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ABSTRACT 
 

The functional brain bases of reading have been thoroughly studied in children, 

adolescents, and adults. Yet, the relationships between neuroanatomical measures and 

reading ability at these ages are far less understood. This dissertation presents two studies 

designed to test how cortical anatomy is related to individual differences in single real word 

reading ability in a large sample of typically developing children, adolescents, and adults 

from the NIH Study of Normal Pediatric Development. First, we asked whether the brain 

regions that are shown to have less gray matter volume (GMV) in dyslexia have a linear 

relationship with reading ability in typical readers. We found no such relationships in the 

eight regions interrogated across the entire sample, either when employing correlations or 

a multiple regression model. Dividing the sample into three age groups revealed 

correlations in the oldest group (ages 15-22) in the right superior temporal gyrus (STG) 

and left fusiform gyrus (FG) with reading ability, but both were sex-specific. Next, we 

investigated cortical thickness (CT) and surface area (SA) to test their relationships with 

reading and math ability, as well as whether the relationships for these academic skills 

overlap. Multiple regressions in the entire sample (focused on fourteen regions 

representing the areas known to subserve reading or math) revealed that word reading 

ability, age, and their interactions contributed unique variance to CT of the left 

supramarginal gyrus (SMG) and left intraparietal sulcus (IPS); also, the interaction 
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between reading and age contributed unique variance to CT of the left FG. Dividing the 

sample into three age groups to test correlations revealed that CT of the left SMG and FG 

were positively correlated with single word reading only in the oldest age group. In both 

approaches, there were no findings for math ability or SA. Altogether, these findings 

converge on two important findings: First, in a representative sample of typical readers, 

there are no linear relationships between measures of brain anatomy and real word reading 

ability. This suggests that dyslexia does not represent the lower-end tail of a normal 

distribution. Second, greater age/experience brings about a relationship between brain 

anatomy (GMV and CT) and single real word reading ability. In sum, these findings shed 

important insights into the brain-behavioral relationships for reading. 
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Chapter 1 
 

INTRODUCTION 

 

 

Learning to read is a hallmark of entry to new forms of knowledge. Reading ability is 

integral to written communication and pivotal to educational and vocational achievement 

in many societies (Bynner, 2002; Duncan et al., 2007). For instance, early reading 

achievement has been linked to later academic success (Duncan et al., 2007), and literacy 

skills throughout education have been shown to relate to individual employment outcomes 

(Bynner, 2002). Successful reading acquisition requires fluent coordination of component 

skills that are practiced and refined with exåperience: As one learns to read, skills such as 

phonological awareness, word decoding, and sight recognition are used in tandem to build 

word recognition abilities, which are reinforced by one’s language comprehension skills, 

such as vocabulary knowledge and verbal reasoning (Scarborough, 2001). Because reading 

is a culturally-invented ability, it is likely that the human brain has co-opted existing brain 

anatomy to support the skills needed for successful reading (Dehaene & Cohen, 2007a).  

 

Yet reading does not come easily to all. Between 5-17% of children are afflicted 

with dyslexia, a reading-specific disorder (Shaywitz, 2003). Dyslexia is a neurologically-

based disorder that results in difficulties with accuracy and fluency of word recognition 

and spelling; this, in turn, produces problems with reading comprehension, which can 

hinder classroom learning (Lyon et al., 2003; Peterson & Pennington, 2015). Genetic 

research has reported that dyslexia is heritable (a child with an affected parent has a 40-
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60% chance of developing dyslexia), as is reading ability in typical readers (Schumacher 

et al., 2007), though variations in reading skill in both typical and atypical readers can also 

be attributed to environmental influences (Senechal, 2014). Decades of neuroscience 

research have been dedicated to understanding the brain bases of dyslexia. Because reading 

ability builds upon language comprehension skills as described above, it is not surprising 

that such research has consistently observed abnormal activations in a distributed left 

hemisphere language network that is known to be part of the typical functional reading 

network when individuals with dyslexia read single words (Demonet et al., 2004; Richlan 

et al., 2009; Eden et al., 2016).  

 

Though the relationship between brain activity and reading has been relatively well-

characterized, cognitive neuroscience lacks an understanding of the brain’s anatomical 

relationship with reading ability. This dissertation aims to address questions specific to this 

gap in knowledge: In Chapter 2, I test the brain’s anatomical relationship with individual 

differences in single real word reading in the typical population by measuring gray matter 

volume (GMV) and considering variables such as age, sex, IQ, and socioeconomic status 

(SES), which have confounded previous studies. This study is conducted within the context 

of dyslexia, as an understanding of the brain-behavioral anatomical relationship with 

reading in typical readers is needed to provide insight into dyslexia’s etiology. In Chapter 

3, I test the brain’s anatomical relationship with individual differences in reading using two 

other measures of anatomy, cortical thickness (CT) and surface area (SA), and also relate 

them to another academic skill, mathematics, since it has been proposed that reading and 

math abilities may share overlapping anatomical correlates. To establish a framework to 
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interpret the approaches and results of these studies, the remainder of this chapter will 

provide background on structural neuroimaging research of dyslexia and reading. 

