deviations from the relationship between paired tasks (i.e., the residuals from the best-fit 

lines; Figure 3.1) reflect the individual variations in post-stroke effects of lexicality, 

regularity, and concreteness. These residuals are the values that were tested for 

relationships with lesion distribution during lesion-symptom mapping. Specifically, the 

SVR-LSM analyses tested whether lesion distribution systematically related to worse 

performance on the word type of interest given its typical relationship with the matched 

word type (Figure 3.1).  

Figure 3.2 shows the lesion overlap maps of the entire participant pool (Figure 

3.2A; n = 73) and of the subset who completed the full reading battery (Figure 3.2B; n = 

48). These lesion maps demonstrate broad coverage of frontal, parietal, and superior 

temporal areas involved in reading and language processing. Notably, lesion coverage in 

ventral occipitotemporal areas important for reading was not adequate for inclusion in 

analyses.  

SVR-LSM analyses yielded significant clusters associated with less accurate 

reading of regular words and concrete words relative to their matched control word types, 

as well as a borderline significant cluster for pseudowords (Figure 3.3). Lesions to left 

ventral precentral gyrus related to less accurate reading of pseudowords (cluster size = 

4063 mm3, cluster P = .051). Lesions to left planum temporale, anterior supramarginal 

gyrus, ventral postcentral gyrus, central/posterior insula, and ventral precentral gyrus 

related to less accurate reading of regular words (cluster size = 18813 mm3, cluster P = 

.004); this cluster’s extension into ventral precentral gyrus nearly fully encompassed the 

cluster associated with inaccurate pseudoword reading (note magenta in Figure 3.3). 
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Lesions to pars orbitalis and pars triangularis of left inferior frontal gyrus and left anterior 

insula related to less accurate reading of concrete words (cluster size = 4656 mm3, P = 

.049). No clusters survived correction for multiple comparisons for inaccurate reading of 

real words relative to pseudowords, abstract words relative to concrete words, and 

irregular words relative to regular words. Table 3.4 summarizes the size, location, and 

center of mass of the clusters identified through SVR-LSM, as well as the maximal 

amount of lesion overlap between subjects within each cluster. 

 

Discussion 

The neuroanatomical bases for phonological and semantic contributions to 

reading are underspecified. Our multivariate LSM analyses demonstrated specific regions 

essential for effects of lexicality, orthographic regularity, and concreteness in reading. 

Building on activation studies that suggested reading relies on a distributed network 

(Turkeltaub et al., 2002; Price, 2012; Martin et al., 2015), our application of SVR-LSM to 

a cohort of stroke survivors with variable reading impairments provides evidence for 

phonological decoding of print depending on dorsal perisylvian areas subserving sound-

motor integration (Vigneau et al., 2006; Hickok and Poeppel, 2007) and for semantic 

influences on reading depending on frontal cortex subserving semantic control (Lambon 

Ralph et al., 2017). Consistent with the primary systems hypothesis that reading is 

instantiated within the general architecture of phonology and semantics (Patterson and 

Lambon Ralph, 1999), the perisylvian and frontal clusters correspond to cortex 

previously identified through SVR-LSM as critical for phonological working memory 

and word retrieval, respectively (Lacey et al., 2017).  
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An acquired deficit in reading pseudowords (i.e., phonological alexia) has been 

associated with circumscribed and expansive lesions throughout perisylvian cortex 

(Lambon Ralph and Graham, 2000; Rapcsak et al., 2009; Ripamonti et al., 2014) that 

likely constitutes a network subserving phonology (Vigneau et al., 2006). While our 

results implicating cortex associated with pseudoword reading more than real word 

reading and regular word reading more than irregular word reading cannot speak to a 

nonlexical mapping procedure specialized for reading (Coltheart et al., 2001; Nickels et 

al., 2008), they are consistent with the primary systems view (Woollams, 2014) of 

phonological decoding relying on perisylvian circuits subserving articulatory (ventral 

precentral gyrus and insula), auditory (planum temporale), and somatosensory (ventral 

postcentral and supramarginal gyri) contributions to phonology. Moreover, the finding 

that lesions to these perisylvian areas related more to deficits in regular word reading than 

deficits in irregular word reading aligns with the proposal that direct phonological 

decoding best subserves regular words (Plaut, 1997). It would thus be expected that poor 

general decoding ability, as indexed through pseudoword reading accuracy, would 

correlate with less of an advantage of regular words over irregular words; this was indeed 

the case.  

Consideration of the role the implicated regions play in both reading and language 

may elucidate the functional organization of this dorsal decoding system. First, the 

relationship of lesioned ventral precentral gyrus (vPG) with deficits in pseudoword 

reading more than real word reading and in regular word reading more than irregular 

word reading supports a critical role for articulatory mapping (Pulvermuller et al., 2006) 

during decoding. Involvement of vPG is unlikely to reflect articulatory complexity given 
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our closely matched control words (Table 3.2). Compared to familiar words, 

pseudowords may tax this decoding system and require greater support from articulatory 

representations subserved by vPG. Indeed, pseudowords consistently activate left frontal 

operculum more than words during reading and spelling (Jobard et al., 2003; DeMarco et 

al., 2017). Additionally, real words tend to show no unique activations compared to 

pseudowords or show activations suggestive of semantic engagement (Binder et al., 

2009; Price, 2012; Taylor et al., 2013). Although insular contributions to decoding are 

unclear, our reported association of lesioned central/posterior insula with reduced regular 

word reading accuracy is consistent with insular involvement in articulatory control 

(Dronkers, 1996), sensorimotor integration (Chang et al., 2013), and reading (Ripamonti 

et al., 2014).  

The implication of lesioned left planum temporale (PT) with reduced regular 

word reading accuracy suggests auditory representations contribute to decoding. PT 

activity relates to sublexical speech perception (Turkeltaub and Coslett, 2010; Schwartz 

et al., 2012; Mirman et al., 2015), letter and speech sound congruity (Van Atteveldt et al., 

2004), and literacy acquisition (Dehaene et al., 2010). PT may also be a substrate for 

sensory-motor integration in auditory and speech processing (Hickok et al., 2008), with 

lesioned PT relating to phonological working memory deficits and conduction aphasia 

(Buchsbaum et al., 2011). Thus, PT may be an essential interface (Dehaene, 2009) 

between the occipitotemporal visual word recognition system (Vinckier et al., 2007) and 

the dorsal auditory-motor system (Hickok and Poeppel, 2007). The relationship of 

lesioned anterior supramarginal gyrus (SMG) with reduced regular word reading 

accuracy is consistent with the relationship of SMG density with reading aloud in central 
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alexics (Aguilar et al., 2018) and SMG’s role in phonemic (Turkeltaub and Coslett, 2010; 

Schwartz et al., 2012) and nonlexical order processing (Papagno et al., 2017; Savill et al., 

2018). Together with ventral postcentral gyrus, SMG may underlie somatosensory 

contributions to phonology (Hickok, 2012). Overall, these findings point to a decoding 

procedure emergent from interactions between left-lateralized auditory, somatosensory, 

and articulatory cortex.  

The lexical-semantic route is probably the less understood of the two 

hypothesized reading pathways. In particular, semantic influences on reading aloud are 

controversial (Taylor et al., 2015), with dual route models holding that the semantic 

system is inconsequential for mapping orthography to phonology (Coltheart, 2001; Perry 

et al., 2007). Previous studies of normal reading demonstrated an imageability by 

regularity interaction (Strain et al., 1995, 2002; Cortese et al., 1997) such that mappings 

to highly imageable concepts support phonological access from poorly decodable words. 

Our SVR-LSM result implicating lesioned left anterior inferior frontal gyrus (IFG), an 

area critical for semantic control (Lambon Ralph et al., 2017), with reduced concrete 

word reading accuracy suggests that semantic effects on reading aloud depend on an 

intact semantic control network. The support afforded by high imageability in accessing 

lexical phonological representations (e.g., Cortese et al., 1997) may thus depend on the 

ability for a semantic control system centered in left anterior IFG (Lambon Ralph et al., 

2017) to select the appropriate concrete semantic representation. The implication of 

lesioned IFG with reduced accuracy on concrete words contrasts somewhat with fMRI 

evidence suggesting that abstract words tax the semantic control system (Hoffman et al., 

2015a). However, our results complement studies implicating temporal damage with 
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selective impairment of processing concrete concepts, namely in patients with anterior 

temporal atrophy (Bonner et al., 2009; Joubert et al., 2017) and selective anterior 

temporal lobe resection (Loiselle et al., 2012). Such patients are impaired at the level of 

semantic representation, while stroke survivors are often impaired in semantic access 

(Jefferies and Lambon Ralph, 2006). Our identification of a lesion site critical for 

semantic control as opposed to representation (e.g., anterior temporal cortex) is expected. 

Our results suggest that computational models of reading could benefit from 

incorporating a cognitive control system to better account for variability in naming words 

of differing semantic content. 

It is notable that we did not identify lesions related to the reading of abstract 

words more than concrete words. Impaired reading of abstract words has been noted in 

the context of significant phonological processing deficits due to left perisylvian damage. 

Impaired phonological decoding may force the patient to rely on a lexical-semantic route 

ill-fit for supporting phonological access from words connected to concepts sparsely 

represented in extrasylvian association cortex (Friedman, 2002; Binder et al., 2009). 

Thus, one might expect that lesions similar to those identified for regular word and 

pseudoword reading would relate to abstract word reading, but we did not find such a 

relationship. The null result for abstract words may suggest that while the decoding 

system supports the reading of both abstract and concrete words, the semantic system 

provides stronger support for concrete words. Given that we covaried accuracy on 

concrete words in the SVR-LSM analysis of abstract words, performance on abstract 

words may not capture additional unique variance in lesion-behavior associations. It is 

important to note that concrete word reading was modestly affected by anterior inferior 
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frontal lesions (Table 3.3 and Figure 3.1C). This finding is thus of scientific interest 

because of implications for the neurobiology of reading but may be of limited practical 

significance to patients or clinicians.  

That lesioned IFG was not associated with inaccurate reading of irregular words is 

surprising given fMRI evidence for irregular words strongly engaging frontal cortex 

(Mechelli et al., 2005). However, our null result is consistent with a previous LSM study 

of a similar stroke population, which also found no cortex associated with accuracy 

reading irregular words (Binder et al., 2016). Rather, Binder et al. (2016) implicated 

posterior middle temporal gyrus with regularization errors, specifically. Within 

connectionist models, low frequency irregular words are understood as reliant on 

semantics because the phonological route is not adequately trained to support their 

pronunciation (Plaut, 1997). The lack of convergence between fMRI and lesion studies of 

irregular word reading is notable, and future lesion work examining interactions between 

frequency, regularity, and individual differences in semantic reliance (Hoffman et al., 

2015b) is necessary to clarify the anatomical basis of the lexical-semantic route and 

surface alexia. Importantly, our lesion coverage of middle temporal gyrus was modest, 

and coverage of the so-called visual word form area (Cohen et al., 2002) was not 

adequate for inclusion in analyses (Figure 3.2).  

By localizing brain areas critical for reading words differentially dependent on 

phonological and lexical-semantic processing, we aimed to identify brain structures vital 

for these reading mechanisms. Our multivariate LSM analyses implicate a phonological 

decoding process dependent on dorsal perisylvian areas subserving sound-motor 

integration, and a semantic control process dependent on frontal areas that leverage 
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concrete semantic representations to access phonology from print. Furthermore, our 

results highlight the promise of process-based (Binder et al., 2016) as opposed to 

syndrome-based analyses of alexia.  
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Table 3.1. Participant demographic and clinical data. 
Analysis 
Group 

Age Education Sex Chronicity PNT WAB 
Yes/No 

MLU* 

Lexicality 
(n = 73) 

59.38 
(9.67) 

16.05 
(2.98) 

32 F, 41 M 44.46 
(46.76) 

34.1 
(21.2) 

54.9 
(6.3) 

4.3 
(2.4) 

Regularity 
and 

Concreteness 
(n = 48) 

60.10 
(9.77) 

16.42 
(3.09) 

16 F, 32 M 51.54 
(50.67) 

33.4 
(21.5) 

55.1 
(5.4) 

4.2 
(2.6) 

 
Values are shown as means (SD). The lexicality group completed the word/pseudoword 
reading task. The regularity and concreteness group completed the regular/irregular and 
concrete/abstract reading tasks. Age and education are in years. Poststroke chronicity is 
in months. PNT is the Philadelphia Naming Test raw score out of 60 (Roach et al., 1996). 
WAB Yes/No represents the raw score out of 60 on the Yes/No Questions Auditory 
Verbal Comprehension subtest of the Western Aphasia Battery–Revised (Kertesz, 2006). 
MLU is the mean length of utterance on a picture description task. *MLU data not 
available for two participants in regularity/concreteness group and for nine in the 
lexicality group. 
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Table 3.2. Reading battery characteristics.  
 Word Pseudoword Regular Irregular Concrete Abstract 
n 20 20 15 15 30 30 

Letter Length 3.5 
(0.51) 

3.5 
(0.51) 

5.2 
(1.37) 

5.13 
(1.25) 

5.53 
(1.38) 

5.53 
(1.38) 

Log10 Freq 1.48 
(0.69) 

N/A 1.27 
(0.53) 

1.44 
(0.55) 

1.74 
(0.35) 

1.94 
(0.46) 

Bigram Freq 19.57 
(15.80) 

16.02 
(13.39) 

15.58 
(8.90) 

18.74 
(9.26) 

21.96 
(10.66) 

23.83 
(12.27) 

Concreteness 4.33 
(0.64) 

N/A 3.68 
(1.21) 

4.24 
(0.83) 

4.76 
(0.20) 

2.24 
(0.55) 

 
Values are shown as means (SD). Log10 freq represents the log10 of the CELEX word 
form frequency per million (Baayen et al., 1995). Bigram freq represents the 
unconstrained CELEX bigram frequency in thousands (Medler and Binder, 2005). 
Concreteness ratings range from 1–5 and are drawn from Brysbaert et al. (2014). 
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Table 3.3 Summary of participant performance on reading battery. 
Effect of 
Interest 

Word Type Mean Accuracy 
(SD) 

Mean Difference 
(SD) 

Range of 
Difference 

Lexicality Word 67% (36) 32% (26) -5% to +95% 
Pseudoword 35% (35)   

Regularity Regular 63% (38) 0% (12) -33 to +27% 
Irregular 63% (36)   

Concreteness Concrete 67% (39) 2% (8) -27 to +23% 
 Abstract 65% (39)   

 
Mean difference indicates the average difference in accuracy between words and 
pseudowords, regular and irregular words, and concrete and abstract words. Range of 
difference indicates the minimum and maximum difference in accuracy between words 
and pseudowords, regular and irregular words, and concrete and abstract words. A total 
of 73 subjects completed the lexicality task; 48 completed the regularity and concreteness 
tasks. 
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Table 3.4. Size and location of SVR-LSM clusters associated with inaccurate 
reading of pseudowords, regular words, and concrete words.  

Word Type Cluster 
Volume 
(mm3) 

Center of Mass 
(MNI) 

Anatomical Sites Maximal 
Lesion Overlap 

(n) 
Pseudowords 4063 -38, -1, 16 Ventral precentral 

     gyrus 
35 

Regular 
words 

18813  -44, -11, 14 Planum temporale 
Supramarginal gyrus 
Ventral postcentral 
     gyrus 
Ventral precentral 
     gyrus 
Central/Posterior 
     Insula 

30 

Concrete 
words 

4656 -44, 28, -6 Pars triangularis 
Pars orbitalis 
Anterior Insula 

17 

 
MNI = Montreal Neurological Institute coordinates. Cluster volume and center of mass 
were generated through our SVR-LSM GUI implementation (DeMarco and Turkeltaub, 
2018; https://github.com/atdemarco/svrlsmgui/). The maximal lesion overlap column 
indicates the largest amount of lesion overlap between subjects within each cluster. 
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Figure 3.1. Relationship between accuracy on paired reading tasks as determined 
through linear regression. A) Matched real words and pseudowords (n = 73). 

Participants tended to read pseudowords less accurately than real words. B) Matched 
irregular and regular words (n = 48). On average, participants read regular words and 
irregular words equally well. C) Matched abstract and concrete words (n = 48). On 

average, participants read abstract words slightly less accurately than concrete words. 
The shaded region around the lines of best fit represent the 95% confidence curves. 
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Figure 3.2. Lesion overlap maps. A) Lesion overlap map of lexicality analysis group (n 
= 73). B) Lesion overlap map of orthographic regularity and concreteness analysis group 

(n = 48). 
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Figure 3.3. SVR-LSM results at voxelwise P < 0.005 and clusterwise FWE P < 0.05, 
with lesion size regressed out of the behavioral and lesion data. A) Inaccurate 

pseudoword reading relative to real word reading localized to left ventral precentral 
gyrus, shown in red (clusterwise P = 0.051). B) Inaccurate regular word reading relative 

to irregular word reading localized to a cluster spanning left planum temporale, 
supramarginal gyrus, ventral postcentral gyrus, ventral precentral gyrus, and 

central/posterior insula, shown in blue (clusterwise P = 0.004). C) Inaccurate concrete 
word reading relative to abstract word reading localized to lesioned left pars orbitalis and 

pars triangularis and left anterior insula, shown in green (clusterwise P = 0.049). D) 
Combined cluster overlays, with magenta representing the overlap between the regular 
word and pseudoword clusters within left precentral gyrus. E) 3D rendering of SVR-
LSM results. No clusters survived correction for multiple comparisons for inaccurate 

reading of real words, abstract words, and irregular words relative to their matched word 
types. 
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CHAPTER 4 
 

Two Types of Phonological Reading Impairment in Stroke Aphasia 
 

Introduction 

Most people with stroke aphasia have co-occurring difficulty in reading, known as 

alexia (Brookshire et al., 2014; Webb & Love, 1983). Accurate reading aloud of known 

and novel words requires the cooperative operation of at least two cognitive processes 

(Harm & Seidenberg, 2004; Marshall & Newcombe, 1973). The first is a lexical process 

that enables the computation of known pronunciations and meanings from print. The 

second is a sublexical process that enables phonological decoding of print. Knowledge of 

the most frequent or probable spelling-to-sound mappings underlies sublexical reading 

(Coltheart et al., 2001; Perry et al., 2007; Plaut et al., 1996). Sublexical reading thus 

enables the reading of novel words. In stroke aphasia, the most common co-morbid alexia 

is an acquired impairment of the sublexical reading process (Brookshire et al., 2014). The 

hallmark symptom in patients with a sublexical reading deficit is a lexicality effect in 

which the reading aloud of pronounceable nonwords (e.g., pseudowords such as mub) is 

selectively impaired relative to the reading aloud of real words (e.g., tub). “Phonological 

alexia” refers to a symptom complex related to sublexical reading impairment, which 

includes a lexicality effect (Beauvois & Derousené, 1979). 

The neurocognitive etiology of sublexical reading impairment in aphasia is not 

fully understood. Phonological alexia was originally described as an alexia without 

comparable aphasia (Beauvois & Derousené, 1979) and has been argued to result from a 

reading-specific impairment, at least in some patients (Coltheart et al., 2001; Friedman, 

1995; Nickels et al., 2008; Tree & Kay, 2006). However, a co-morbid phonological 
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deficit that is not specific to reading is evident in most documented cases of phonological 

alexia (Coltheart, 1996; Fiez et al., 2006; Lambon Ralph & Graham, 2000; Rapcsak et al., 

2009). The common association between phonological alexia and a general phonological 

impairment contributed to the development of the primary systems hypothesis of alexia 

(Patterson & Lambon Ralph, 1999; Woollams, 2014), which asserts that phonological 

alexia is just one manifestation of a patient’s general phonological impairment. Indeed, 

reading is a cultural acquisition that is learned through extensive instruction and practice 

(Dehaene & Cohen, 2007). Reading aloud is thus thought to depend on more 

evolutionarily old, or “primary,” neurocognitive systems, such as phonology. 

Contemporary computational models of reading and phonological alexia treat phonology 

as an unitary system (Harm & Seidenberg, 2004; Nickels et al., 2008; Perry et al., 2007; 

Plaut et al., 1996; Welbourne et al., 2011). Damage to this phonological system results in 

symptoms that are thought to vary according to task difficulty and the severity of 

phonological impairment (Farah, 1996; Fig. 4.1A). For example, pseudoword reading is 

usually harder than pseudoword repetition because the patient has to compute the 

phonological sequence. We refer to the notion of sublexical reading depending on an 

undifferentiated phonological system as the ‘undifferentiated phonological reading 

hypothesis.’ Consistent with the undifferentiated phonological reading hypothesis, 

pseudoword reading impairment has been associated with lesions throughout left 

perisylvian regions that are thought to constitute a distributed phonological network 

(Boukrina et al., 2015; Rapcsak et al., 2009; Ripamonti et al., 2014; Woollams et al., 

2018).  
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Despite the dominant proposition that reading relies at least partially on more 

general language components such as phonology, models of reading have largely been 

developed separately from models of speech processing (Fig. 4.1B). In contrast to 

computational models of reading, contemporary computational and neural models of 

speech processing differentiate sensory (i.e., input) and motor (i.e., output) phonological 

processing, with a sensory-motor integration process linking the two (Hickok, 2012; 

Hickok & Poeppel, 2007; Rauschecker & Scott, 2009; Ueno et al., 2011). Sensory 

phonological processing relies on auditory forms of speech sounds and words, which are 

represented in the superior temporal gyrus and sulcus (Dewitt & Rauschecker, 2012; 

Turkeltaub & Coslett, 2010). These auditory forms enable speech perception and 

comprehension, in addition to providing auditory targets for speech production (Hickok 

et al., 2011). Impaired sensory phonological processing thus impairs auditory 

comprehension (E. Bates et al., 2003; Dronkers et al., 2004; Fridriksson et al., 2018; 

Pillay et al., 2017) and may contribute to post-stroke anomia (Berks, 2001; Buchsbaum et 

al., 2011). Motor phonological processing relies mainly on left ventral precentral gyrus 

and inferior frontal gyrus, which are thought to represent motor plans for phonemes and 

syllables (Hickok, 2012; Indefrey & Levelt, 2004; Miller & Guenther, 2020). Anterior 

insula has also been implicated with impaired motor phonological processing (Dronkers, 

1996; Ogar, Willock, et al., 2006), but there is ongoing debate about the relevance of the 

insula (e.g., Basilakos et al., 2015). Impaired motor phonological processing underlies 

apraxia of speech (Hillis et al., 2004; Trupe et al., 2013), which is characterized by 

symptoms of impaired articulatory planning (e.g., slow speech rate, pauses and 

prolongations, ambiguous or distorted phonemes, and abnormal prosody; Graff-Radford 
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et al., 2014). Sensory-motor integration, a process associated with left posterior planum 

temporale and supramarginal gyrus (Hickok & Poeppel, 2007; Rauschecker & Scott, 

2009), refers to the translation from auditory representations to motor representations. 

Intact sensory-motor integration is thought to be most critical for speech repetition 

(Buchsbaum et al., 2011; Hickok et al., 2008). Different patterns of speech and language 

impairment thus result from impairment of these three phonological subprocesses. In this 

way, models of speech processing explicitly acknowledge that left perisylvian cortex is 

not monolithic in its contributions to phonology, whereas the current primary systems 

account of phonological alexia does not. Fig. 4.1C shows a possible cognitive model of 

reading aloud that expands the phonological system to incorporate these three 

phonological subprocesses common across models of speech processing. 

It has been speculated that subtypes of phonological impairment may be more or 

less relevant to phonological alexia (Farah, 1996; Friedman, 1995). However, it remains 

unknown whether sublexical reading relies on specific phonological subprocesses and, by 

extension, the brain regions subserving these subprocesses. A previous voxel-based 

lesion-symptom mapping study from our group found that strokes involving left ventral 

precentral gyrus (lvPCG) most selectively impaired pseudoword reading relative to word 

reading (Dickens et al., 2019), suggesting that motor phonological processing may be 

particularly important for sublexical reading. Other lesion studies have also demonstrated 

associations between frontal lesions and pseudoword reading impairment (Fiez et al., 

2006; Rapcsak et al., 2009; Ripamonti et al., 2014; Woollams et al., 2018). We refer to 

the possibility of at least partially separable contributions of phonological processing to 

reading ability as the ‘differentiated phonological reading hypothesis.’ Determining 
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precisely how sublexical reading maps onto the architecture of speech processing is 

necessary for developing an integrated model of reading and language that specifies the 

nature of the phonological impairment thought to underlie most phonological alexia cases 

(e.g., Fig. 4.1C). 

The present study utilizes behavioral and neuroanatomical evidence in order to 

distinguish the undifferentiated and differentiated phonological reading hypotheses. First, 

we tested whether post-stroke impairments of sensory phonological processing, motor 

phonological processing, and sensory-motor integration differentially relate to sublexical 

reading impairment. We predicted that a motor phonological processing deficit most 

selectively impairs sublexical reading, as evidenced by a larger post-stroke lexicality 

effect. We then applied a novel structural connectome lesion-symptom mapping approach 

in order to identify the anatomical networks subserving sublexical reading and 

phonological processing. Despite the widely held notion of phonological processing 

depending on a distributed left perisylvian network, no prior study has examined the role 

of structural connectivity in the etiology of acquired phonological reading impairment. 

Within a distributed neural network, damage to processors and connections between 

processors could cause similar phonological deficits. Traditional voxel-based lesion-

symptom mapping is not sensitive to the contributions of specific structural connections 

(e.g., E. Bates et al., 2003), and tract-specific analyses are not sensitive to the 

contributions of specific neural processors (e.g., Ivanova et al., 2016). Our structural 

connectome lesion-symptom mapping approach enables quantification of the pattern of 

structural disconnections between processors, which may clarify how network-level 

disruptions lead to co-morbid deficits in phonological processing and reading. We 
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predicted that disconnections involving lvPCG underlie selective impairments in both 

motor phonological processing and sublexical reading. Our findings clarify the 

neurocognitive bases and symptoms of phonological reading impairment in aphasia and 

motivate a cognitive model of reading aloud that incorporates a sensory-motor 

phonological circuit.  

 

Methods 

Participants 

Participants were 30 adults with left-hemisphere stroke and 37 age- and 

education-matched controls (Table 4.1). All participants were recruited as a part of a 

larger study on the effects of left hemisphere stroke on language and cognition 

(R01DC014960; see Appendix B for additional recruitment information). The stroke 

cohort included 28 subjects in the chronic phase of recovery (> 180 days) and two 

subjects in the subacute phase (58 and 146 days post). One control subject was excluded 

from neuroimaging analyses because of poor diffusion-weighted image quality. The 

Georgetown University Institutional Review Board approved the study protocol, and all 

participants gave written informed consent.  

 

Cognitive Assessments 

Oral Reading Assessment. Participants completed an oral reading assessment 

designed to quantify sublexical reading impairment. Specifically, a lexicality contrast was 

created through 20 words and 20 pseudoword that differ by 1 initial consonant (e.g., 

“tub” versus “mub”). In order to minimize articulatory complexity, these words and 
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pseudowords are all monosyllabic, 3 to 4 letter long, and do contain complex consonant 

onsets. The words from which the pseudowords were derived all have highly consistent 

(i.e., predictable) pronunciations. These words and pseudowords are the same as those 

used in Chapter 3 (see Table 3.2; see Supplementary Table B.1 for stimulus list). 

The reading task was programmed in E-Prime 3.0 (Psychology Software Tools, 

2016) and was presented on a seventeen inch Dell laptop with Windows 10 software. 

Test administrations were video-recorded, and subjects wore a lapel microphone. The 

laptop was set up in tent mode and used as a touchscreen. Each trial was cued by a beep, 

with a word or pseudoword presented at the center of fixation. Participants were 

instructed to read aloud each word or pseudoword as quickly and accurately as possible. 

There were three practice trials with each test administration. Participants advanced to the 

next trial by pressing an arrow on the bottom left of the touch screen. Participants had ten 

seconds to read aloud each word or pseudoword. The pseudowords and words were given 

in the same pseudorandomized order to all subjects: the block of 20 pseudowords, 

followed by the block of 20 words matched to the pseudowords. The pseudowords were 

administered prior to the words in order to avoid any word priming effects. Accuracy was 

scored online and rescored offline for the first complete attempt on each item. Responses 

on pseudowords were coded as incorrect if they contained spelling-to-sound mappings 

that do not occur in American English.  

 

Phonological Assessments. The stroke cohort completed a battery of non-

orthographic phonological assessments. Phonological subprocesses assessed included 

sensory phonological processing, sensory-motor integration, and motor phonological 
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processing (Fig. 1). Sensory phonological processing was measured as the average of 

accuracies on syllable counting and rhyme judgment tasks of words presented auditorily 

via headphones (Fama et al., 2019). For syllable counting, the participant heard 30 pre-

recorded words presented simultaneously with a picture of the target. The participant 

touched the button on a touchscreen indicating the correct number of syllables (1, 2, or 

3). For rhyme judgment, the participant heard 40 pairs of pre-recorded monosyllabic 

words and touched the button on a touchscreen indicating whether the words rhymed or 

not (yes/no). One patient did not complete the auditory syllable counting task, so their 

sensory phonological processing score was simply accuracy on the rhyme judgment task. 

Sensory-motor integration was measured through accuracy on pseudoword repetition 

(Fama et al., 2019). The subject was instructed to repeat what they heard, and 60 

prerecorded pseudowords (1 to 3 syllables long) were presented once via headphones. 

Accuracy on the first complete attempt was scored. Motor phonological processing was 

measured through a motor speech evaluation conducted by speech-language pathologists 

(S.F.S. and C.M.V). Motor speech impairment was quantified as the Total Score on the 

Apraxia of Speech Rating Scale-3 (ASRS-3; Utianski et al., 2018), which measures the 

presence, prominence, and severity of characteristics of apraxia of speech. The ASRS-3 

total score was multiplied by -1 so that a lower score indicated worse motor phonological 

processing ability.  

 

Neuroimaging 

Image Acquisition. All brain images were acquired via Georgetown’s 3T 

Siemens MAGNETOM Prisma scanner. For each subject, a T1-weighted magnetization 
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prepared rapid gradient echo (MPRAGE) sequence was acquired with the following 

parameters: 176 sagittal slices; slice thickness = 1 mm, FOV = 212 x 212 mm; matrix = 

256 x 256; repetition time (TR) = 300 ms; echo time (TE) = 6 ms; 1 mm cubic voxels. To 

quantify white matter connections, multi-shell High Angular Resolution Diffusion 

Imaging scans were acquired (HARDI; TR = 5.0 s,  TE = 0.082 s, readout time =  0.061 

s, diffusion-weighted gradients: 81 directions at b = 3000, 40 at b = 1200, 7 at b = 0, 70 

slices, 2 mm cubic voxels, flip angle = 90, phase encoding direction = anterior to 

posterior, partial Fourier = 6/8, field of view (FOV) = 232 mm, matrix = 116 x 116, slice 

acceleration = 1). Six reverse phase-encoded b = 0 images were also acquired for 

susceptibility field estimation.  

 

Lesion Segmentation and Brain Parcellation. For the stroke cohort, native 

space stroke lesions were automatically segmented on the MPRAGE (Pustina et al., 

2016). The structural images of stroke subjects then underwent an “imputation” process 

prior to processing in FreeSurfer (Fischl, 2012), which resulted in an image in which the 

lesioned tissue was “filled” with normal brain in order to facilitate successful tissue 

segmentation and atlas parcellation. First, the brain was submitted to the ANTS brain 

extraction script (Avants et al., 2011), including the automatic lesion for cost-function 

masking. This script performed bias field correction and skull-stripping. The extracted 

brain was then reflected over the x-axis so that the tissue from the spared hemisphere was 

on the lesioned side, and then registered to the unreflected extracted brain image. As an 

initial approximation of the expected tissue values, voxels falling within the automatic 

lesion mask were then filled with values from the reflected image. The resulting image 
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was further repaired via image fusion with a reference control group of individuals 

without lesions. Specifically, a cohort of 25 healthy controls underwent brain extraction 

and were warped to the lesioned brain in question. The lesioned brain was then 

sequentially imputed from each of these control brains via ANTS’ joint image fusion 

algorithm with a search radius of 1. This imputed native space brain was then submitted 

to FreeSurfer for cortical reconstruction. Lausanne atlas parcellations at scale 125 were 

generated from the output of Freesurfer’s recon-all and were later registered with the 

preprocessed diffusion-weighted images via a rigid-body transformation (Daducci et al., 

2012; https://github.com/mattcieslak/easy_lausanne).  

 

Structural Connectome Construction. Structural connectomes were constructed 

from the HARDI data through the MRtrix 3.0 software (Tournier et al., 2019). 

Preprocessing followed the standard stepwise application of gaussian noise removal, 

gibbs ringing artifact removal, correction of distortions induced by motion, eddy currents, 

and magnetic susceptibility, and correction of B1 field inhomogeneity. Voxelwise fiber 

orientation distributions were computed using multi-shell, multi-tissue constrained 

spherical deconvolution using representative group average response functions for tissue 

compartments that were derived based on the preprocessed diffusion-weighted images of 

25 controls and 25 stroke subjects (Jeurissen et al., 2014). Multi-tissue-informed global 

intensity normalization was then applied to the fiber orientation distributions generated 

by spherical deconvolution. A dilated, skull-stripped MPRAGE registered to the mean b 

= 0 image was supplied as the brain mask for bias field correction, individual response 

function estimation, and spherical deconvolution. The preprocessed diffusion-weighted 
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images were up-sampled to 1.3 mm prior to spherical deconvolution to increase 

anatomical contrast for tractography. Structural connectivity was quantified through 15 

million streamlines generated by probabilistic anatomically-constrained tractography 

(Smith et al., 2012) on the white matter fiber orientation distributions in native space 

(algorithm =  iFOD2, step = 1, min/max length = 10/300, angle = 45, backtracking 

allowed, dynamic seeding, streamline endpoints cropped at grey matter-white matter 

interface). The anatomical image supplied for anatomically-constrained tractography was 

the five-tissue-type segmented image of the skull-stripped MPRAGE (imputed in stroke 

subjects). Edges of the structural connectome were generated by assigning streamlines to 

parcels of the Lausanne atlas at scale 125. Finally, after streamlines were assigned to 

brain parcels, connectome edge values were binarized such that a connection between 

brain areas was quantified as either present (1) or absent (0). 