 

READING-SPECIFIC DISABILITY: DYSLEXIA 

 The first use of the term “dyslexia” dates to the late 1800s, when German physician 

Rudolf Berlin referred to a word-blindness, or loss of reading, in adults with acquired 

lesions. Berlin had mischaracterized dyslexia, which unlike acquired difficulties with 

language, is a congenital difficulty with reading (Morgan, 1896; Shaywitz, 2003). In the 

early 1920s, Samuel Orton described the issues faced by children with dyslexia as word 

reversal (i.e., confusing “was” for “saw”) and proposed that visual deficits were the cause 

of such reading deficits (Orton, 1925). These problems with reading were not explained by 

deficits in intelligence, instruction, or motivation (Critchley, 1970). However, in the late 

1970s, it was suggested that the underlying deficits in dyslexia are due to problems in 

phonological processing (i.e., the processing of oral language sounds) which, in turn, cause 

problems with decoding written language (Vellutino 1977; Vellutino et al., 2004). There is 

much evidence to support this phonological deficit hypothesis, though more recent research 

has begun to explore the complex and potentially multifactorial causes of dyslexia 

(Pennington, 2006).  

 

Today, dyslexia is defined as a neurobiological disorder rooted in an unexpected 

primary deficit in phonological decoding, with secondary deficits in reading 

comprehension as well as reduced reading experience and vocabulary knowledge (Lyon et 

al., 2003). Guided by this definition, the dyslexia research community has emphasized the 
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study of single word reading performance, which is thought to reflect phonological 

decoding skills, rather than performance on reading comprehension tasks. This definition 

of dyslexia (and subsequent focus on single word reading) is well-aligned with the simple 

view of reading. Under the simple view of reading, reading ability is the product of 1) 

decoding and 2) comprehension (Gough & Tunmer, 1986). As such, it follows that for 

dyslexia, deficits in decoding are observable in all cases, whereas deficits in 

comprehension are not part of the hallmark immediate deficit (Stanovich, 1988; Vellutino 

et al., 2004). Therefore, there is much reason to focus on single word reading as a means 

to characterize and understand the chief deficits in dyslexia. This dissertation examines 

relationships between brain anatomy and single word reading in the typical population in 

order to provide insight into the anatomical differences observed in dyslexia. 

 

Knowledge of neuroanatomical differences in dyslexia predates the neuroimaging 

literature, such as the functional MRI (fMRI) studies described above (Demonet et al., 

2004; Richlan et al., 2009). For instance, in the late 1970s, neurologist Drake Duane 

founded a brain bank of post-mortem specimens from individuals with dyslexia, and 

examinations of these specimens revealed differences in the brain structures in the left 

hemisphere of the cortex, particularly within the primary language network (Shaywitz, 

2003). A decade later, Galaburda and colleagues reported the presence of ectopias 

(abnormal cell masses, likely caused by disruptions in neuronal migration) in the left 

perisylvian cortices of post-mortem brains of individuals with dyslexia (Galaburda et al., 

1985; Platt et al., 2013). By the 1990s, technologies emerged to allow for fine-tuned 

measurements of the dyslexic brain. The technique of voxel-based morphometry (VBM) is 
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capable of quantifying the volume of gray matter (GMV) within any part of the cortex, 

where neuronal cell bodies live, and has been applied in over 10 studies to identify 

structural differences in dyslexia (Ashburner & Friston, 2000; Brown et al., 2001; Brambati 

et al., 2004; Eckert et al., 2005; Silani et al., 2005; Vinckenbosch et al., 2005; Hoeft et al., 

2007; Kronbichler et al., 2008; Menghini et al., 2008a; Steinbrink et al., 2008; Pernet et 

al., 2009; Raschle et al., 2011; Evans et al., 2013; Krafnick et al., 2014; Jednoróg et al., 

2015). Three meta-analyses focused on studies ranging from children to adults have gone 

on to test the convergence across the findings of these studies, investigating the overlap of 

eleven publications total (Linkersdorfer et al., 2012; Richlan et al., 2013; Eckert et al., 

2016). Taken together, the results of these meta-analyses suggest that individuals with 

dyslexia have less GMV relative to typical readers in multiple focused cortical regions that 

are notably associated with language and reading processes, including the left inferior 

frontal gyrus, bilateral supramarginal gyrus, bilateral superior temporal gyrus, left middle 

temporal gyrus, left fusiform gyrus, and bilateral cerebellum (Linkersdorfer et al., 2012; 

Richlan et al., 2013; Eckert et al., 2016). These meta-analyses provide a general 

understanding of brain anatomical differences in atypical readers. 

 

 However, these studies do not speak conclusively to the relationship between brain 

anatomy and reading ability. Are those with dyslexia and those without two distinct groups, 

or do they form a continuum? In the dyslexia literature, there are two behavioral models 

through which to understand the differentiation of dyslexia within the general population 

of readers. First, in the 1970s, Rutter and Yule proposed that individuals with dyslexia 

represent a “hump” at the lower end of the distribution of reading skills (Rutter & Yule, 
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1975). This “categorical” theory was based on population sampling which revealed that 

dyslexia occurs more frequently than one would expect, implying that dyslexia is more 

than just the lower end of the continuum and requires clinical and educational distinction. 

However, in 2003 Shaywitz et al. suggested a second, alternative theory that dyslexia does, 

in fact, constitute the lower end of the distribution of reading skills and is not a “hump” 

(Shaywitz, Escobar, Shaywitz, Fletcher, & Makuch, 1992; Shaywitz, 2003). This 

contrasting “dimensional” model is also based on population sampling, and it would 

suggest that dyslexia is not an all-or-none phenomenon but occurs with degrees that could 

coincide with other low-performing readers. In general, the dimensional model of dyslexia 

has been proposed as the main and more widely accepted definition of this disorder (see: 

Peterson & Pennington, 2015), though no studies of the neuroanatomy of dyslexia have 

confirmed either of the two behavioral models.  

 

A study looking at single real word reading ability of typical readers, who constitute 

the majority of the continuum of reading abilities, could shed light on how to best 

conceptualize the population of individuals with dyslexia. Such a study could also inform 

the etiology of dyslexia, as it is currently unknown whether those regions reported to 

anatomically differ in dyslexia (i.e., those found to have reduced GMV in meta-analyses 

comparing dyslexics to controls) are in fact related to single word reading ability within 

the typical population. For instance, if dyslexia represents the lower end tail of the reading 

distribution, then one might expect a positive correlational relationship between brain 

structure (specifically, in those regions that are reduced in dyslexia) with single word 

reading ability across all readers. However, if such a correlational relationship is not 
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observed in all readers, one could deduce that dyslexia is in fact not the lower end of the 

tail of a normal distribution of reading, but rather, a distinct hump representative of a 

unique etiology (see Figure 1). I test this hypothesis in Chapter 2 of this dissertation.  

 

 

Figure 1. Models Explaining the Between-Group Differences Observed when 
Comparing Dyslexic vs. Typical Readers. Model 1: Top image depicts the observation 
of no linear relationship between GMV (for example, the left supramarginal gyrus is 
shown) and reading ability in either dyslexia or typical readers. Bottom image depicts the 
observation of a linear relationship between GMV and reading ability in dyslexia, but not 
in typical readers. These observations would support a scenario in which dyslexia is a hump 
at the lower end of the distribution of reading ability. Model 2: Image depicts the 
observation of a linear relationship between GMV and reading ability across all readers. 
This would support a scenario in which reading ability is normally distributed; those with 
dyslexia fall at the low end of this distribution. Black lines represent between-group 
comparisons. 
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Another interesting aspect of dyslexia is its high comorbidity rate (up to 40%) with 

the math-specific disability, dyscalculia (Lewis et al., 1994). This is not entirely surprising 

given that skills considered important for successful reading, such as phonological 

awareness, are also correlated to math skill (De Smedt et al., 2010). Additionally, though 

the neurobiological mechanism that underlies double deficits in reading and math is unclear 

(Ashkenazi et al., 2013), it has been proposed that dyslexia and dyscalculia share structural 

and functional brain bases (Ashkenazi et al., 2013). This lends to the idea that the regions 

involved in reading and math may overlap in their spatial locations (Matejko & Ansari, 

2015; Peters & De Smedt, 2018; Pollack & Ashby, 2018), though no study of brain 

anatomy has looked at reading and math together to determine whether this is the case. I 

test this hypothesis in Chapter 3 of this dissertation.      

 

THE BRAIN BASES OF READING 

As early as 1891, French neurologist Dejerine noted the critical role of the left 

posterior cortex in processing strings of letters based on a case study of a man with a legion 

in this brain region (Dejerine, 1892). Since then, the functional organization of the reading 

network in typical individuals has been well-characterized using fMRI. Studies using fMRI 

have revealed that three left-hemisphere regions show robust activation during reading 

tasks: an occipito-temporal region, a temporo-parietal region, and an anterior region 

(usually the inferior frontal area) (Pugh et al., 2001; Dehaene, 2009). In 2015, a meta-

analysis looking at 40 fMRI studies of reading in children and adults found that while 

activation in these regions is common to both children and adults, other regions are 
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uniquely activated within these age groups (Martin et al., 2015). This study and others 

(Turkeltaub et al., 2003; Schlaggar & McCandliss, 2007) have provided evidence for age-

related differences in this network. No study of brain anatomy in typical readers has 

assessed whether relationships between brain anatomy and reading ability are dependent 

on age. 