 

Behavioral Analyses 

The Role of Phonological Subprocesses in Sublexical Reading Impairment. 

Behavioral association between phonological impairments and sublexical reading 

impairment was determined through a logistic mixed effects model. Mixed effects models 

take into account trial-level data and can therefore account for random effects across 

subjects and items (Meteyard & Davies, 2020). The model tested whether impairments in 

sensory phonology, motor phonology, and sensory-motor integration modulated the 

effect of lexicality on patient accuracy reading the matched 20 words and 20 

pseudowords. A significant interaction between item lexicality and a phonological 
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subprocess identified differential dependence of pseudowords and words on the 

phonological subprocess. 

The logistic mixed effects model was fit in R (R Core Team, 2019) using the lme4 

function glmer (Bates et al., 2019). First, the maximal random effects structure justified 

by both the experimental design and the data was identified through backward 

elimination (Barr et al., 2013; Brauer & Curtin, 2018; Meteyard & Davies, 2020). Fitting 

of fixed effects was then done through backward-stepwise elimination in order to test all 

possible two-way interactions between item lexicality and subject phonological abilities 

(sensory phonology, motor phonology, and sensory-motor integration). Stepwise removal 

of non-significant (P > .05) effects in all models was assessed through likelihood ratio 

tests. Covariates (lesion volume, stroke chronicity, age, and education) were tested for 

inclusion after all non-significant higher-order fixed effects were removed. In order to 

assess fixed effects against the grand mean in all analyses, all continuous covariates were 

z-scored, and item lexicality was deviation-contrast coded (-1/2 = “pseudoword” and 1/2 

= “real word”). Models that differed in their random effects were fit via restricted 

maximum likelihood estimation, while models that differed in their fixed effects were fit 

via maximum likelihood estimation (Meteyard & Davies, 2020). P-values were derived 

based on the standard asymptotic Wald tests. Variance inflation factors were examined to 

identify any potentially problematic multicollinearity. Results of the logistic mixed 

effects model are reported as odds ratios and associated 95% confidence intervals, with 

statistical significance determined through the Wald Z-statistic and its associated p-value. 
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Structural Connectome Lesion-symptom Mapping. Support-vector regression 

connectome lesion-symptom mapping (SVR-CLSM) analyses were conducted to 

determine whether shared neural substrates subserve reading and phonological 

subprocesses. SVR-CLSM is an extension of SVR voxel-based lesion symptom mapping  

(DeMarco & Turkeltaub, 2018). Instead of quantifying lesion at the voxel-level, SVR-

CLSM involves quantifying lesion through anatomical disconnection. Overall, the SVR-

CLSM analyses identified the necessary contributions of both lesioned and spared, but 

disconnected, cortex to reading and phonological subprocesses. A connection between 

brain parcels was classified as lesioned if it was present in 100% of control subjects, but 

missing in the patient. Connections not present in 100% of control subjects were not 

considered in the analysis in order to minimize Type 1 error. The reliability and 

specificity of lesion-behavior associations was increased by limiting analyses to left-

hemisphere and inter-hemispheric connections lesioned in at least 10% of patients, and 

by regressing lesion volume, age, and education out of both the connectome and 

behavioral data (DeMarco & Turkeltaub, 2018). Significance was determined using a 

permutation-based approach in which behavioral scores were randomly reassigned to 

participants, and SVR-ß-value maps were generated for each of 10,000 permutations 

(Kimberg et al., 2007). Multiple comparisons correction was achieved by applying a 

standard family-wise error rate (FWER) of P < .05 (Mirman et al., 2018). We first 

identified connections that are generally important for reading through an SVR-CLSM 

analysis with overall accuracy on the matched words and pseudowords as the outcome 

variable. To isolate the connections that most selectively contribute to sublexical reading, 

an SVR-CLSM analysis was conducted with pseudoword reading accuracy as the 
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dependent variable and matched word reading accuracy as a covariate. Both words and 

pseudowords rely on similar processes (e.g., phonological processing) for accurate 

reading. Covarying accuracy on the matched real words controls for the contributions of 

shared processes that are not selectively important for pseudoword reading. This 

approach thus isolates the processes that most selectively enable sublexical reading. 

Three additional SVR-CLSM analyses were run with the non-orthographic phonological 

tasks as the dependent variable (sensory phonological processing, motor phonological 

processing, sensory-motor integration). Shared reliance on brain regions and connections 

was identified by examining parcel-wise and edge-wise overlap, respectively, between 

the SVR-CLSM results for pseudoword reading and phonological subprocesses. SVR-

CLSM results were visualized with BrainNet (Xia et al., 2013). 

 

Results 

The Role of Phonological Subprocesses in Sublexical Reading Impairment 

Patients read both types of letter strings less accurately compared to controls 

(Table 4.2). Reflecting the heterogeneity of this population, patients varied in how item 

lexicality related to performance (Table 4.2; Figure 4.2A). Patients also varied in the 

degree of impairment on the non-orthographic phonological tasks (Table 4.2). If motor 

phonological processing is especially critical for sublexical reading, then worse motor 

phonological processing should selectively relate to a larger lexicality effect in reading. 

Consistent with this hypothesis, a logistic mixed effects regression revealed that only 

motor phonological processing ability modulated the magnitude of the lexicality effect in 

reading (Fig. 4.2B; Table 4.3). Specifically, lower motor phonological processing scores 
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selectively related to lower pseudoword reading accuracy. Worse auditory-motor 

integration ability related to lower overall accuracy on both the matched words and 

pseudowords (Figure 4.2C; Table 4.3). Sensory phonological processing did not 

significantly relate to accuracy reading the matched words and pseudowords over and 

above sensory-motor integration or motor phonological processing (P > .60). Lesion 

volume was the only significant covariate.  

 

Structural Connectome Lesion-Symptom Mapping 

Voxel-wise overlap of the patients’ lesions demonstrates predominantly 

perisylvian lesion coverage typical of left middle cerebral artery strokes (Fig. 4.3A). The 

structural connectome lesion overlap map reveals the expected loss of interhemispheric 

connections in addition to the loss of connections within the left hemisphere (Fig. 4.3B).  

We conducted SVR-CLSM analyses in order to identify the anatomical networks 

that subserve reading and phonological subprocesses (Figure 4.4A; Table 4.4). We first 

identified structural disconnections associated with reduced overall reading accuracy on 

the matched pseudowords and words. Nine disconnections mostly involving inferior 

parietal and superior temporal cortex related to reduced overall reading accuracy. 

Notably, disconnected lvPCG was not associated with reduced overall reading accuracy. 

We then identified the disconnections most selectively associated with reduced sublexical 

reading accuracy. Thirteen left intra-hemispheric disconnections mostly involving dorsal 

perisylvian cortex related to lower pseudoword reading accuracy relative to word reading 

accuracy. Consistent with our motor phonological hypothesis, three disconnections 

between lvPCG and posterior perisylvian cortex, including anterior supramarginal gyrus, 
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angular gyrus, and intraparietal sulcus, related to inaccurate pseudoword reading relative 

to word reading. Overall, these SVR-CLSM results for reading accuracy confirm that 

disconnections of lvPCG selectively reduce sublexical reading accuracy. 

Additional SVR-CLSM analyses identified the patterns of left-hemispheric 

structural disconnection associated with worse performance on our measures of motor 

phonological processing, sensory-motor integration, and sensory phonological processing 

(Figure 4.4B; Table 4.4). Worse motor phonological processing related to fourteen left 

intra-hemispheric disconnections involving frontal cortex, parietal cortex, the insula, and 

deep structures. Disconnected lvPCG uniquely related to worse motor phonological 

processing. Given the behavioral association, we examined the overlap between the SVR-

CLSM results for sublexical reading and motor phonological processing. There was no 

edge-wise overlap (i.e., the exact connections are different). However, in addition to 

lvPCG, parcel-wise overlap between sublexical reading and motor phonological 

processing included the following brain regions: ventral postcentral gyrus, anterior 

supramarginal gyrus, and paracentral lobule. Worse sensory-motor integration related to 

five disconnections involving either mid-posterior STG or angular gyrus, with no frontal 

involvement. Given the behavioral association, we examined the overlap between the 

SVR-CLSM results for overall reading accuracy and sensory-motor integration. Edge-

wise overlap was limited to the connection between angular gyrus and posterior cingulate 

cortex. Parcel-wise overlap between overall reading accuracy and sensory-motor 

integration included anterior SMG, mid-posterior STG, ventral postcentral gyrus, 

posterior cingulate cortex, and angular gyrus. Worse sensory phonological processing 

related to two disconnections, both between mid-posterior STG and primary 
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somatosensory cortex. Overall, our SVR-CLSM analyses revealed that lesioned 

temporoparietal networks impair overall reading accuracy and sensory-motor integration, 

whereas disconnections of lvPCG are selectively associated with deficits in sublexical 

reading and motor phonological processing. 

 

Discussion 

 In support of the differentiated phonological reading hypothesis, our mixed 

effects regression and multivariate CLSM analyses isolated differential contributions of 

phonological subprocesses to reading. Our results provide evidence for two types of 

phonological reading impairment in stroke aphasia. Disruption of left temporoparietal 

structural connectivity results in a sensory-motor integration deficit that impairs reading 

of both words and pseudowords. In contrast, disruption of lvPCG structural connectivity 

results in a motor phonological impairment that preferentially impairs sublexical reading. 

Our results clarify the neuroanatomical bases of phonological processing in reading and 

language and motivate the development of an integrated cognitive model of print and 

speech processing in which an orthographic processing system interacts with a sensory-

motor phonological circuit (Fig. 4.1C). 

  

Sensory-motor Integration in Reading 

 Sensory-motor integration in speech processing involves the translation from 

auditory input representations to motor output representations. Impaired sensory-motor 

integration thus results in impaired speech repetition, which is a hallmark symptom of 

conduction aphasia (Benson et al., 1973; Buchsbaum et al., 2011). The relative 
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importance of specific cortex and white matter connections to sensory-motor integration 

is unsettled (see Ardila (2010) and Berthier et al. (2012) for reviews). According to the 

classical view (Geschwind, 1974; Wernicke, 1874), which persists today (e.g., Jones et 

al., 2014), sensory-motor integration is enabled by the arcuate fasciculus, which connects 

auditory representations in posterior superior temporal cortex to motor representations in 

frontal cortex. The classical account has been under increasing scrutiny over the last 

several decades, with researchers arguing that lesioned posterior perisylvian cortex 

accounts for conduction aphasia (Buchsbaum et al., 2011; Dronkers, 2000; Palumbo et 

al., 1992). Moreover, contemporary dual stream models of speech processing attribute 

sensory-motor integration to a patch of temporoparietal cortex, typically either left 

posterior planum temporale (Hickok, 2012; Hickok & Poeppel, 2007) or left 

supramarginal gyrus (Rauschecker & Scott, 2009; Ueno et al., 2011). Our SVR-CLSM 

results for pseudoword repetition support temporoparietal (mid-posterior STG, ventral 

postcentral gyrus, and anterior SMG) and parietal (angular gyrus, posterior cingulate, 

precuneus) networks as critical substrates for sensory-motor integration in speech 

processing. Within models of speech motor control (Guenther, 2006; Hickok, 2012), 

accurate speech production depends on auditory and somatosensory targets provided by 

STG and ventral postcentral gyrus, respectively. Intact connections between mid-

posterior STG and ventral postcentral gyrus may thus enable the interaction of auditory 

and somatosensory processing prior to and during speech repetition, with supramarginal 

gyrus enabling integration with motor processing. Our results also suggest that 

interactions between left angular gyrus and other components of the default mode 

network (left posterior cingulate cortex and right precuneus) may support accurate 
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sensory-motor integration, perhaps by contributing to speech action-perception awareness 

(Kemenade, 2017). Thus, in contrast to the classical account, our findings suggest that 

sensory-motor integration depends on intact cortical processes not mediated by white 

matter projections to frontal cortex. Our SVR-CLSM results do not rule out other regions 

being necessary for intact sensory-motor integration. Indeed, sensorimotor integration is a 

computation that likely involves dynamic, parallel interactions across many cortical 

zones (Cogan et al., 2014; Leonard et al., 2019). However, our results indicate that left 

temporoparietal cortex and connections are required for intact sensory-motor integration.  

The primary aim of this study was to isolate the contributions of phonological 

subprocesses to reading. Accuracy on pseudoword repetition has frequently served as an 

index of the general phonological impairment in phonological alexia cases (Friedman, 

1995; Tree, 2008). As discussed, pseudoword repetition differs from other phonological 

tasks (e.g., rhyme judgment) in that it emphasizes the transformation of input phonology 

into output phonology (i.e., sensory-motor integration). Our results suggest that impaired 

sensory-motor integration does not selectively relate to inaccurate sublexical reading. 

Specifically, our mixed effect regressions, which controlled for sensory and motor 

phonological processing, demonstrated a relationship between inaccurate pseudoword 

repetition and inaccurate reading aloud regardless of item lexicality. In line with the 

behavioral association, our SVR-CLSM results suggest that sensory-motor integration 

and reading rely on shared neural substrates. Specifically, while the exact patterns of 

connections were largely different, both pseudoword repetition accuracy and overall 

reading accuracy related to connections involving mid-posterior STG, anterior SMG, 

ventral postcentral gyrus, and angular gyrus. Task-specific demands likely result in 
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differential reliance of reading and speech repetition on specific temporal and parietal 

connections. Unlike pseudoword repetition, reading requires the patient to generate the 

phonological code from print. It is thus unsurprising that reduced overall reading 

accuracy related to disconnections of cortex that support phonological processing (STG, 

SMG, and ventral postcentral gyrus), visual processing (lateral occipital cortex), and 

multi-modal or executive processing (angular gyrus and prefrontal cortex). Overall, our 

results demonstrate that impaired sensory-motor integration and alexia are linked, but 

impaired sensory-motor integration results in a general reading impairment, not a 

selective sublexical reading impairment. 

We propose that temporoparietal circuits provide the sensory targets and sensory-

motor integration mechanisms necessary for phonological contributions to both reading 

and speech processing. Prior voxel-based lesion studies have consistently implicated 

lesioned temporoparietal cortex with both alexia (Aguilar et al., 2018; Dickens et al., 

2019; Rapcsak et al., 2009; Ripamonti et al., 2014; Woollams et al., 2018) and impaired 

speech repetition (Baldo et al., 2012; Fridriksson et al., 2010; Rogalsky et al., 2015). 

Notably, a disturbance in reading aloud is frequently evident in cases of conduction 

aphasia (Benson et al., 1973). Moreover, abundant fMRI evidence suggests that print and 

speech processing converge in left superior temporal cortex (Richardson et al., 2011; Van 

Atteveldt et al., 2004; Wilson et al., 2018) and that supramarginal cortex supports both 

spelling-to-sound translation (Jobard et al., 2003; Taylor et al., 2013) and non-

orthographic phonological processing (Oberhuber et al., 2016; Price, 2012). Our finding 

that impaired sensory-motor integration relates to reduced overall reading accuracy 

suggests that all words, whether known or novel, rely on shared sensory phonological 
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targets and sensory-motor integration processes for accurate phonological reading. 

Disruption of this temporoparietal circuit thus does not result in a selective sublexical 

reading deficit in reading aloud. Rather, the pattern of reading performance in the context 

of a sensory-motor integration deficit reflects pre-morbid task difficulty. Pseudowords 

are harder to read than words, as evidenced by the fact that even our control subjects 

usually demonstrated a measurable lexicality effect in reading aloud (Table 4.2). A 

lexicality effect may therefore be evident in patients despite there being no selective 

impairment of pseudoword reading. The contribution of spared semantic knowledge to 

the computation of phonological codes is unlikely to make up for the sensory-motor 

integration impairment, at least in the context of speeded reading aloud. Indeed, reading 

aloud is arguably a predominantly phonological task (Frost, 1998), given that the 

mapping from print-to-sound is much more systematic than the mapping from print to 

meaning. Overall, we suggest that damage to temporoparietal networks results in a 

sensory-motor integration deficit that impairs speech production as well as phonological 

reading of both words and pseudowords. 

 

Motor Phonological Processing in Reading 

Motor phonological processing relies on abstract motor speech plans that ensure 

fluent and accurate speech articulation. Apraxia of speech is a disorder of motor speech 

programming with unclear neural bases (see Miller & Guenther (2020) and Ogar, Slama, 

et al. (2006) for reviews). Neural correlates of apraxia of speech include lesions involving 

the anterior insula (Dronkers, 1996; Ogar, Willock, et al., 2006), the basal ganglia 

(Kertesz, 1984), inferior frontal gyrus (Hillis et al., 2004), precentral gyrus (Basilakos et 
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al., 2015; Graff-Radford et al., 2014; Itabashi et al., 2016), and parietal operculum 

(Basilakos et al., 2015). Our SVR-CLSM results for the ASRS-3 total score (Utianski et 

al., 2018), a continuous measure of overall motor speech impairment, unite these prior 

disparate findings. Specifically, our results suggest that impaired speech motor 

programming results from disruption of a widely distributed network of frontal cortex, 

parietal cortex, mid/anterior insula, and subcortical structures. Notably, for the goals of 

the present study, disconnections of lvPCG were implicated in the network underlying 

motor speech impairment. This result supports the notion that lvPCG is a neural seat for 

motor phonological programs (Hickok, 2012; Miller & Guenther, 2020). Additionally, 

our finding of a role for somatosensory cortex instead of auditory cortex supports 

somatosensory targets being particularly critical for fluent articulation of phonemes, as 

proposed by the Hierarchical State Feedback Control model (Hickok, 2012). Overall, we 

suggest that impaired speech motor programming results from disruptions of both higher-

level networks (e.g., perisylvian phonological circuits) and lower-level networks (e.g., 

subcortical motor circuits) and is thus not reducible to a single lesion site. Importantly, 

our results speak to the neural bases of impaired motor speech programming, rather than 

syndromic cases of apraxia of speech. While chronic post-stroke apraxia seems to be 

associated with large frontal lesions suggestive of non-focal network disruption (Trupe et 

al., 2013), different patterns of symptoms likely result from damage to different 

components of this network (Utianski et al., 2018).  

Our behavioral and SVR-CLSM results provide strong evidence for a motor 

phonological deficit preferentially impairing sublexical reading. Mixed effects 

regressions showed that worse motor phonological impairment, as measured by the 
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ASRS-3 Total Score, related to inaccurate reading of pseudowords relative to words. 

Disconnected lvPCG related to both motor phonological impairment and inaccurate 

pseudoword reading relative to word reading, thus demonstrating a neural link. These 

results align with our previous voxel-based lesion-symptom mapping study, which found 

that lesions involving lvPCG preferentially impaired pseudoword reading relative to word 

reading (Dickens et al., 2019). Unlike the analyses of sublexical reading, subcortical 

regions involved in general motor coordination and execution, including the basal ganglia 

and brain stem, were implicated in the SVR-CLSM analyses of motor speech impairment. 

The shared involvement of lvPCG in sublexical reading and motor speech processing, as 

opposed to subcortical regions, thus suggests that a higher-level motor phonological 

deficit drives the relationship between pseudoword reading and the ASRS-3 Total Score. 

Moreover, abundant neuroimaging and lesion evidence supports the role of lvPCG in 

both phonological and motor speech processing (Indefrey & Levelt, 2004; Miller & 

Guenther, 2020; Price, 2012). The lack of lvPCG involvement in the SVR-CLSM 

analysis of overall word reading accuracy corroborates the selective relationship between 

lvPCG and sublexical reading. These results thus demonstrate that motor phonological 

impairment and impaired sublexical reading are linked behaviorally and 

neuroanatomically.  

We propose that lvPCG provides motor phonological targets that are important 

for both sublexical reading and motor speech programming. Pseudowords, given that 

they have never been seen, heard, or pronounced before, lack support from long-term 

orthographic, auditory, and motor memory. Disruption of motor phonological programs 

may thus impair the normal sensory-motor interactions that enable the online 
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construction of a plausible phonological code. Without a motor target, any auditory 

phonological code constructed based on orthographic input is less likely to be translated 

into plausible phonological output. The relative preservation of word reading reflects that 

known word motor programs are well-represented or over-learned in partially redundant 

cortical and subcortical motor networks (Miller & Guenther, 2020). Consistent with this 

proposal, patients with apraxia of speech struggle to produce low frequency syllables 

relative to high frequency syllables (Aichert & Ziegler, 2004). The fact that motor speech 

impairment did not relate to overall reading accuracy confirms that the underlying deficit 

is not a low-level motor deficit, particularly dysarthria. Specifically, dysarthric speech 

results from motor weakness or paralysis and therefore would affect the reading aloud of 

all letter strings. Overall, we propose that intact motor phonological programs are 

partially responsible for accurate sublexical reading. 

 

Alternative Interpretations 

Our results demonstrate that phonological contributions to reading and speech 

processing are behaviorally and neuroanatomically linked. However, given the resolution 

of diffusion-weighted imaging, it should be noted that our results cannot rule out co-

localization of separable neural substrates or computations for phonological processing in 

reading and language. Indeed, some researchers assert that sublexical reading is 

accomplished through a reading-specific computation (Coltheart et al., 2001). Our 

finding of two types of at least partially separable phonological contributions to reading, 

however, suggest that reading and language rely on the same sensory-motor primitives, at 

minimum.  
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The extent to which the results of our analyses of reading aloud are generalizable 

to silent reading is an open question. Relative to silent reading, reading aloud emphasizes 

the computation of a complete and accurate phonological code. However, phonological 

processing certainly occurs in silent reading (Leinenger, 2014). Moreover, fMRI 

evidence indicates that silent and oral reading depend on a shared neurocognitive 

architecture (Dietz et al., 2005; Taylor et al., 2013), with differences in activation 

reflecting task demands (Carreiras et al., 2007). A recent eye-tracking study found a 

correlation between ocular dynamics in silent reading of infrequent letter strings and 

articulatory dynamics in reading aloud the same letter strings, suggesting involvement of 

motor representations in the silent reading of unfamiliar letter strings (Taitz et al., 2020). 

Future research should examine the relationship between impaired motor phonological 

processing and reading tasks that do not require speech production. 

 

Conclusion 

 Phonological processing is a fundamental language component that contributes to 

reading (Eden et al., 2015; Frost, 1998; Woollams, 2014). Contemporary accounts of 

reading and alexia refer to phonological processing in only the broadest of terms 

(Rapcsak et al., 2009; Woollams, 2014). In contrast, models of speech processing 

explicitly appreciate that phonological processing is not monolithic (Hickok, 2012; 

Hickok & Poeppel, 2007; Rauschecker & Scott, 2009). By addressing this incongruity 

between models of print and speech processing, we identified separable contributions of 

sensory-motor integration and motor phonological processing to reading. These results 

provide evidence for a more nuanced account of the neurocognitive bases and symptoms 
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of phonological reading impairment in aphasia. Namely, at least two types of 

phonological impairment account for variation in reading abilities in stroke aphasia. 

Patients with lesions affecting left temporoparietal cortex and connections can be 

expected to demonstrate a sensory-motor integration deficit that disturbs the reading 

aloud of words and pseudowords. In contrast, patients with left frontal lesions affecting 

ventral premotor cortex and connections can be expected to demonstrate a motor 

phonological impairment that preferentially disturbs sublexical reading. These findings 

underscore how integrating models of speech processing and reading can reveal insights 

on the shared computational architecture underlying reading and language. 
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Table 4.1. Stroke and control group demographics and stroke group clinical data. 

 
Values are shown as mean (standard deviation). Age and education are in years. Stroke 
chronicity is in months. Lesion size is in mm3. WAB AQ represents the Aphasia Quotient 
from the Western Aphasia Battery—Revised (Kertesz, 2006), which measures aphasia 
severity: 0-25 = very severe, 26-50 = severe, 51-75 = moderate, 76+ = mild.  
 

  

Cohort Age Education Race Sex Chronicity Lesion 
Size 

WAB 
AQ 

Stroke 
N = 30 

62.90 
(9.84) 

17.03 
(2.74) 

9 African 
   American 
21 Caucasian 

12 F 
18 M 

45 
(58) 

77,288 
(71,444) 

81.73 
(17.05) 

Control 
N = 37 

59.42 
(12.46) 

16.59 
(2.50) 

11 African 
     American 
26 Caucasian 

19 F 
18 M 
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Table 4.2. Summary of participant accuracy (%) on the reading (top) and language 
(bottom) assessments. 
Group  Pseudowords  Words 
Control Range 30 – 100 90 – 100 
 Mean (SD) 93.65 (13.52) 99.46 (1.97) 
Stroke Range 0 – 100 20 – 100 
 Mean (SD) 51.00 (32.97) 87.17 (19.06) 
 Mean Z (SD) -3.15 (2.44) -6.25 (9.69) 
  Motor 

Phonology* 
Sensory-Motor 
Integration Sensory Phonology 

Stroke Range -26 – 0 0 – 100 65.00 – 98.75 
88.00 (11.00)  Mean (SD) -7.30 (8.85) 64.00 (24.00) 

 
Z-scores are relative to control performance on the reading assessment. Motor phonology 
= the Total Score on the Apraxia of Speech Rating Scale 3 (Utianski et al., 2018). 
Sensory-motor integration = accuracy on pseudoword repetition. Sensory phonology = 
the average of accuracies on auditory syllable counting and auditory rhyme judgment. 
*The motor phonology score was multiplied by -1 so that a lower score indicates greater 
impairment. All scores except for motor phonology are expressed as accuracy (%).  
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Table 4.3. Logistic mixed model relating non-orthographic phonological 
impairments to accuracy reading aloud. 

  Accuracy 

Predictors Odds Ratios CI P 

(Intercept) 4.00 2.52 – 6.33 <0.001 

Lexicality 22.19 9.55 – 51.54 <0.001 

Motor Phonology 1.13 0.74 – 1.71 0.581 

Sensory-Motor Integration 2.32 1.48 – 3.64 <0.001 

Lesion Volume 0.42 0.27 – 0.66 <0.001 

Lexicality × Motor Phonology 0.49 0.25 – 0.97 0.040 

Random Effects 
σ2 3.29 

Random Intercept: Item 0.50 

Random Intercept: Subject 0.78 
Random Slope: Subject 1.82 

Correlation -0.12 

N Subject 30 
N Item 40 

Observations 1200 

Marginal R2 / Conditional R2 0.486 / 0.663 
 
Motor phonology = ASRS-3 Total Score. Sensory-motor integration = pseudoword 
repetition accuracy. The odds ratio describes the multiplicative change in the odds of an 
accurate response based on the predictor. CI = 95% confidence interval.  
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Table 4.4. SVR-CLSM results (10,000 permutations, FWER P < .05). 
Behavior Edge SVR-β MNI 1 MNI 2 
Overall  
Reading 

Left paracentral lobule <> Left mid-posterior STG 10 -10, -28, 49 -57, -20, -1 
Left ventral postcentral gyrus / parietal operculum <> Left lateral 
     occipital cortex 

9.94 -54, -14, 16 -43, -75, 4 

 Left superior frontal gyrus <> Left angular gyrus 9.85 -9, 50, 39 -58, -51, 31 
 Left posterior cingulate <> Left angular gyrus 9.83 -5, -15, 33 -58, -51, 31 
 Left ventral postcentral gyrus <> Left anterior STG 9.31 -58, -9, 26 -46, 8, -21 
 Left ventral postcentral gyrus / parietal operculum <> Left angular 

     gyrus 
9.13 -54, -14, 16 -39, -56, 23 

 Left anterior SMG <> Left angular gyrus 9.03 -59, -27, 26 -44, -58, 41 
 Left rostral middle frontal gyrus <> Left mid-posterior STG 8.68 -44, 25, 28 -57, -20, -1 
 Left rostral middle frontal gyrus<> Left mid-posterior STG 8.68 -40, 39, 14 -57, -20, -1 
Sublexical Left superior frontal gyrus <> Left angular gyrus 10 -9, 50, 39 -58, -51, 31 
Reading Left paracentral lobule <> Left mid-posterior STG 9.43 -10, -28, 49 -57, -20, -1 

 
Left ventral postcentral gyrus / parietal operculum <> Left lateral 
     occipital cortex 

9.41 -54, -14, 16 -43, -75, 4 

 Left ventral postcentral gyrus <> Left anterior middle temporal gyrus 9.33 -58, -9, 26 -53, -2, -29 
 Left rostral middle frontal gyrus <> Left mid-posterior STG 9.13 -44, 25, 28 -57, -20, -1 
 Left rostral middle frontal gyrus <> Left mid-posterior STG 9.13 -40, 39, 14 -57, -20, -1 
 Left anterior SMG <> Left angular gyrus 8.87 -59, -27, 26 -58, -51, 31 

 
Left ventral precentral gyrus / frontal operculum <> Left angular 
     gyrus 

8.69 -47, -2, 9 -44, -58, 41 

 Left posterior cingulate <> Left angular gyrus 8.54 -5, -15, 33 -58, -51, 31 

 
Left ventral precentral gyrus / frontal operculum <> Left intraparietal 
     sulcus 

8.53 -47, -2, 9 -24, -73, 26 

 
Left ventral precentral gyrus / frontal operculum <> Left anterior 
     SMG 

8.49 -47, -2, 9 -59, -27, 26 

 Left primary motor <> Left mid-posterior STG 8.32 -40, -13, 33 -57, -20, -1 
  Left ventral postcentral / parietal operculum <> Left superior parietal  8.16 -54, -14, 16 -21, -45, 60 
Motor 
Phonology 

Left ventral precentral gyrus / frontal operculum <> Left paracentral 
     lobule 

10 -47, -2, 9 -4, -23, 68 

Left ventral precentral gyrus / frontal operculum <> Left paracentral 
     lobule 

10 -47, -2, 9 -10, -28, 49 

Left ventral postcentral gyrus <> Left thalamus 9.16 -58, -9, 26 -14, -17, 6 
 Left ventral postcentral gyrus <> Left putamen 9.16 -58, -9, 26 -23, -3, -2 
 Left ventral postcentral gyrus <> Left pallidum 9.16 -58, -9, 26 -19, -4, -5 

 
Left ventral postcentral gyrus / parietal operculum <> Left 
     hippocampus 

9.16 -54, -14, 16 -24, -25, -11 

 Left ventral postcentral gyrus <> Left brainstem 9.16 -58, -9, 26 0, -29, -26 
 Left ventral anterior insula <> Left dorsal anterior insula 9.01 -33, 9, -8 -30, 12, 7 

 
Left superior frontal gyrus <> Left ventral postcentral gyrus / parietal 
     operculum 

8.91 -6, -1, 60 -54, -14, 16 

 Left superior frontal gyrus <> Left anterior SMG 8.91 -6, -1, 60 -59, -27, 26 
 Left paracentral lobule <> Left pallidum 8.74 -10, -28, 49 -19, -4, -5 
 Left ventral postcentral gyrus / parietal operculum <> Left pallidum 7.93 -54, -14, 16 -19, -4, -5 

 
Left ventral precentral gyrus / frontal operculum <> Left 
     hippocampus 

7.93 -47, -2, 9 -24, -25, -11 

  Left rostral middle frontal <> Left mid insula 7.73 -33, 53, 1 -37, -5, -2 
Sensory-motor 
Integration 

Left ventral postcentral gyrus / parietal operculum <> Left mid- 
     posterior STG 

10 -54, -14, 16 -57, -20, -1 

Left anterior SMG <> Left mid-posterior STG 9.13 -59, -27, 26 -57, -20, -1 
 Left posterior cingulate <> Left angular gyrus 8.66 -5, -15, 33 -58, -51, 31 
 Left superior parietal cortex <> Left mid-posterior STG 8.52 -21, -45, 60 -57, -20, -1 
  Right precuneus <> Left angular gyrus 8.48 8, -44, 49 -58, -51, 31 
Sensory Left primary sensory <> Left mid-posterior STG 10 -16, -36, 72 -57, -20, -1 
Phonology Left primary sensory <> Left mid-posterior STG 9.72 -27, -33, 60 -57, -20, -1 

 
An edge consists of the connection between two Lausanne Atlas Scale 125 parcels. SVR-
β = support vector regression beta coefficient. MNI 1 and 2 represent the Montreal 
Neurologic Institute coordinates for the parcels to the left and right of the “<>”. STG = 
superior temporal gyrus. SMG = supramarginal gyrus. P = 0.0001 for all edges. 
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Figure 4.1. Cognitive models of reading aloud and speech processing. A) Schematic 
of a two-route cognitive model of reading aloud and of the primary systems account of 

phonological alexia. Pseudowords (mub) depend on phonological decoding (orange) for 
accurate reading aloud. Both phonological decoding and lexical-semantic processing 
(green) contribute to reading known words (tub). According to the primary systems 
hypothesis, a general phonological deficit (marked by the impact symbol over the 

phonology box) accounts for most cases of phonological alexia. Patients with 
phonological alexia demonstrate a selective deficit in pseudoword reading relative to real 

word reading. Lexicalization errors (mub à “muff”) in which the pseudoword is 
pronounced as a known word are frequent. This cognitive model is agonistic to the 

specific computational implementation (e.g., distributed versus symbolic) but is most 
analogous to the connectionist triangle model of reading (Plaut, 1997; Plaut et al., 1996). 