 

Relative to fMRI research, few studies have looked at the relationship between 

brain anatomy and reading ability. In contrast to the over 40 studies conducted on typical 

reading using fMRI, there are less than 10 studies using structural MRI methods to 

investigate gray matter relationships with reading ability. To date, four studies have been 

published on correlations between GMV and reading ability (Pernet et al., 2009; He et al., 

2013; Jednorog et al., 2015; Johns et al., 2017); of these, two included a sample with 

dyslexia (Pernet et al., 2009; Jednorog et al., 2015). Additionally, three studies have 

published on relationships between CT and SA with reading ability in typical readers (Frye 

et al., 2010; Goldman & Manis, 2013; Johns et al., 2017). Agreement across these studies 

is variable, and a more complete understanding is limited by small sample sizes (Goldman 

& Manis, 2013; Johns et al., 2017) and, specifically for GMV, lack of a native-English 

speaking and reading sample (Pernet et al., 2009; He et al., 2014; Jednorog et al., 2015). 

Thus, there is a gap in our knowledge of how brain anatomy is related to reading ability, 

especially single word reading ability, in typical readers, and existing studies have not 

examined whether such relationships exist in children, adolescents, and adults in concert. 

Based on the age-related findings of the fMRI bases of reading as described above, it is 

possible that the relationships between brain anatomy and single word reading ability vary 
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across age groups. I address these fundamental gaps in experimental Chapters 2 and 3 of 

this dissertation.  

 

It is also possible that the relationship between brain anatomy and individual 

differences in reading ability in typical readers overlap with those of individual differences 

in math. In addition to the high comorbidity of dyslexia and dyscalculia as previously 

discussed (Ashkenazi et al., 2013), it has been shown that reading and math rely in part on 

shared general cognitive processes (Houde et al., 2010; Chu et al., 2016). In Chapter 3, I 

test whether the relationships between brain anatomy with reading and math ability are 

overlapping or separate. Next, I discuss how measurements of brain anatomy using MRI 

can be used to investigate relationships with reading ability.  

 

MEASURING BRAIN STRUCTURE IN HUMANS 

Early studies of the brain’s anatomical relationships with complex behaviors, such 

as intelligence, used gross morphometric measures, such as head size (reviewed in 

Wilteson, Beresh, & Kigar, 2006). In the 1990s, techniques using structural magnetic 

resonance images to characterize in vivo neuroanatomical differences emerged, which 

enabled researchers to measure features such as shape and size of brain regions from T1-

weighted MRI data with fine-tuned precision. These methods have been applied to studies 

of between-group differences as well as correlations between brain anatomy with various 

measures of human behavior, yielding important information to both clinicians and 

researchers (Bansal, Gerber, & Peterson, 2008). As noted previously, the majority of 

studies to date on anatomical brain-behavior relationships in the context of reading have 



 11 

measured GMV using the VBM technique (Pernet et al., 2009; He et al., 2013; Jednorog 

et al., 2015; Johns et al., 2017), an objective approach developed by Ashburner & Friston 

that estimates the local amount of a specific tissue (i.e., gray matter) within a voxel, or 3D 

pixel, from imaging data (Ashburner & Friston, 2000). Though the nature of gray matter 

volume as measured by VBM is not fully understood, it has been suggested that in healthy 

participants, GMV may reflect neurobiological properties such as neuronal size, dendritic 

or axonal arborization, increased folding, or thicker gray matter (Mechelli et al., 2005). I 

apply VBM in Chapter 2 to examine relationships between GMV and reading ability (as 

well as with IQ and socioeconomic status) given its prevalence amongst comparing GMV 

in groups with and without dyslexia.  

 

 A potentially problematic aspect of gray matter volume is its composition. With 

respect to GMV, this volumetric measure consists of two components: CT, the thickness 

of the cortical sheet, and SA, area of the cortical sheet. Therefore, it is difficult to interpret 

the nature of reported GMV findings in reading studies without also studying these two 

components of brain structure (Ramus et al., 2018). These measures of brain anatomy can 

also be estimated using structural neuroimaging but unlike GMV, they are derived from 

surface-based (rather than voxel-based) techniques (Fischl, Sereno, & Dale, 1999). This 

technique reconstructs the 2D surface of the brain, from which boundaries between the 

white matter surface, pial surface, and gray matter surface are computationally defined to 

provide the CT and SA measures of interest (Fischl & Dale, 2000). It has been suggested 

that the thickness of the cortex, specifically its rate of change in development, likely 

reflects synaptic pruning or myelination (Shaw et al., 2006; Natu et al., 2018), whereas SA 



 12 

reflects more genetically susceptible aspects of anatomy such as cortical folding patterns 

(Kapellou et al., 2006) as well as synaptic pruning (Schnack et al., 2015). Thus, CT and 

SA not only offer a more detailed analysis of the anatomical characteristics of the cortex 

compared to VBM, but these measures provide clues to those relationships that emerge 

with experience (e.g., CT) versus those that are more genetically defined (e.g., SA). I apply 

this method in Chapter 3 to test whether these measures of brain anatomy are related to 

measures of reading and math ability and whether these relationships differ within children, 

adolescents, and adults.  