B) Schematic of a cognitive model of speech processing. Speech comprehension is 
enabled by the route from sensory phonological processing (orange) to the lexical-

semantic system (green). Speech production is enabled by the routes from the lexical-
semantic system to sensory phonological processing and motor phonological processing 
(red). Speech repetition is enabled by the sensory-motor integration circuit (orange and 
red). This schematic is an adaptation of the semantic-lexical-auditory-motor (SLAM) 
model of speech production (Walker & Hickok, 2016). C) Schematic of a preliminary 
integrated model of reading and speech processing that combines the architectures of 

model A and model B. 
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Figure 4.2. Relationship between patient phonological abilities and reading 
accuracy. A) Patient accuracy reading aloud the matched words and pseudowords. Grey 
lines connect paired observations within a patient. B) A logistic mixed model of accuracy 

reading aloud the matched pseudowords and words (30 subjects, 40 items, 1200 
observations) revealed that lower motor phonological processing scores (ASRS-3 Total 

Score) selectively related to inaccurate pseudoword reading (lexicality × motor 
phonology interaction P < .05).  Covariates tested for inclusion lesion volume, stroke 
chronicity, age, and education. C) The same logistic mixed model revealed that worse 

sensory-motor integrated related to overall accuracy reading aloud the matched 
pseudowords and words (main effect of sensory-motor integration P < .05). Sensory 

phonological processing did not independently relate to reading accuracy. See Table 4.3 
for logistic mixed model estimates. 
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Figure 4.3. Lesion overlap maps. A) Voxel-wise lesion overlap map with x-axis MNI 
coordinates. B) Edge-wise lesion overlap within the structural connectome after masking 
out edges that were not present in 100% of controls. An “edge” consists of the connection 

between two parcels of the Lausanne atlas scale 125 (Daducci et al., 2012) and is 
represented by a cell within the matrices. Each row and column within the matrices 

corresponds to a parcel (brain region) of Lausanne atlas scale 125. An edge (i.e., 
connection) was classified as lesioned if it was present in 100% of control subjects, but 

missing in the patient. Parcel locations are labeled as follows: F = Frontal, P = Parietal, O 
= Occipital, T = Temporal, S = Subcortical. Only left-hemispheric and inter-hemispheric 
edges lesioned in at least 3 patients were included in the SVR-CLSM analyses. Only the 
upper right half the of the left intra-hemispheric connectome is shown because the matrix 

is symmetrical along the diagonal. 
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Figure 4.4. Results of SVR-CLSM analyses of reading and phonological processing 
(10,000 permutations, FWER P < .05). A) Results for overall accuracy on the matched 
words and pseudowords (green) and for pseudoword reading accuracy while covarying 

word reading accuracy (red). Parcels unique to overall reading are marked in bright 
green, and parcels unique to sublexical reading are marked in magenta (except for lvPCG 
in yellow). B) Results for motor phonological processing (ASRS-3 Total Score; brown), 

sensory-motor integration (pseudoword repetition accuracy; blue), and sensory 
phonological processing (auditory rhyme judgement and syllable counting accuracy; 

purple). The parcel corresponding to lvPCG is highlighted in yellow for the behaviors 
that related to lvPCG connectivity (sublexical reading accuracy and motor phonological 

processing). Lesion size, age, and education were regressed out of the behavioral and 
connectome data. Each panel displays a left sagittal and dorsal view of the brain. 
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CHAPTER 5 

Discussion 
 

 This dissertation presents behavioral and lesion evidence regarding the knowledge 

and neural substrates that underlie reading aloud. In the first study (Chapter 2), I used a 

psychometric approach in order to investigate individual differences in reading aloud, as 

well as the role of print-to-sound statistics and word meanings in reading aloud. In the 

second study (Chapter 3), voxel-based lesion-symptom mapping identified brain regions 

that may be required for phonological and semantic contributions to reading aloud. The 

final study (Chapter 4) applied a combined behavioral and structural connectome-lesion 

symptom mapping approach in order to refine the primary systems account of 

phonological contributions to reading. Here, I summarize the main findings from these 

three studies, discuss implications for cognitive and neural models of reading, note 

limitations, and suggest future directions.  

 

Summary of Main Findings 

Learned Print-to-Sound Statistics Govern Accuracy and Speed in Reading Aloud 

 The primary aim of Chapter 2 was to determine whether individual differences in 

adult reading skill reflect differences in knowledge of lexical and sublexical print-to-

sound statistics. I found that sensitivity to print-to-sound statistics was meaningful with 

regard to reading skill. Greater sensitivity to word frequency correlated with greater 

sensitivity to sublexical spelling-to-sound statistics, suggesting that inefficient lexical 

processing relates to greater reliance on sublexical processing. Crucially, highly accurate 

readers of real words were insensitive to word frequency and yet sensitive to sublexical 
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spelling-to-sound statistics. These results suggest that the best readers have good 

knowledge of both lexical and sublexical spelling-to-sound statistics. Sensitivity to the 

statistics of pseudowords related to the efficiency of word reading, demonstrating a 

shared body of statistical knowledge used for both recognizing known words and 

decoding novel ones (Glushko, 1979; Zevin & Seidenberg, 2006). At the group-level, 

infrequent words, words comprised of infrequent spelling-to-sound mappings, and novel 

words whose spellings are not reliably associated with known pronunciations were harder 

to read. Thus, print-to-sound statistics account for both reading skill varying between 

readers and reading difficulty varying between words. These results align most with 

models of reading that emphasize the role of statistical learning in acquiring knowledge 

of print-to-sound regularities (Harm & Seidenberg, 2004; Perry et al., 2007; Plaut et al., 

1996).  

 

Knowledge of Word Meanings Contributes to Reading Aloud 

 Whether semantics contributes significantly to skilled reading aloud has been 

controversial since the original report of an interaction of imageability and spelling-to-

sound regularity in reading aloud (Strain et al., 1995). Specifically, rich word meanings, 

as indexed by high imageability, are argued by some researchers to facilitate fast and 

accurate reading of irregular words (e.g., Strain et al., 2002; Woollams, 2005). Chapter 2 

replicated the interaction of imageability and regularity in skilled reading aloud using a 

relatively large factorially-manipulated corpus and mixed effects regression. These 

results converge with prior studies that utilized a more restricted stimulus list and 

statistical approaches (e.g., ANOVA) that cannot simultaneously control for by-subject 
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and by-item random effects (Shibahara et al., 2003; Strain et al., 1995, 2002; Strain & 

Herdman, 1999; Woollams, 2005). Word meanings therefore appear to facilitate 

computing the pronunciation of words comprised of infrequent spelling-to-sound 

mappings, as hypothesized by the triangle model (Plaut et al., 1996). Consistent with the 

results of Chapter 2, voxel-based lesion-symptom mapping in Chapter 3 revealed that 

lesioned anterior inferior frontal gyrus (IFG), a region associated with controlled 

semantic processing (Lambon Ralph et al., 2017) and word retrieval (Lacey et al., 2017), 

related to inaccurate concrete word reading relative to abstract word reading. 

Concreteness and imageability are tightly correlated constructs and are confounded in 

most studies of effects of concreteness and imageability, including the study presented in 

Chapter 3. Thus, this lesion-symptom mapping result provides evidence for a necessary 

role for word meanings in accurate reading aloud, as measured by effects of 

concreteness/imageability. Notably, the effect of lesioned anterior IFG on concrete word 

reading accuracy was small, which is consistent with the notion that the contribution of 

semantics to reading aloud is small relative to phonological processing and knowledge of 

print-to-sound statistics. Overall, the psychometric results of Chapter 2 and lesion results 

of Chapter 3 support a role for knowledge of word meanings in reading aloud.  

 Consideration of the broader literature reveals additional evidence for semantic 

influences in reading aloud. Patients with alexia frequently demonstrate an imageability 

advantage in reading aloud, such that highly imageable words are read aloud more 

accurately than weakly imageable words (e.g., Behrmann et al., 1998; Crisp & Lambon 

Ralph, 2006; Pillay et al., 2018). Thus, knowledge of word meanings may partially 

account for spared word reading in alexia. Knowledge of word meanings facilitates 
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learning to read aloud novel words with irregular spelling-to-sound mappings in 

unimpaired adults (Mckay et al., 2008; Taylor et al., 2011). Similarly, a child’s ability to 

define an irregular word has been shown to relate to accuracy reading the irregular word 

aloud (Nation & Cocksey, 2009). These results suggest that knowledge of word meanings 

is particularly helpful when learning to read irregular words. Finally, surface alexia is 

consistently associated with semantic dementia, which suggests a causal association 

between acquired semantic impairment and surface alexia (Gorno-Tempini et al., 2011; 

Patterson & Hodges, 1992; Woollams et al., 2007). There is thus evidence from a variety 

of sources for semantic influences on reading aloud. 

 

Phonological Contributions to Reading are Not Monolithic 

 It is widely accepted that reading depends on a phonological module that is not 

specific to reading (Figure 1.1). Prior studies of alexia have only treated phonology as a 

singular process. However, models of speech processing explicitly ground phonological 

processing in a differentiated sensory-motor circuit (Gregory Hickok, 2012; Gregory 

Hickok & Poeppel, 2007; Rauschecker & Scott, 2009; Ueno et al., 2011). The results of 

Chapters 3 hinted that sensory-motor integration and motor phonological processing may 

subserve different functions in reading. Specifically, voxel-based lesion-symptom 

mapping identified neural correlates of phonological contributions to word reading and 

pseudoword reading. Left-hemispheric lesions involving supramarginal gyrus, planum 

temporale, ventral postcentral gyrus, and ventral precentral gyrus impaired regular word 

reading more than irregular word reading. Both the DRC and triangle models posit that a 

phonological decoding process subserves regular word reading more than irregular word 
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reading. Thus, these results suggest that phonological contributions to reading depend on 

dorsal perisylvian regions that are also involved in more general sensory-motor 

integration processes. Crucially, pseudoword reading was most selectively impaired by 

lesions involving a single region within the identified frontoparietal cluster—ventral 

precentral gyrus. The association between lesioned ventral precentral gyrus and 

inaccurate pseudoword reading constituted preliminary evidence for motor phonological 

processing being especially critical for sublexical phonological processing in reading. 

These results motivated the development and testing of the differentiated phonological 

reading hypothesis in Chapter 4.  

Chapter 4 built on Chapter 3’s results through a combined behavioral and lesion-

symptom mapping approach. Logistic mixed effects regression confirmed the predicted 

selective association between motor phonological impairment and inaccurate pseudoword 

reading. Moreover, a novel structural connectome lesion-symptom mapping method 

confirmed the predicted selective association between disconnected left ventral precentral 

gyrus and both motor phonological impairment and pseudoword reading impairment. 

Thus, I suggest that at least two separable phonological processes contribute to reading: a 

sensory-motor integration process that subserves the reading of both pseudowords and 

words, and a motor phonological process that is especially important for reading 

pseudowords. 
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Implications for Cognitive Models of Reading 

Phonology as a Sensory-Motor Circuit 

Contemporary cognitive models of reading aloud appear to be oversimplified in 

their treatment of phonology as an undifferentiated module, as exemplified by the DRC 

model’s phoneme system and the triangle model’s phonology module. Rather, the results 

of Chapters 3 and 4 suggest that phonological contributions to reading depend on at least 

partially separable sensory and motor components, with motor phonology being 

especially important for sublexical reading. Computational models of reading aloud can 

look to models of speech production for inspiration on implementing a sensory-motor 

phonological circuit. The notion of separable sensory and motor phonological processes 

is most clearly embodied by the semantic-lexical-auditor-motor (SLAM) model of speech 

production (Walker & Hickok, 2016). Building on the semantic-phonological model 

(Foygel & Dell, 2000), the SLAM model simulates spoken word production through 

spreading activation from semantics to the lexicon and then from the lexicon to 

phonology. Crucially, the SLAM model is distinguished by its division of phonology into 

auditory-phonological and motor-phonological components, which are connected in order 

to simulate sensory-motor integration. As implied by the SLAM acronym, the semantic-

lexical-auditory-motor pathway is hypothesized to be the dominant route for spoken word 

production. However, lexical representations can also directly activate motor-

phonological representations. Models of reading aloud could be modified to incorporate 

an analogous sensory-motor phonological circuit (e.g., Figure 4.1). The results of 

Chapters 3 and 4 suggest that lesioning either sensory-phonological targets or the 

connection between sensory-phonological and motor-phonological targets would impair 
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the reading aloud of both words and pseudowords. This would be expected in a system in 

which sensory targets are a crucial driving force during acts of speech production (e.g., 

reading aloud), as hypothesized by the SLAM model and models of motor speech control 

(Gregory Hickok, 2012; Miller & Guenther, 2020). In contrast, lesioning motor-

phonological targets would preferentially impair the reading aloud of pseudowords, 

possibly because pseudowords do not benefit from lexical or semantic activation. 

Another possibility is that pseudowords do not have redundant motor representations in 

lower-level motor circuits (e.g., primary motor cortex and subcortical structures), thus the 

loss of higher-level motor speech plans impairs the production of novel words. Such low-

level motor circuits are usually considered outside the scope of models of reading aloud 

but could plausibly play a role in post-stroke alexia, which is typically diagnosed based 

on performance reading aloud. Overall, it is clear that reading aloud is an act of speech 

production, so models of reading aloud should aim to develop cooperatively with models 

of speech production. Future computational work is required for developing a better 

understanding of the specific mechanisms underlying phonological contributions to 

reading. 

 

Rules versus Graded Statistics 

 The results of Chapter 1 are most consistent with connectionist implementations 

of sublexical reading (e.g., Perry et al., 2007; Plaut et al., 1996), which propose that 

knowledge of graded spelling-to-sound regularities supports the reading of all letter 

strings. Specifically, both between-reader variation in reading skill and between-word 

variation in reading difficulty varied as a function of print-to-sound statistics. 
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Connectionist models can readily account for these results. In contrast, the rule-based 

account of sublexical reading (i.e., the DRC model) requires either computational 

modification or theoretical stipulation. A number of potential modifications to the DRC 

model have been suggested over the decades to account for effects of graded spelling-to-

sound statistics (e.g., body-to-sound rules; see Coltheart, 2012). A bigger problem for the 

DRC model is the lack of theory behind how readers actually acquire spelling-to-sound 

rules that are hypothesized to underlie skilled sublexical reading. For example, 

continuous measures of print-to-sound frequencies could somehow be indirectly indexing 

the probability that a rule is learned by a reader. It seems that this theoretical gap is an 

important obstacle that faces the DRC model. 

 

Simulating Semantics 

 I have reviewed evidence from this dissertation and from prior literature for 

semantic influences on reading aloud (see Taylor et al. (2015) for further review). Future 

research should focus on how semantics influences reading aloud. Computationally 

implemented semantic systems can help clarify exactly how semantics influences reading 

aloud. Dual-route theorists who assert that “word meaning does not have an important 

contribution in written word naming” are correct in the sense that mappings from print to 

sound clearly exert a stronger influence than word meanings in reading aloud (Perry et 

al., 2007, p. 303). However, dismissing the impact of semantics as not worthy of 

simulation seems specious. Such an assertion implies that semantic effects observed 

across fields and tasks are all spurious or uninteresting, including findings from 

neuropsychological studies of stroke alexia (e.g., Crisp & Lambon Ralph, 2006) and 
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semantic dementia (e.g., Patterson & Hodges, 1992), studies of orthographic word 

learning (e.g., Mckay et al., 2008), and studies of skilled reading aloud (e.g., Strain et al., 

2002). Overall, computational simulations of semantics will help us to understand how 

semantic contributions to reading may vary across tasks (e.g., silent versus oral reading), 

words (e.g., regular versus irregular words), disease states (e.g., stroke aphasia versus 

semantic dementia), reading development (e.g., pediatric versus adult readers), and 

unimpaired individuals (e.g., highly skilled versus less skilled readers).   

 

Implications for Neural Models of Reading 

 Researchers frequently attribute spelling-to-sound translation (i.e., phonological 

decoding) to inferior parietal cortex and phonological or more general output processing 

to frontal cortex (e.g., Graves et al., 2010; Pugh et al., 2000; Taylor et al., 2013). The 

lesion-symptom mapping results of Chapters 3 and 4 challenge the notion that frontal 

cortex does not directly contribute to phonological decoding. Specifically, both voxel-

based and structural connectome lesion-symptom mapping of pseudoword reading 

accuracy implicated left ventral precentral gyrus, a regions thought to support motor 

phonological programs (Gregory Hickok, 2012; Miller & Guenther, 2020). Crucially, 

these analyses controlled for accuracy on word reading and therefore controlled for 

shared reliance on general motor speech processes. Moreover, the pseudowords were all 

monosyllabic and did not contain complex consonant onsets. These results suggest that 

speech production processors are not simply responsible for producing an articulatory act 

after phonological decoding has occurred elsewhere in the brain. Rather, motor speech 

areas, particularly left ventral precentral gyrus, directly contribute to the decoding 
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process itself. Electrocorticographic recordings of left perisylvian cortex demonstrate that 

speech production involves distributed parallel processing across left perisylvian regions 

that each subserve different functions (Leonard et al., 2019). Moreover, activity in pars 

opercularis and precentral gyrus is evident within the first 200 ms of reading, coinciding 

with activity peaking in left mid fusiform gyrus (Cornelissen et al., 2009; Pammer et al., 

2004). Thus, it is likely that phonological decoding depends on highly interactive but 

differentiated sensory and motor association cortices, with ventral premotor cortex 

possibly providing motor targets that are important for decoding novel words.  

 Left IFG has been assigned competing phonological and semantic roles in 

reading, specifically phonological output processing (Taylor et al., 2013) and controlled 

semantic processing (Graves et al., 2010). The association between lesioned left anterior 

IFG and inaccurate concrete relative to abstract word reading in Chapter 3 supports a 

semantic role for left anterior IFG in reading. Consistent with the semantic role of left 

anterior IFG, strokes involving left IFG are associated with impaired performance on 

both verbal and non-verbal semantic tasks (Lambon Ralph et al., 2017). Moreover, 

activation studies suggest separable anterior/ventral and posterior/dorsal functional zones 

within IFG, with controlled semantic and phonological processing occurring in anterior 

and posterior IFG, respectively (Costafreda et al., 2006; Katzev et al., 2013; Poldrack et 

al., 1999). The results of Chapter 3 are consistent with this anterior-posterior functional 

gradient within IFG. Overall, it seems likely that IFG subserves executive processes 

relevant to both phonological and semantic contributions to reading.  
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Limitations 

Chapter 2  

Given the focus on individual differences in the first study, a sample size of 30 

subjects is not ideal for robustly estimating effects. However, Chapter 2 identified clear 

axes of variation in sensitivity to print-to-sound statistics through precisely manipulated 

reading materials and mixed effects regression. I will make the corpus publicly available 

upon publication in order to enable others to replicate and extend this work directly.  

It is also notable that the participant pool was dominated by middle-aged and 

older adults. This is the case because these participants are age-matched control subjects 

for a larger study of left-hemisphere stroke (NIDCD R01DC014960). While there was no 

significant effect of age in the group analyses, it is possible that a sample of younger 

adults could demonstrate different effects. The effect of frequency on reading aloud in 

particular is known to decrease with age (Davies et al., 2017), perhaps reflecting the 

culmination of reading experience. Thus, I would predict that differences in sensitivity to 

print-to-sound statistics would be even more apparent in a sample of younger adults of 

otherwise similar demographics to Chapter 2’s participants.  

Finally, Chapter 2 did not examine all possible sublexical print-sound associations 

in English monosyllables. Only orthographic body-to-sound statistics were calculated for 

the pseudowords given the prominent role of the rime in English monosyllables (e.g., 

Treiman et al., 1995, 2003). Additionally, irregularity at the level of the onset and body 

were treated as equivalent in categorizing the words as irregular/inconsistent versus 

regular/consistent. It is possible that individual sensitivity to the statistics of orthographic 

onsets and bodies are correlated but separable dimensions. Sound-to-print (i.e., feedback) 
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consistency was also not examined at any orthographic grain size (Ziegler, 1997). 

Clearly, there is a great deal of complexity in the statistics of print-sound associations 

that was not captured in Chapter 2. Future work can aim to tease apart individual 

differences in sensitivities to these various statistics. 

 

Chapter 3 

 A notable limitation of Chapter 3 is that the word stimuli were not constructed to 

enable examination of all relevant contrasts of interest. Low frequency irregular words 

are theoretically significant because they are thought to rely especially on intact lexical 

processing. However, the regularity list was too short to enable lesion-symptom mapping 

of accuracy reading low frequency irregular words (Table 3.2). Thus, the null result for 

irregular word reading could reflect that overall irregular word reading accuracy is not a 

very sensitive measure of lexical reading. Additionally, accuracy reading high versus low 

imageability irregular words is of theoretical interest because of the triangle model’s 

prediction of increased semantic reliance during irregular word reading. However, neither 

the concreteness list nor the regularity list contained enough items of each type to enable 

such an analysis. The real word corpus in Chapter 1 is ideal for these more targeted 

analyses given the orthogonal manipulation of frequency, regularity, and imageability 

(see Open Questions and Future Directions). 

 

Chapter 4 

 Given the heterogeneity of stroke aphasia and sample size required for reliable 

lesion-symptom mapping, the target enrollment for the final study was 50 stroke subjects. 
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An unforeseen setback was the COVID-19 pandemic, which halted data collection in 

March 2020. Thus, only 30 stroke subjects were able to be included in this final study. 

Despite not meeting the target sample size, there was substantial variation in reading 

ability and non-orthographic phonological abilities in this sample (Table 4.2), which 

enabled the isolation of differential contributions of motor phonology and sensory-motor 

integration to reading. Future research with a larger sample size can aim to confirm and 

extend Chapter 4’s findings through more reliable estimates of effect sizes. Additionally, 

a larger sample size increases the likelihood of a greater variety of lesion sizes and lesion 

locations, which would facilitate identification of the full extent of connections required 

for reading and language. Given the strict definition of lesion and strict multiple 

comparisons correction applied, Chapter 4 identified only the most reliable 

disconnection-symptom associations. Another relevant limitation is that structural 

connectome lesion-symptom mapping cannot on its own identify the specific white 

matter pathways (e.g., arcuate fasciculus, superior longitudinal fasciculus) lesioned by the 

stroke. Rather, the results of Chapter 4 identified anatomical circuits important for 

reading and language. Future analyses that combine voxel-based lesion analysis with 

tract-specific analysis could identify how specific grey matter and white matter lesions 

account for specific patterns of structural disconnection.  

 

Open Questions and Future Directions 

 Throughout this chapter, I have outlined implications relevant to advancing the 

science of reading. Here, I note some future directions for the line of work presented in 

this dissertation.  



 136 

Acquisition of Print-to-Sound Statistics  

 Chapter 2 demonstrated that skilled readers vary in their knowledge of lexical and 

sublexical print-to-sound statistics. How do such differences emerge? I will describe two 

possibilities that can be investigated with existing cross-sectional data associated with 

Chapter 2. 

First, reading habits and early reading experiences may account for differences in 

knowledge of print-to-sound statistics. After the conclusion of the first study (Chapter 2), 

the participants completed a questionnaire regarding their reading habits, including 

frequency of reading and the type of reading materials, as well as self-reported reading 

skill throughout childhood and into adulthood. These measures may enable insights on 

the relationships between 1) print exposure and sensitivity to print-to-sound statistics, 2) 

self-reported reading skill and objective measures of reading skill, and 3) early reading 

experiences and reading skill later in life. 

Second, a person’s general memory abilities may affect their capacity to build 

efficient links between orthographic and phonological forms in long-term memory. In 

addition to the more obvious role of verbal working memory in language, declarative and 

procedural memory are important for language (Ullman, 2004). Each participant in 

Chapter 2 completed tasks that measured declarative memory, procedural memory, verbal 

working memory, and spatial working memory. A strong declarative memory system 

seems a likely correlate of strong lexical knowledge given the importance of declarative 

memory in learning idiosyncratic information. Strong verbal working memory and 

procedural memory seem likely correlates of strong sublexical knowledge given the 

generative, phonological nature of sublexical reading. These general memory systems 
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could constitute another set of “primary systems” underlying reading, together with 

phonological, semantic, and visual systems. 

 

Loss of Print-to-Sound Statistics 

 Chapter 2 demonstrated that unimpaired readers use knowledge of sublexical 

print-to-sound statistics in reading, whereas Chapters 3 and 4 demonstrated that lesions 

can preferentially impair sublexical reading. Is acquired sublexical reading impairment 

partly explained by loss of access to or knowledge of print-to-sound statistics? The stroke 

cohort in Chapter 4 read aloud the same lists of words and pseudowords that the 

unimpaired readers read aloud in Chapter 2. This dataset therefore enables examination 

of the relationship between lesion location and sensitivity to print-to-sound statistics in 

reading. Left ventral precentral gyrus could be particularly important for the computation 

of smaller grain-sized print-to-sound statistics that subserve sublexical reading (e.g., 

syllable- and phoneme-level). 

 

Semantic Contributions to Reading  

Chapter 3’s lesion-symptom mapping results suggest that impaired semantic 

cognition may impair a patient’s ability to leverage knowledge of word meanings in 

reading aloud. Does impaired semantic cognition relate to acquired effects of 

imageability and regularity in reading aloud? An approach similar to that applied in 

Chapter 4 to investigate phonological contributions to reading can be applied to 

investigate semantic contributions to reading. The stroke cohort in Chapter 4 completed a 

battery of semantic assessments and also read aloud the 200 real words from Chapter 2. A 
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next step with this dataset is therefore to determine whether impaired semantic cognition 

and impaired lexical reading in stroke aphasia are related behaviorally and 

neuroanatomically. In contrast to semantic dementia, semantic impairment in stroke 

aphasia is usually thought to reflect impaired access or use of relatively intact semantic 

memory (Lambon Ralph et al., 2017). Post-stroke impairment in lexical reading may be 

mediated by disconnections involving ventral and lateral temporal cortex that is often 

spared by left middle cerebral artery strokes. Thus, structural connectome lesion-

symptom mapping could reveal novel insights on the neural basis of co-morbid deficits in 

semantics and reading in stroke aphasia. 

 

Conclusion 

 In this dissertation, I have presented psychometric and lesion evidence that 

clarifies the knowledge and neural substrates involved in reading aloud. Learned print-to-

sound statistics govern accuracy and speed in reading aloud, with highly accurate readers 

demonstrating superior knowledge of the print-to-sound statistics of English. All three 

major components of word identity, including spelling, pronunciation, and meaning, 

influence skilled reading aloud. While reading depends on a widely distributed neural 

network, this network is comprised of specialized processors. Phonological contributions 

to reading depend on a left-lateralized sensory-motor integration circuit. Within this 

circuit, temporoparietal and frontal networks are differentially important for reading 

known and unfamiliar words. Accurate reading of both known and unfamiliar words 

depends on left temporoparietal networks that may support sensory targets and sensory-

motor integration mechanisms in reading. Accurate reading of unfamiliar words depends 
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more on left ventral precentral gyrus, which may provide motor phonological targets that 

are important for sublexical reading. Semantic contributions to reading may depend on 

controlled semantic processing subserved by left anterior inferior frontal gyrus. Future 

research is required to establish how neuroanatomical networks support the component 

processes of reading and language. The neurocognitive bases of semantic influences on 

reading aloud remain particularly underspecified. Overall, the findings of this dissertation 

underscore how integrating approaches from experimental psychology, cognitive 

neuropsychology, and cognitive neuroscience can reveal insights on the neurocognitive 

architecture of reading and language. 
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APPENDIX A 

Chapter 2 Supplementary Material 
 

Supplementary Methods 
 
Real Word Matching  
 

The word-matching process resulted in a corpus of 200 words that vary 

orthogonally in frequency, regularity, and imageability (Table A.1). High and low 

frequency words significantly differed in mean frequency per million (t(99.03) = 6.57, P 

< .001) and were matched on mean letter length (t(187.34) = -0.28, p = 0.78), mean 

imageability rating (t(196.50) = 1.27, P = .20), mean articulatory complexity (t(187.86)= 

-0.71, P = .48), and proportion of irregular words. Regular and irregular words were 

matched on mean letter length (t(193.16) = 0.65, P = .51), mean frequency per million 

(t(189.02) = -0.40, P = .69), and mean imageability rating (t(198.00) = 0.03, P = .98), but 

irregular words had lower mean articulatory complexity (t(197.63) = -3.35, P < .001). 

High and low imageability words differed significantly in mean imageability rating 

t(181.27) = 25.17, P < .001), and were matched on mean letter length (t(196.80) = 0.28, P 

= .78), mean frequency per million (t(180.63) = -1.10 P = .27), mean articulatory 

complexity (t(191.99) = -0.31, P = .76), and proportion of irregular words. Table A.1 

also summarize the mean age of acquisition ratings and OLD20 scores, which were not 

controlled for in the matching process. Compared to low frequency words, high 

frequency words were acquired earlier (t(189.60) = -11.99, P < .001) and had denser 

orthographic neighborhoods (t(197.15) = -2.12, P = .035). Compared to irregular words, 

regular words had denser orthographic neighborhoods (t(197.78) = 2.17, P = .031) but 

did not differ significantly in mean age of acquisition (t(197.76) = 0.58, P = .564). 
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Compared to low imageability words, high imageability words were acquired earlier 

(t(195.2) = -5.13, P < .001) but did not differ significantly in orthographic neighborhood 

density (t(197.94) = 0.15, P = .885). Table A.2 lists details the lexical features of all 

eight types of real words, and Table A.3 details item-level accuracies and response times. 
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Table A.1. Summary of monosyllabic real word characteristics. 
 Frequency Regularity Imageability 

  
High 

(N = 100) 
Low 

(N = 100) 
Regular 

 (N = 100) 
Irregular 
 (N = 100) 

High 
(N = 100) 

Low 
(N = 100) 

Letter Length                   
   Range 3 – 6 3 – 6 3 – 6 3 – 6 3 – 6 3 – 6 
   Mean ± SD 4.6 ± 0.7 4.7 ± 0.8 4.6 ± 0.7 4.7 ± 0.8 4.7 ± 0.7 4.6 ± 0.8 
Frequency per 
million 

                  

   Range 10.0 – 921.1 0.1 – 9.1 0.2 – 921.1 0.1 – 828.4 0.4 – 840.6 0.1 – 921.1 

   Mean ± SD 118.2 ± 175.6 2.8 ± 2.2 64.4 ± 151.2 56.7 ± 121.2 49.9 ± 113.5 71.2 ± 156.4 

Regularity Category                   
   Proportion Irregular 0.5 0.5 0 1 0.5 0.5 
Imageability Rating                   
   Range 1.9 – 6.8 1.4 – 6.7 1.9 – 6.8 1.4 – 6.8 4.1 – 6.8 1.4 – 4 
   Mean ± SD 4.4 ± 1.5 4.2 ± 1.4 4.3 ± 1.4 4.3 ± 1.4 5.6 ± 0.8 3.0 ± 0.6 
Articulatory 
Complexity 

                  

   Range 0 – 6 0 – 7 1 – 7 0 – 7 0 – 7 0 – 7 

   Mean ± SD 3.1 ± 1.2 3.3 ± 1.5 3.5 ± 1.4 2.9 ± 1.3 3.2 ± 1.3 3.2 ± 1.5 
OLD20                   
   Range 1.0 – 2.8 1.0 – 2.4 1.0 – 2.8 1.0 – 2.4 1.0 – 2.8 1.0 – 2.4 

   Mean ± SD 1.6 ± 0.3 1.7 ± 0.3 1.6 ± 0.3 1.7 ± 0.3 1.6 ± 0.3 1.6 ± 0.3 
Age of Acquisition                   

   Range 2.6 – 11.8 3.9 – 15.0 2.8 – 12.5 2.6 – 15.0 2.6 – 12.1 3.6 – 15.0 
   Mean ± SD 5.6 ± 1.8 9.0 ± 2.2 7.2 ± 2.6 7.4 ± 2.7 6.4 ± 2.3 8.2 ± 2.6 

 
OLD20 = orthographic Levenshtein distance 20. 
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Table A.2. Summary of lexical features of all eight types of real words.  
 High Frequency Low Frequency 
 High Imageability Low Imageability High Imageability Low Imageability 

 Regular 
(N = 25) 

Irregular 
(N = 25) 

Regular 
(N = 25) 

Irregular 
(N = 25) 

Regular 
(N = 25) 

Irregular 
(N = 25) 

Regular 
(N = 25) 

Irregular 
(N = 25) 

Letter Length                         
   Range 3 – 6 3 – 6 4 – 6 3 – 6 3 – 6 3 – 6 3 – 6 3 – 6 
   Mean ± SD 4.7 ± 0.6 4.7 ± 0.7 4.5 ± 0.6 4.6 ± 0.7 4.6 ± 0.6 4.7 ± 0.9 4.7 ± 0.9 4.7 ± 0.9 
Frequency 
per million 

        

   Range 12.9 – 840.6 11.9 – 419.3 10.0 – 921.1 12.3 – 828.4 0.4 – 7.8 0.5 – 8.8 0.2 – 8.6 0.1 – 9.1 
   Mean ± SD 98.3 ± 171.2 95.0 ± 121.3 153.7 ± 218.1 126.0 ± 182.5 3.0 ± 1.9 3.3 ± 2.5 2.5 ± 2.1 2.6 ± 2.5 
Regularity 
Category 

        

   Proportion 
   Irregular 0 1 0 1 0 1 0 1 

Imageability 
Rating 

        

   Range 4.1 – 6.8 4.1 – 6.8 1.9 – 3.8 2.0 – 3.9 4.1 – 6.7 4.1 – 6.4 1.9 – 3.8 1.4 – 4.0 
   Mean ± SD 5.8 ± 0.9 5.7 ± 0.9 3.1 ± 0.5 3.1 ± 0.6 5.4 ± 0.7 5.3 ± 0.7 2.9 ± 0.5 3.0 ± 0.7 
Articulatory 
Complexity 

        

   Range 1 – 6 0 – 5 1 – 6 1 – 5 1 – 7 1 – 5 1 – 6 0 – 7 
   Mean ± SD 3.3 ± 1.2 2.8 ± 1.2 3.2 ± 1.3 3.1 ± 1.1 3.7 ± 1.3 2.8 ± 1.2 3.8 ± 1.6 2.8 ± 1.8 
OLD20         

   Range 1.0 – 2.8 1.0 – 2.2 1.0 – 2.0 1.0 – 2.0 1.2 – 2.0 1.0 – 2.3 1.0 – 2.0 1.0 – 2.4 
   Mean ± SD 1.6 ± 0.3 1.6 ± 0.3 1.5 ± 0.3 1.6 ± 0.3 1.6 ± 0.2 1.7 ± 0.4 1.6 ± 0.3 1.8 ± 0.4 
Age of 
Acquisition 