 

THE NIH MRI STUDY OF NORMAL PEDIATRIC DEVELOPMENT 

 With the advent of neuroimaging techniques in the 1990s, numerous studies began 

mapping the structural anatomical trajectories of the developing brain. These studies are 

best summarized by several reviews detailing how regional brain anatomy measures vary 

even in healthy populations, likely due to cross-sectional sampling methods (Durston et 

al., 2001; Gogtay et al., 2002; Sowell et al., 2004; Paus, 2005). Additionally, research on 

pediatric brain disorders such as dyslexia was hindered at the time due to a lack of a large, 

normative control sample of typically developing children. To establish such a public 

database of longitudinal pediatric MRI measures, The Brain Development Cooperative 

Group led an effort to collect a large sample of MRI data along with comprehensive 

neuropsychological and demographic data from a broad age range of individuals through 

the NIH MRI study of normal brain development (Evans & Brain Development 

Cooperative Group, 2006). After recruiting participants using population sampling 

methods, data for this study were collected across six different study sites: Boston, 
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Children’s Hospital; Cincinnati, Children’s Hospital Medical Center; Houston, UT 

Houston Medical School; Los Angeles, Neuropsychiatric Institute and Hospital, UCLA; 

Philadelphia, Children’s Hospital of Philadelphia; and St. Louis, Washington University. 

From across these sites, over 500 children from ages 4 – 18 years were administered 

behavioral tests and MRI collection at multiple intervals using a mixed cross-sectional and 

longitudinal design. The result of this study has been a regularly updated database (the NIH 

Pediatric MRI Database) that is publicly available to the scientific community 

(https://pediatricmri.nih.gov).  

 

 The breadth of measures provided by the NIH Pediatric MRI Database aligned 

strongly with the goals of this dissertation. Namely, these goals were to study a large, 

normative sample for which validated and standardized measures of reading and math 

skills were available, and from which structural measures of GMV, CT, and SA could be 

obtained. Participants in the NIH Pediatric MRI Database were administered the 

Woodcock-Johnson Tests of Achievement, which includes standardized measures of 

performance on tests of Letter-Word Identification and Calculation (Woodcock et al., 

2001). The test of Letter-Word Identification assesses an individual’s ability to read single 

real words, as measured by untimed accuracy while reading a list of real words of 

progressive difficulty. These words range from simple stimuli, such as “cat”, to difficult 

words, such as “satiate.” Conceivably, the untimed nature of this task allows a reader to 

utilize either phonological decoding or sight word recognition skills when reading, 

depending upon their single word reading ability. As described previously, the assessment 

of single real word reading was critical to our goal of investigating relationships between 
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brain anatomy and reading ability in the typical population as a means to understand 

dyslexia, given that single word reading ability robustly distinguishes readers with and 

without dyslexia (Grigorenko, 2001; Lyon et al., 2003; Peterson & Pennington, 2015). (Of 

note, an ideal measure of phonological decoding would have been pseudoword reading, 

but it was not provided by the Database.) While passage comprehension measures were 

provided by the Database, this measure is partially accounted for by single word reading 

ability (Cutting & Scarborough, 2006), is determined by multiple factors (such as 

vocabulary, reasoning, and memory) (Grigorenko, 2001), and deficits in comprehension 

are not linked to the primary consequences of dyslexia (Grigorenko, 2001; Lyon et al., 

2013). Thus, it was not considered in our studies, which were conducted largely in the 

context of dyslexia, in which the major deficit is single word reading ability. Turning to 

math ability, the test of Calculation measures an individual’s mathematical ability, as 

measured by accuracy on problems ranging from number writing, single- and double-digit 

calculation, to geometry and trigonometry problems. The database also includes measures 

of intelligence quotient (IQ) (Wechsler, 1999) and socioeconomic status (SES), which have 

each been shown to correlate with reading ability (Hecht, Torgesen, Wagner, & Rashotte, 

2000) and brain structure in typical readers (Haier et al., 2004; Noble et al., 2015). Thus, 

the NIH Pediatric MRI Database provides suitable data on which to test questions about 

brain-behavioral relationships in the context of GMV, CT, SA, and measures of reading 

and math ability. The sample size of the database enables the studies in Chapters 2 and 3 

to be, to date, the largest studies of relationships between brain structure with reading (and 

math) in a Native-English speaking population.  

 



 15 

DISSERTATION STUDIES 

 In this thesis, I advance the following framework through which to understand the 

brain-behavioral relationship between brain anatomy and single word reading ability. In 

Chapter 2, I provide evidence that there is no observable relationship between GMV—the 

most extensively studied measure of brain structure—and single real word reading ability 

in a large sample of typically developing children, adolescents, and young adults. The lack 

of such a relationship suggests that the differences in GMV observed in dyslexia are unique 

to dyslexia and do not represent the lower end of an extension of the greater population of 

readers, which fails to support the dimensional model of dyslexia discussed above. In 

Chapter 3, I provide evidence that relationships between measures of CT and SA with 

single word reading ability do not exist in children (corroborating the GMV findings in 

Chapter 2) and therefore do not overlap with math. However, some relationships were 

found between CT and reading ability in adults, suggesting they are age-specific, and likely 

result from experience-dependent cortical plasticity. Indeed, both studies (Chapters 2 and 