        

   Range 2.8 – 7.7 2.6 – 8.3 3.6 – 11.8 3.7 – 10.5 3.9 – 12.1 4.0 – 11.3 7.1 – 12.5 5.5 – 15.0 
   Mean ± SD 4.5 ± 1.1 5.2 ± 1.4 6.5 ± 1.9 6.3 ± 1.8 7.9 ± 2.0 8.1 ± 2.1 10.0 ± 1.5 10.1 ± 2.2 

 
OLD20 = orthographic Levenshtein distance 20. 
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Table A.3. Real word stimuli and item-level mean accuracies and response times. 
  Low Frequency Irregular Low Frequency Regular 

 
Word First 

Attempt 
Accuracy 

Response 
Time 

Final Attempt 
Accuracy 

Word First Attempt 
Accuracy 

Response 
Time 

Final Attempt 
Accuracy 

High 
Imageability 

axe 1 545.2 1 arc 1 723.87 1 

  butch 1 666.9 1 arch 0.8 569.54 0.8 

  choir 1 582.38 1 blaze 1 486.7 1 

  chrome 1 600.86 1 claw 1 613.47 1 

  comb 0.97 509 0.97 crab 1 484.67 1 

  cough 1 573.41 1 crate 1 519 1 

  crow 0.97 523.41 1 crest 1 541.2 1 

  flood 1 497.76 1 crumb 1 516.97 1 

  ghoul 0.9 660.67 0.93 flask 1 511.34 1 

  hearse 1 555.1 1 grape 1 512 1 

  hearth 0.6 605.11 0.63 hedge 1 533.31 1 

  hoof 0.93 505.89 0.93 hinge 1 523.4 1 

  isle 1 599.77 1 hoop 1 470.6 1 

  mauve 0.9 583.85 0.9 mulch 1 538.87 1 

  mousse 0.97 814.31 1 mumps 1 517.7 1 

  pear 0.97 609.41 0.97 pawn 1 508.1 1 

  pint 0.9 591.37 0.97 pike 1 525.24 1 

  plaid 0.87 504.65 0.97 plum 1 511.2 1 

  sew 1 493.7 1 scab 1 467.73 1 

  soot 0.7 466.48 0.8 soil 1 452.43 1 

  suede 1 513.27 1 spout 0.93 491.63 0.93 

  trough 0.67 676.35 0.7 trench 1 576.77 1 

  womb 0.97 504.69 0.97 wedge 1 535.43 1 

  wool 1 595.83 1 wink 1 482.3 1 

  yacht 0.97 525.1 1 yield 0.97 559 0.97 

Low 
Imageability 

ache 0.97 538.24 0.97 ail 1 589.1 1 

  awe 1 556.87 1 apt 0.97 573.69 0.97 

  bough 0.6 668.28 0.67 breech 0.97 555.37 0.97 

  brooch 0.33 1299.4 0.53 brisk 1 537.47 1 

  cache 0.77 726.43 0.8 craze 1 506.43 1 

  chic 0.5 668.6 0.57 crude 1 481.53 1 

  chute 0.97 519.83 1 dense 1 532.5 1 

  coup 0.63 636.53 0.73 fame 1 541.31 1 

  dearth 0.8 602.13 0.83 flank 1 459.87 1 

 
 
 



 145 

Table A.3 (Cont.) 
  Low Frequency Irregular Low Frequency Regular 

 
Word First 

Attempt 
Accuracy 

Response 
Time 

Final Attempt 
Accuracy 

Word First Attempt 
Accuracy 

Response 
Time 

Final Attempt 
Accuracy 

Low 
Imageability 

ewe 0.73 721.41 0.8 gloat 0.97 516.83 0.97 

  fiend 0.97 661.21 1 hark 1 494.34 1 

  gauge 0.87 668.19 0.9 lurch 1 630.7 1 

  heir 0.83 666.84 0.9 reap 1 504.83 1 

  leapt 0.9 535.47 0.9 sane 1 485.07 1 

  phrase 0.97 483.07 0.97 scribe 1 494.37 1 

  realm 0.97 546.86 0.97 sheen 1 471.23 1 

  scarce 0.97 560.03 1 sheer 1 513.13 1 

  scheme 1 542.4 1 slack 1 452.57 1 

  seize 1 458.62 1 sledge 1 571.71 1 

  sieve 0.6 560.28 0.63 sole 1 456.1 1 

  sown 1 536.67 1 strife 1 485.48 1 

  stow 1 530 1 surge 1 474.03 1 

  suave 0.97 510.24 1 tame 1 515.63 1 

  thyme 0.57 754.76 0.6 trait 1 535.77 1 

  ton 1 781.03 1 yak 1 527.13 1 

  High Frequency Irregular High Frequency Regular 

  Word First 
Attempt 

Accuracy 

Response 
Time 

Final Attempt 
Accuracy 

Word First Attempt 
Accuracy 

Response 
Time 

Final Attempt 
Accuracy 

High 
Imageability 

bear 1 542.87 1 beach 0.9 604.74 0.93 

  blood 1 543.6 1 belt 1 529.57 1 

  bowl 1 494.3 1 bike 0.97 528.83 1 

  break 1 538.43 1 black 1 485.47 1 

  bush 1 485.03 1 boat 0.97 527.69 1 

  chef 0.93 534.18 0.97 crane 1 492.6 1 

  climb 0.97 625.18 0.97 dance 1 534.2 1 

  death 1 570.6 1 drank 1 529.1 1 

  dough 1 587.1 1 fire 1 507.96 1 

  foot 1 484.5 1 first 1 500.47 1 

  friend 0.97 503.62 1 horse 1 470.1 1 

  heart 1 446.37 1 lunch 1 507.63 1 

  laugh 1 465.57 1 page 1 479.13 1 

  push 1 539.13 1 shape 1 484.83 1 

  shoe 1 526.57 1 shell 1 497.6 1 

  shove 1 535.13 1 shirt 1 474.4 1 

  son 1 467.2 1 sit 1 477.8 1 
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Table A.3 (Cont.)  
 High Frequency Irregular High Frequency Regular 

  Word First 
Attempt 

Accuracy 

Response 
Time 

Final Attempt 
Accuracy 

Word First Attempt 
Accuracy 

Response 
Time 

Final Attempt 
Accuracy 

High 
Imageability 

steak 1 485.13 1 slept 1 450.43 1 

  sweat 0.97 485.41 1 steam 1 491.93 1 

  sword 0.9 484.67 0.9 steel 1 492.77 1 

  tongue 1 549.67 1 toast 1 650.17 1 

  touch 1 524.87 1 twelve 1 496.4 1 

  wolf 1 510.63 1 wing 1 491.77 1 

  wounds 1 484.3 1 witch 1 495.37 1 

  youth 0.97 480.34 0.97 yell 1 499.83 1 

Low 
Imageability 

blown 1 507.07 1 bless 1 660.67 1 

  broad 0.97 520.48 0.97 bored 1 534.8 1 

  choose 1 531.93 1 chance 1 496.6 1 

  deaf 0.97 560.07 0.97 dame 1 551.33 1 

  doubt 1 512.5 1 dumb 0.97 525.97 0.97 

  flow 0.97 498.31 0.97 fake 1 525.63 1 

  gross 0.97 516.55 0.97 fraud 1 486.62 1 

  grow 1 522.67 1 grace 1 499.8 1 

  heard 1 587.45 1 grief 1 548.7 1 

  hour 1 645.87 1 hate 1 449.6 1 

  lose 0.7 490.9 0.8 help 1 451.57 1 

  most 0.97 460.76 1 late 1 483.93 1 

  once 1 507.57 1 must 1 480.4 1 

  phase 0.8 644.08 0.83 past 1 488.6 1 

  prove 0.97 497.45 0.97 proud 1 508.9 1 

  put 1 524.87 1 risk 1 468.07 1 

  rough 1 519.9 1 send 1 468.37 1 

  soul 1 467.1 1 serve 1 449.73 1 

  source 1 577.82 1 stole 1 470.57 1 

  swear 1 614.71 1 term 1 556 1 

  threat 0.97 571.83 0.97 theme 1 538.73 1 

  tough 1 496.43 1 trust 1 507.97 1 

  tour 0.97 520.97 0.97 week 1 513.17 1 

  wear 0.97 583.89 1 wish 1 492.9 1 

  weird 1 486.33 1 wrote 1 502.5 1 

 
 
 



 147 

Pseudoword Matching 

The pseudoword matching process resulted in a set of pseudowords that vary in 

their orthographic body-to-sound statistics (Table A.4). The regular and ambiguous 

pseudowords did not differ significantly in mean letter length (t(32.33)  = -0.94, p = 

0.35), mean positional bigram frequency t(29.16) = 1.73, p = 0.094), mean articulatory 

complexity (t(37.11) = 0.37, p-value = 0.716), and mean OLD20 (t(34.59)= 1.61, p = 

0.117). The limited pseudowords and regular pseudowords did not differ in mean letter 

length (t(38) = 0, p = 1.000), mean positional bigram frequency (t(37.77) = 0.0527, p = 

0.958), and articulatory complexity (t(37.68) = -0.594, p = 0.556). The limited 

pseudowords and ambiguous pseudowords did not differ significantly in mean letter 

length (t(32.33)= -0.940), p = 0.354), mean positional bigram frequency, t(30.56) = 

1.737, p = 0.092), and mean articulatory complexity (t(37.85) = -0.257, p = 0.799). The 

limited pseudowords had higher mean OLD20 compared to both the regular (t(28.64) = -

4.988, p < 0.001) and ambiguous pseudowords (t(34.59) = -4.087, p < 0.001), reflecting 

their greater orthographic dissimilarity to real words. Table A.5 details item-level 

accuracies and response times on pseudowords. 
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Table A.4. Summary of monosyllabic pseudoword characteristics.  

 

Regular 
Pseudowords 

(N = 20) 

Ambiguous 
Pseudowords 

(N = 20) 

Limited 
Pseudowords 

(N = 20) 
Letter Length        
   Range 4 – 5 2 – 5 4 – 5 
   Mean ± SD 4.5 ± 0.5 4.3 ± 0.8 4.5 ± 0.5 
Bigram Frequency        

   Range 212.1 – 2341.9 0 – 3281.6 480.4 – 2461.5 

   Mean ± SD 1214.9 ± 526.9 1645.6 ± 978.6 1,205.8 ± 570.2 

Articulatory 
Complexity 

       

   Range 1 – 6 2 – 5 2 – 6 
   Mean ± SD 3.4 ± 1.4 3.6 ± 1.2 3.6 ± 1.3 
OLD20        
   Range 1.0 – 1.9 1.2 – 2.0 1.6 – 2.1 
   Mean ± SD 1.6 ± 0.2 1.7 ± 0.2 1.9 ± 0.1 
 
OLD20 = orthographic Levenshtein distance 20. 
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Table A.5. Pseudoword stimuli and item-level mean accuracies and response times. 
Body Type Pseudoword First Attempt 

Accuracy 
Response Time Final Attempt 

Accuracy 
Regular bink 0.97 787.34 0.97  

broal 0.90 998.38 0.93 
 cland 0.93 671.82 1.00 
 cout 0.97 934.00 1.00 
 crast 0.97 751.90 0.97 
 dife 1.00 893.27 1.00 
 drate 1.00 798.27 1.00 
 frout 0.97 692.97 0.97 
 hish 0.93 669.68 0.93 
 meech 0.97 608.66 0.97 
 nart 1.00 753.60 1.00 
 pilt 1.00 707.50 1.00 
 prike 1.00 817.87 1.00 
 stend 0.93 627.93 0.97 
 tace 0.97 779.10 0.97 
 tarch 1.00 735.27 1.00 
 vage 1.00 948.23 1.00 
 wribe 0.93 890.93 0.93 
 yoon 1.00 693.53 1.00 
 zask 0.97 648.48 0.97 
Ambiguous chead 0.97 1100.37 0.97 
 clow 0.97 763.32 1.00 
 drost 0.97 744.14 0.97 
 fost 1.00 675.67 1.00 
 fron 1.00 642.50 1.00 
 gead 0.90 842.22 0.97 
 glind 0.97 792.21 0.97 
 glown 0.90 743.19 0.90 
 gron 0.97 875.34 0.97 
 grour 1.00 863.80 1.00 
 hoth 1.00 679.39 1.00 
 plear 1.00 868.90 1.00 
 pown 0.73 1148.00 0.80 
 slear 1.00 630.93 1.00 
 slind 0.93 671.32 0.97 
 spo 1.00 729.00 1.00 
 stoth 0.97 784.43 0.97 
 trow 0.97 1014.21 0.97 
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Table A.5 (Cont.) 
Body Type Pseudoword First Attempt 

Accuracy 
Response Time Final Attempt 

Accuracy 
Ambiguous vo 1.00 598.34 1.00 
 vour 0.97 967.97 1.00 
Limited bolg 0.93 776.82 0.93 
 broub 1.00 858.07 1.00 
 caup 0.87 788.85 0.87 
 clais 0.93 1247.56 0.93 
 crilp 0.93 847.29 0.93 
 dofe 0.97 749.14 0.97 
 dronf 0.93 753.07 0.97 
 froum 0.93 894.04 0.97 
 hirn 1.00 837.30 1.00 
 maich 0.96 887.93 0.96 
 noug 0.97 874.59 0.97 
 polb 1.00 748.63 1.00 
 preln 0.67 1311.30 0.67 
 stilp 0.93 662.68 0.93 
 talch 0.97 738.54 0.97 
 tuve 0.93 747.11 0.93 
 veif 0.97 814.31 0.97 
 wrofe 0.93 782.93 0.97 
 yoog 0.97 797.03 0.97 
 zomk 0.90 709.00 0.93 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 151 

Supplementary Results 
 
Group Effects 
 
All reported mixed models are the final result of model fitting. See the Methods in the 
main text of Chapter 2 for details on model fitting.  
 
 
Table A.6. Summary of by-subject accuracy and response time by word frequency, 
regularity, and imageability. 
 High Frequency Low Frequency 
 High Imageability Low Imageability High Imageability Low Imageability 
 Regular Irregular Regular Irregular Regular Irregular Regular Irregular 
Accuracy (%)                         
   Range 96 – 100 92 – 100 96 – 100 84 – 100 92 – 100 79.17 – 100 96 – 100 64 – 96 
   Mean ± SD 99.3 ± 1.5 98.8 ± 2.1 99.9 ± 0.7 96.8 ± 4.0 98.8 ± 2.1 93.0 ± 0.1 99.6 ± 1.2 83.6 ± 9.1 
RT (ms)         

   Range 378 – 665 371 – 693 377 – 670 384 – 702 399 – 742 416 – 864 378 – 687 429 – 908 
   Mean ± SD 507 ± 94 515 ± 92 506 ± 92 534 ± 102 527 ± 100 577 ± 135 516 ± 98 608 ± 141 

 
Subject N = 30. Item N = 25 in each category. Response time summaries exclude 
incorrect trials, skipped trials, timed-out trials, and contaminated trials. Accuracy 
summaries exclude skipped trials. RT = response time. ms = milliseconds. SD = Standard 
deviation. 
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Table A.7. Logistic mixed effects model predicting accuracy reading aloud real 
words. 

  Accuracy 

Predictors Odds Ratios CI P 

(Intercept) 334.19 168.42 – 663.10 <.001 

Frequency 1.24 0.41 – 3.76 .707 

Regularity 13.40 4.97 – 36.18 <.001 

Imageability 0.61 0.23 – 1.59 .312 

Age of Acquisition 0.72 0.59 – 0.88 .001 

Frequency × Regularity 0.19 0.03 – 1.10 .065 

Regularity × Imageability 0.10 0.02 – 0.62 .013 

Random Effects (σ2) 
Residual 3.29 

Item: Intercept 3.08 

Subject: Regularity 0.81 

Subject: Intercept 0.54 
NSubject 30 

NItem 200 

Observations 5998 
Marginal R2 / Conditional R2 0.317 / 0.658 

 
Fixed effect estimates are reported as odds ratios, which describe the multiplicative 
change in odds of an accurate response between levels of word features. P-values were 
calculated through the Wald Z-test. CI = 95% Confidence interval.  
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Table A.8. Linear mixed effects model predicting response time reading aloud real 
words. 