3) suggest that a relationship between brain structure of the left fusiform gyrus (FG) and 

single word reading ability is observable when individuals are adults with experience with 

reading. The sum of these arguments moves forward an understanding of brain-behavioral 

relationships between anatomy and single real word reading ability in the typical 

population of children, adolescents, and adults. In Chapter 4, I discuss how the findings of 

these studies may be used to interpret previous and future research in dyslexia. Finally, 

Chapter 4 also presents questions that are not answerable by the data in this dissertation 

and discusses the more specific biological and behavioral processes that may underlie the 

anatomical relationships observed in the studies. 
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Chapter 2 

RELATIONSHIPS BETWEEN GRAY MATTER VOLUME AND 
READING ABILITY IN TYPICALLY DEVELOPING CHILDREN, 

ADOLESCENTS, AND YOUNG ADULTS1 
 
 
INTRODUCTION  

Reading is a skill that is integral to communication, pivotal to educational and 

vocational achievement in many societies. Reading acquisition is hampered in 5-12% of 

children due to the reading disability developmental dyslexia (Katusic, Colligan, Barbaresi, 

Schaid, & Jacobsen, 2001). Dyslexia is a neurologically-based learning disability attributed 

to deficits in phonological processing that lead to difficulty in reading words accurately 

and fluently (Shaywitz, 1998; Lyon, Shaywitz, & Shaywitz, 2003). While the brain bases 

of dyslexia are widely accepted, the role of the reported anatomical differences in dyslexia 

are difficult to interpret and would benefit from a deeper understanding about the 

relationship between brain anatomy and reading ability in the general population.  

 

Specifically, studies comparing groups with and without dyslexia have revealed 

differences in gray matter volume (GMV) in numerous brain regions (Brown et al., 2001; 

Brambati et al., 2004; Eckert et al., 2005; Silani et al., 2005; Vinckenbosch, et al., 2005; 

Hoeft et al., 2007; Kronbichler et al., 2008; Menghini et al., 2008a; Steinbrink et al., 2008; 

Pernet et al., 2009; Raschle et al., 2011; Evans et al., 2013; Krafnick et al., 2014; Jednoróg 

et al., 2015). The main findings from this research are summarized by two meta-analyses 

                                                
1 Adapted from Torre, G.A., & Eden, G.F. (2019) Relationships between Gray Matter Volume and 
Reading Ability in Typically Developing Children, Adolescents, and Young Adults. Developmental 
Cognitive Neuroscience.  
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(Linkersdörfer, Lonnemann, Lindberg, Hasselhorn, & Fiebach, 2012; Richlan, 

Kronbichler, & Wimmer, 2013). The meta-analysis by Linkersdorfer and colleagues 

(2012) included nine studies conducted in children and adults (combined) with and without 

dyslexia and reported less GMV in the bilateral supramarginal gyrus, right superior 

temporal gyrus, left inferior temporal gyrus, left fusiform gyrus, and bilateral cerebellum 

in dyslexia. The meta-analysis by Richlan and colleagues (2013), which also used nine 

studies and overlapped with seven of the studies used by Linkersdorfer and colleagues, 

revealed less GMV in left superior temporal sulcus and right superior temporal gyrus in 

adolescents and adults (combined) with dyslexia compared to controls.  

 

The interpretation of these findings in dyslexia would be facilitated by knowing 

whether there is a linear relationship between GMV and single word reading ability in 

groups that represent a wide spectrum of reading skills. If such a relationship exists in the 

brain regions that are known to differ in dyselxia, it would suggest that the findings in 

dyslexia reflect a brain-behavioral relationship that exists in the general population, with 

dyslexics representing the lower end of the spectrum (with low GMV and low reading 

scores). On the other hand, if there is no linear relationship in the general population 

between GMV and reading in these specific areas, one would conclude that dyselxia 

represents a unique group. The picture is likely to be more complex, with some brain 

regions found to differ in GMV in dyselxia showing a correlation with reading ability, but 

others not. Regions showing a correlation betweeen GMV and reading would suggest that 

GMV in these brain areas is tightly yoked with reading abiliy in all children, whereas 

regions showing no such correlation are those that are altered in dyslexia, indicative of 
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pathology. These findings could be used to better understand the etiology of dyslexia, 

refine models on the brain basis of reading, and make predictions about which areas are 

likely to change through treatment (i.e., those that are correlated with reading ability) 

versus those that may be more resistant to change (those unique to dyselxia). 

 

There have been prior efforts investigating whether there is a linear relationship 

between GMV and reading ability, often in the context of dyslexia. One such study in 

children by Jednoróg and colleagues (2015) tested for linear correlations between GMV 

and reading ability in a group with dyslexia (n = 130) and typical readers (n = 106). This 

study was conducted in a diverse linguistic sample (monolingual speakers of French, 

German, or Polish). They found no positive relationships within the dyslexic group. They 

did, however, observe a relationship within the control group: a positive correlation 

between GMV in the left supramarginal gyrus (SMG) with reading accuracy (using 

language-appropriate standardized tests of single real word reading). There have also been 

studies examining relationships between GMV and reading ability in adults. For instance, 

Pernet and colleagues (2009) tested for correlations between GMV and reading ability in a 

sample of native French-speaking adults with dyslexia (n = 38) and typical readers (n = 

39). Here too no correlations were observed in the dyslexic group alone. Pernet et al. 

reported significant positive correlations when both groups were combined, this time 

between GMV and measures of pseudoword reading in left STG, fusiform gyrus (FG), and 

bilateral cerebellum. Importantly, the correlations within left STG and FG were also found 

when testing the control group alone. There are also studies conducted in adult typical 

readers only, and these report positive correlations between GMV and reading ability in 
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the left STS and left SMG in 39 native English speaking adults (Johns et al., 2017) and for 

the left SMG in 253 native Chinese speaking adults with strong English reading proficiency 

(He et al., 2013). Taken together, the results of these studies suggest a positive linear 

relationship between GMV and reading ability in left SMG in typically reading children 

(Jednoróg et al, 2015) and adults (He et al., 2013; Johns et al., 2017), as well as in left STG, 

STS, and FG in adults (Pernet et al., 2009; Johns et al., 2017). Interestingly, the left SMG 

and FG regions have been reported to have less GMV in a meta-analysis study of dyslexia 

(Linkersdörfer et al.,, 2012). 

 

The goal of the present study was to examine a large representative sample of 

children, adolescents and young adults to test for linear relationships between GMV and 

single real word reading ability in those brain regions implicated in dyslexia. The results 

will allow for better interpretation of the reported GMV anomalies in dyslexia. 

Specifically, it is unclear whether the differences revealed by between-group comparisons 

of dyslexic participants and their age-matched controls are due to (i) a linear relationship 

between gray matter volume (in specific brain areas) and reading ability in the population, 

or (ii) a unique anatomical profile in the dyslexic population relative to typical readers. The 

latter would be consistent with the view that dyslexia represents a “hump” at the low end 

of the population’s distribution (Rutter & Yule, 1975). This model suggests that dyslexia 

is a specific disability that occurs at a rate above what would be expected if the full 

spectrum of reading was normally distributed. This model also implies that dyslexic 

children exist in addition to, and are distinct from, other children with low reading 

performance who are not diagnosed with dyslexia, i.e., garden-variety poor readers 
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(Stanovich, 1988). On the other hand, others have conceptualized dyslexia as representing 

the distribution’s lower tail (Shaywitz, Escobar, Shaywitz, Fletcher, & Makuch, 1992). 

This model would therefore predict that a relationship between GMV and reading 

performance exists in those brain regions identified to differ in dyslexia across the spectrum 

of all reading abilities.  

 

Consistent with this previous work, our study used voxel-based morphometry 

(VBM). Because it is well known which brain regions differ in GMV in dyslexia, the 

present study narrowed the investigation to these specific regions (bilateral temporo-

parietal cortex, left temporo-occipital cortex, and bilateral cerebellum) to test for a linear 

relationship between GMV and reading performance in a large US-based sample of 

children, adolescents, and young adults taken from the National Institutes of Health (NIH) 

normative database. The group of 404 subjects selected from the database was first studied 

as a whole and then divided into three age groups for consistency with prior studies. 

Further, these three groups were divided by sex, given that some of the brain regions 

implicated in reading and dyslexia have also been reported to show sex-specific differences 

in brain structure (Good et al., 2001), and there is evidence that some of the previously 

reported VBM differences in dyslexia may be influenced by sex (Evans et al., 2013). 

 

While the main focus of this study is on simple linear correlations so as to be 

consistent with prior work (Pernet et al., 2009; Jednoróg et al., 2015), we also conducted 

multiple regression analyses to include the factors of sex, IQ, and socioeconomic status 

(SES) in the model due to their potential significant influences in the relationship between 
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brain structure and reading ability. We hypothesized that if there is a relationship between 

GMV and single word reading ability in all readers (even when accounting for sex, IQ, and 

SES), this would suggest that GMV differences in any brain region in dyslexia are observed 

because GMV is yoked to single word reading ability, and that reading ability in dyslexia 

is low. However, if there is no linear relationship between GMV and single word reading 

ability, this would suggest that for this brain region dyslexia represents a unique group by 

exhibiting low GMV.  

 

MATERIALS AND METHODS  

Participants 

All data were acquired by the Brain Development Cooperative Group (at six 

different sites in the US) as part of a larger longitudinal study of typical development, the 

National Institutes of Health (NIH) normative database (Evans & Brain Development 

Cooperative Group, 2006). All participants were healthy, native English-speaking and 

typically reading participants without learning or language disorders.  