  InvRT  

Predictors Estimates CI P 

(Intercept) -2017.04 -2145.04 – -1889.05 <.001 

Frequency -37.97 -105.25 – 29.31 .269 

Regularity -113.67 -161.22 – -66.18 <.001 

Imageability 8.73 -42.63 – 60.08 .739 

Age of Acquisition 20.91 8.00 – 33.81 .001 

Frequency × Regularity 128.50 36.33 – 220.66 .007 

Regularity × Imageability 97.62 5.24 – 190.00 .039 

Random Effects (σ2)  
Residual 107226.75  

Item: Intercept 23850.47  

Subject: Frequency 3765.94  

Subject: Regularity 977.95  
Subject: Intercept 123800.64  

NSubject 30  

NItem 200  

Observations 5748  

Marginal R2 / Conditional R2 0.063 / 0.239    
 
InvRT = Inverse response time. P-values were calculated via Satterthwaite approximate 
degrees of freedom. CI = 95% Confidence interval.  
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Table A.9. Summary of accuracy and response time on pseudowords. 
                                 Pseudoword Type 
 Regular Ambiguous Limited 

Accuracy (%)    

   Range 75.0 – 100 83.3 – 100 70.0 – 100 
   Mean ± SD 97.0 ± 5.5 95.9 ± 5.3 93.5 ± 8.9 
RT (ms)          
   Range 451 – 2,462 420 – 3,123 472 – 3,110 
   Mean ± SD 772 ± 370 805 ± 474 860 ± 504 
 
Subject N = 30. Item N = 20 in each category. Response time summaries exclude 
incorrect trials, skipped trials, timed-out trials, and contaminated trials. Accuracy 
summaries exclude skipped trials. RT = response time. ms = milliseconds. SD = Standard 
deviation. 
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Table A.10. Frequencies of the regular and irregular body-to-sound mappings 
associated with each pseudoword. 

Item Pseudoword Type Regular Body-to-Sound 
Mapping Frequency 

Irregular Body-to-Sound 
Mapping Frequency 

bink Regular 46.76213 0 
broal Regular 8.754971 0 
cout Regular 35.23983 0 
cland* Regular 36.13232 2.198657 
crast Regular 23.76659 0 
dife Regular 15.60307 0 
drate Regular 47.85791 0 
frout Regular 35.23983 0 
hish Regular 12.45763 0 
meech Regular 10.58111 0 
nart* Regular 29.55657 3.061452 
pilt Regular 14.73984 0 
prike Regular 20.83066 0 
stend Regular 30.33809 0 
tace Regular 29.18329 0 
tarch Regular 8.590262 0 
vage Regular 23.80549 0 
wribe Regular 10.33169 0 
yoon Regular 23.27118 0 
zask Regular 14.29497 0 
slind Ambiguous 3.4813 28.1422 
glind Ambiguous 3.4813 28.1422 
gead Ambiguous 14.7678 31.0598 
chead Ambiguous 14.7678 31.0598 
clow Ambiguous 32.8851 53.5991 
trow Ambiguous 32.8851 53.5991 
fost Ambiguous 9.9838 13.6272 
drost Ambiguous 9.9838 13.6272 
pown Ambiguous 25.5007 24.1644 
glown Ambiguous 25.5007 24.1644 
grour Ambiguous 16.6138 15.7164 
vour Ambiguous 16.6138 15.7164 
gron Ambiguous 15.4789 14.4156 
fron Ambiguous 15.4789 14.4156 
stoth Ambiguous 10.6602 4.1779 
hoth Ambiguous 10.6602 4.1779 
spo Ambiguous 37.0301 21.3486 
vo Ambiguous 37.0301 21.3486 
slear Ambiguous 43.16 15.844 
plear Ambiguous 43.16 15.844 
bolg Limited 0 0 
broub Limited 0 0 
caup Limited 0 0 
clais Limited 0 0 
crilp Limited 0 0 
dofe Limited 0 0 
dronf Limited 0 0 
froum Limited 0 0 
hirn Limited 0 0 
maich Limited 0 0 
noug Limited 0 0 
polb Limited 0 0 
preln Limited 0 0 
stilp Limited 0 0 
tuve Limited 0 0 
talch Limited 0 0 
veif Limited 0 0 
wrofe Limited 0 0 
yoog Limited 0 0 
zomk Limited 0 0 

*The irregular mapping associated with the orthographic bodies -and and -art are conditional on the onset being w-, as in wand and 
wart. Our analysis of irregular pronunciations focused on irregular mappings associated with the bodies of the ambiguous 
pseudowords, which are not onset-conditional. 



 156 

Table A.11. Logistic mixed effects model predicting accuracy reading aloud 
pseudowords. 

  Accuracy 

Predictors Odds Ratios CI P 

(Intercept) 50.57 28.03 – 91.22 <.001 

Regular Body Mapping Frequency 1.47 1.02 – 2.11 .038 

Education 1.60 1.02 – 2.50 .041 

Random Effects (σ2) 
Residual 3.29 

Item: Intercept 0.72 

Subject: Intercept 0.92 
NSubject 30 

NItem 60 

Observations 1791 

Marginal R2 / Conditional R2 0.069 / 0.378 
 
Fixed effect estimates are reported as odds ratios, which describe the multiplicative 
change in odds of an accurate response between levels of word features. P-values were 
calculated through the Wald Z-test. CI = 95% Confidence interval.  
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Table A.12. Linear mixed effects model predicting response time reading aloud 
pseudowords. 

  InvRT 

Predictors Estimates CI P 

(Intercept) -1497.18 -1633.18 – -1361.18 <.001 

Regular Body Mapping Frequency -47.43 -90.89 – -3.96 .036 

Education -111.89 -243.03 – 19.26 .094 

Random Effects (σ2) 
Residual 91924.16 

Item: Intercept 20374.65 

Subject: Irregular Body Mapping Frequency 4227.90 
Subject: Regular Body Mapping Frequency 2493.08 

Subject: Intercept 132610.79 

NSubject 30 

NItem 60 

Observations 1701 

Marginal R2 / Conditional R2 0.115 / 0.276 
 
InvRT = Inverse response time. P-values were calculated via Satterthwaite approximate 
degrees of freedom. CI = 95% Confidence interval.  
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Table A.13. Distribution of types of correct pronunciations of pseudowords. 
                          Pseudoword Type 

Pronunciation Type Regular  Ambiguous  Limited  

Regular          
   Range (%) 50 – 100 50 – 100 45 – 85 

   Mean (%) 91.00 ± 11.25 79.15 ± 10.85 65.00 ± 11.15 

Irregular    
    Range (%)  --  0 – 35  -- 
    Mean (%)  --  15.15 ± 9.05  -- 
Plausible    
    Range (%)   0 – 25  0 – 5  10 – 40 

    Mean (%)  6 ± 7.45  1 ± 2.05  27.85 ± 7.75 

 
Pronunciations to all pseudowords were classified as “regular” if they followed the most 
typical American English grapheme-to-phoneme correspondences. Pronunciations to 
ambiguous pseudowords were classified as “irregular” if they were consistent with the 
pronunciation of an irregular word neighbor at the level of the orthographic body. 
Pronunciations to all pseudowords were classified as “plausible” if they otherwise 
consisted of grapheme-to-phoneme mappings that occur in English.  
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Table A.14. Logistic mixed effects model predicting the odds of a regular 
pronunciation reading aloud all pseudowords. 

  Regular Response 

Predictors Odds Ratios CI P 

(Intercept) 17.47 8.43 – 36.20 <.001 

Regular Body Mapping Frequency 3.07 1.45 – 6.50 .003 

Irregular Body Mapping Frequency 0.52 0.26 – 1.03 .060 

Random Effects (σ2) 
Residual 3.29 

Item: Intercept 5.21 
Subject: Irregular Body Mapping Frequency 0.13 

Subject: Intercept 0.18 

NSubject 30 
NItem 60 

Observations 1711 

Marginal R2 / Conditional R2 0.124 / 0.666 
 
Fixed effect estimates are reported as odds ratios, which describe the multiplicative 
change in odds of a regular response. P-values were calculated through the Wald Z-test. 
CI = 95% Confidence interval.  
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Table A.15. Logistic mixed effects model predicting the odds of an irregular 
pronunciation reading aloud ambiguous pseudowords. 

  Irregular Response 

Predictors Odds Ratios CI P 

(Intercept) 0.04 0.01 – 0.13 <.001 

Irregular Body Mapping Frequency 1.98 0.81 – 4.84 .135 

Regular Body Mapping Frequency 0.46 0.16 – 1.37 .166 

Irregular Body Mapping Frequency × Regular Body 
Mapping Frequency 

2.91 1.05 – 8.05 .040 

Random Effects (σ2) 
Residual 3.29 

Item: Intercept 2.50 

Subject: Intercept 0.50 

NSubject 30 
NItem 20 

Observations 572 

Marginal R2 / Conditional R2 0.263 / 0.615 
 
Fixed effect estimates are reported as odds ratios, which describe the multiplicative 
change in odds of an irregular response. P-values were calculated through the Wald Z-
test. CI = 95% Confidence interval.  
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Individual Differences in Reading Real Words 
 
 
Table A.16. Logistic mixed effects model predicting accuracy reading aloud real 
words. 

  Accuracy  

Predictors Odds Ratios CI P 

(Intercept) 328.69 171.40 – 630.32 <.001 

Frequency 1.23 0.41 – 3.74 .711 

Regularity 13.00 4.89 – 34.59 <.001 

Imageability 0.61 0.23 – 1.60 .313 

Age of Acquisition 0.72 0.59 – 0.88 .001 

Subject Sensitivity to Frequency 2.09 1.49 – 2.92 <.001 

Subject Sensitivity to Regularity 0.65 0.46 – 0.90 .009 

Frequency × Regularity 0.19 0.03 – 1.11 .065 

Regularity × Imageability 0.11 0.02 – 0.62 .013 

Random Effects (σ2) 
Residual 3.29 

Item: Intercept 3.08 

Subject: Intercept 0.23 
Subject: Regularity 0.68 

NSubject 30 

NItem 200 

Observations 5998 
Marginal R2 / Conditional R2 0.338 / 0.667 

 
Fixed effect estimates are reported as odds ratios, which describe the multiplicative 
change in odds of an accurate response between levels of word features. P-values were 
calculated through the Wald Z-test. CI = 95% Confidence interval.  
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Individual Differences in Reading Pseudowords 
 
 
Table A.17. Logistic mixed effects model predicting accuracy reading aloud all 
pseudowords. 

  Accuracy 

Predictors Odds Ratios CI P 

(Intercept) 52.13 29.12 – 93.31 <.001 

Regular Body Mapping Frequency 1.47 1.02 – 2.11 .038 

Education 1.38 0.88 – 2.15 .160 

Subject Sensitivity to Regular Body-to-Sound Mappings 0.97 0.63 – 1.51 .898 

Subject Sensitivity to Irregular Body-to-Sound Mappings 1.80 1.03 – 3.13 .038 

Random Effects (σ2) 
Residual 3.29 

Item: Intercept 0.72 

Subject: Intercept 0.77 
NSubject 30 

NItem 60 

Observations 1791 

Marginal R2 / Conditional R2 0.118 / 0.393 
 
Fixed effect estimates are reported as odds ratios, which describe the multiplicative 
change in odds of an accurate response. P-values were calculated through the Wald Z-
test. CI = 95% Confidence interval.  
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Table A.18. Logistic mixed effects model predicting the odds of a regular 
pronunciation reading aloud pseudowords. 

  Regular Response 

Predictors Odds Ratios CI P 

(Intercept) 17.40 8.48 – 35.72 <.001 

Regular Body Mapping Frequency 3.07 1.45 – 6.48 .003 

Irregular Body Mapping Frequency 0.52 0.26 – 1.03 .060 

Subject Sensitivity to Irregular Body-to-Sound 
Mappings 

1.36 1.11 – 1.69 .004 

Subject Sensitivity to Regular Body-to-Sound 
Mappings 

1.01 0.82 – 1.24 .932 

Random Effects (σ2) 
Residual 3.29 
Item: Intercept 5.19 

Subject: Subject Sensitivity to Irregular Body-to-
Sound Mappings 

0.13 

Subject: Intercept 0.09 
NSubject 30 

NItem 60 

Observations 1711 

Marginal R2 / Conditional R2 0.133 / 0.669 
 
Fixed effect estimates are reported as odds ratios, which describe the multiplicative 
change in odds of a regular response. P-values were calculated through the Wald Z-test. 
CI = 95% Confidence interval.  
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Table A.19. Linear mixed effects model predicting response time reading aloud 
pseudowords.  

  InvRT 

Predictors Estimates CI P 

(Intercept) -1524.17 -1679.10 – -1369.24 <.001 

Subject Sensitivity to Irregular Body-to-Sound 
Mappings 

92.65 -50.38 – 235.68 .204 

Irregular Response 
(yes, irregular vs. no, regular) 

120.57 41.27 – 199.86 .003 

Subject Sensitivity to Irregular Body-to-Sound 
Mappings × Irregular Response 

106.16 31.14 – 181.18 .006 

Random Effects (σ2) 
Residual 81449.76 
Item: Intercept 21578.15 

Subject: Intercept 149375.48 

NSubject 30 
NItem 20 

Observations 559 

Marginal R2 / Conditional R2 0.050 / 0.693 
 
InvRT = Inverse response time. P-values were calculated via Satterthwaite approximate 
degrees of freedom. CI = 95% Confidence interval.  
 

 

 

 

 

 

 

 

 



 165 

Relating Individual Differences in Reading Words and Pseudowords 
 
 
Table A.20. Logistic mixed effects model predicting accuracy reading aloud real 
words. 

  Accuracy 

Predictors Odds Ratios CI P 

(Intercept) 330.82 168.96 – 647.73 <.001 

Frequency 1.24 0.41 – 3.75 .708 

Regularity 13.14 4.93 – 35.01 <.001 

Imageability 0.61 0.23 – 1.60 .313 

Age of Acquisition 0.72 0.59 – 0.88 .001 

Subject Sensitivity to Irregular Body-to-Sound 
Mappings 

1.47 1.06 – 2.05 .022 

Frequency × Regularity 0.19 0.03 – 1.11 .065 

Regularity × Imageability 0.11 0.02 – 0.62 .013 

Random Effects (σ2) 
Residual 3.29 

Item: Intercept 3.08 

Subject: Intercept 0.43 
Subject: Regularity 0.69 

NSubject 30 

NItem 200 

Observations 5998 

Marginal R2 / Conditional R2 0.326 / 0.661 
 
Fixed effect estimates are reported as odds ratios, which describe the multiplicative 
change in odds of an accurate response. P-values were calculated through the Wald Z-
test. CI = 95% Confidence interval.  
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Table A.21. Linear mixed effects model predicting response time reading aloud real 
words.   

  InvRT 

Predictors Estimates CI P 

(Intercept) -2017.13 -2139.76 – -1894.51 <.001 

Frequency -38.02 -105.28 – 29.25 .268 

Regularity -113.49 -160.42 – -66.55 <.001 

Imageability 8.70 -42.65 – 60.05 .740 

Age of acquisition 20.86 7.96 – 33.77 .002 

Subject Sensitivity to Irregular Body-to-Sound 
Mappings 

-120.04 -242.84 – 2.76 .066 

Frequency × Regularity 128.24 36.08 – 220.39 .007 

Regularity × Imageability 97.52 5.15 – 189.89 .039 

Regularity × Subject Sensitivity to Irregular 
Body-to-Sound Mappings 

-22.74 -41.90 – -3.58 .028 

Random Effects (σ2) 
Residual 107228.91 
Item: Intercept 23843.91 

Subject: Intercept 113281.27 

Subject: Frequency 3754.73 
Subject: Regularity 549.92 

NSubject 30 

NItem 200 

Observations 5748 
Marginal R2 / Conditional R2 0.147 / 0.308 

 
InvRT = Inverse response time. P-values were calculated via Satterthwaite approximate 
degrees of freedom. CI = 95% Confidence interval.  
 
 

 

 



 167 

APPENDIX B 

Chapter 4 Supplementary Material 

Supplementary Methods 

Participants 

All participants must have used English as their primary language since age five, 

completed at least 12 years of formal education, and had adequate vision and hearing 

with correction from lenses and hearing aids. Each participant’s years of education was 

determined based on their highest attained degree in the United States (high school = 12, 

college = 16, master’s = 18, JD = 19, MD = 20, PhD = 21). To qualify for enrollment in 

the stroke cohort, the participant must have had a history of a left hemisphere stroke. 

Exclusion criteria for the stroke and control shorts included history of neurological 

disease (including a right hemisphere stroke for the stroke cohort), history of head injury 

causing loss of consciousness, history of psychiatric disorder requiring hospitalization, 

ongoing use of psychiatric medications other than common antidepressants, and history 

of learning disorder requiring educational intervention (e.g., developmental dyslexia). All 

control subjects scored no less than 1 standard deviation below the mean for their age- 

and education-matched group on the Montreal Cognitive Assessment (Rossetti et al., 

2011). The stroke and control groups were matched by age (t(65) = -1.24 P = .22) and 

education (t(65)= -0.68, P = .50). The initial participant pool included 36 stroke subjects 

and 38 control subjects. Six stroke subjects were excluded from the present study either 

because they could not perform the reading task (N = 4), functional MRI and clinical 

assessment confirmed right hemisphere dominance for language (N = 1), or structural 

MRI revealed neuropathology other than a left hemisphere stroke (N = 1). One control 
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subject was excluded from the connectome lesion-symptom mapping analysis because of 

poor diffusion-weighted imaging quality. 

 
Reading Assessment 
 
Table B.1. Reading battery stimuli. 
Word Pseudoword 
bath cath 
bolt tolt 
car dar 
dim nim 
fog rog 
fort gort 
gold nold 
gulf julf 
hat jat 
held beld 
hip fip 
hunt munt 
leg deg 
man gan 
mild sild 
rust sust 
top zop 
tub mub 
tuft nuft 
web veb 
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