 

Behavioral Measures 

Participants completed a large battery of tests, and from this battery, the present 

study used the only measure of reading that was available, the Letter-Word Identification 

(LW-ID) subtest of the Woodcock-Johnson III Tests of Achievement (Woodcock et al., 

2011) for single real word reading. It also used the Wechsler Abbreviated Scale of 

Intelligence (WASI) (Wechsler, 1999) for IQ, providing Performance IQ (PIQ) and Verbal 

IQ (VIQ). PIQ was comprised of scores on Matrix Reasoning and Block Design, and VIQ 
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was comprised of scores on Vocabulary and Similarities. SES was captured by the Brain 

Development Cooperative Group using a survey including measures of Income (adjusted 

for family size and the Metropolitan Statistical Area of residence at the time of interview) 

and Parental Educational (average of the highest level of education attained by both mother 

and father).  

 

The Brain Development Cooperative Group exclusion criteria relevant to our study 

were: No children of parents with limited English proficiency; no history of inherited 

neurological disorder or mental retardation; no current or past treatment for psychiatric or 

language disorders; and no Woodcock-Johnson III or WASI standard subtest scores <70. 

The behavioral testing battery also served “to exclude Learning Disability" (The MRI 

Study of Normal Brain Development, Study Protocol, Version: November 2006). 

Specifically, they noted that "Any Standard Scores <70 would be exclusionary" or "2 SD 

below the mean." Also, their screening interview included the following: "Has [name] ever 

been diagnosed as having a learning or language disorder?" (The MRI Study of Normal 

Brain Development, Procedure Manual, Objective 1, Version Public Release 1.0). The goal 

of our study was to have a wide range of reading skills (considering that children scoring 

between 70 and 130 represent 95 percent of all readers), including garden-variety poor 

readers. 

 

We restricted our selection to individuals who were 6 years of age and older so as 

not to include pre-readers. The MRI images for these 431 participants were inspected and 

rated for quality (scale of 1 – 5) by two blind scorers from our lab. For each subject, the 
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scan with the highest quality (out of three scans) was used; 27 participants were discarded 

entirely due to an average quality rating lower than 3 on all of their scans. Altogether, these 

steps resulted in using scans from 404 participants (avg. age 12 years; age range 6 – 22 

years) of the 554 participants in the database. Of these, 211 were females and 193 were 

males. 

 

Following the correlation analyses of the whole sample, the sample was further 

grouped by age: (1) 6 – 9, (2) 10 – 14, and (3) 15 – 22 years, roughly corresponding to 

elementary, middle, and high-school/college ages. All demographic info listed in Tables 1 

and 2. A one-way ANOVA was conducted for reading, IQ and SES across the three age 

groups and indicated differences for reading only (F = 8.303, p < .001; one-way ANOVA). 

A post-hoc t-test revealed that the youngest groups (ages 6 – 9 and 10 – 14) were 

significantly better at reading compared to the oldest group (ages 15 – 22) (p < .001, T = 

3.96; unpaired t-tests for standard reading). 
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Table 1. Demographics and Behavioral Measures for Full Sample. Mean, standard 
deviation and range of reading ability, IQ, and SES for full group of 404 participants. 
Reading ability and IQ represent standardized measures, where 100 is the mean and 15 
points represent one standard deviation. 
 

 
 

Mean (SD) Range 

N 404  

Age 12.0 (3.8) 6 – 22 

Single Real Word Reading (Standard) 108.2 (10.9) 71 – 151 

Single Real Word Reading (Raw) 57.5 (13.0) 15 – 76 

Full Scale IQ 111.3 (11.4) 77 – 160 

Verbal IQ 109.6 (13.1) 74 – 156 

Performance IQ 110.6 (13.1) 72 – 157 

Adjusted Family Income 69,743.4 (30,842.2) 2,257 – 144,750 

Average Parental Education (years) 14.9 (2.2) 7 – 18 
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Table 2. Demographics and Behavioral Measures for Age-Specific Subgroups. Mean, 
standard deviation and range of reading ability, IQ, and SES for the same 404 subjects, this 
time divided into subgroups by age. Reading ability and IQ represent standardized 
measures, where 100 is the mean and 15 points represents one standard deviation. Last 
column shows result from one-way ANOVA. 
 
  Ages 6 – 9  

Mean 
(SD) 

 
Range 

Ages 10 – 
14 
Mean (SD) 

 
Range 
 

Ages 15 – 
22  
Mean 
(SD) 

 
Range 
 

 
p-value 

N 125  164  115   

Age 7.8 (.97) 6 – 9 12.2 (2.2) 10 – 14 16.9 (1.8) 15 – 22 < .001*** 
Single Real 
Word 
Reading 
(Standard) 

110.6 
(11.9) 

84 – 
148 

108.5 
(11.3) 71 – 151 105.0 

(9.8) 76 – 134 < .001*** 

Single Real 
Word 
Reading 
(Raw) 

43.3 (12.0) 15 – 66 60.5 (7.2) 28 – 75 68.5 (3.9) 56 – 76 < .001*** 

Full Scale 
IQ 

112.0 
(14.0) 

77 – 
156 

111.6 
(11.9) 79 – 160 110.1 

(10.7) 85 – 133 .462 

Verbal IQ 110.4 
(14.7) 

74 – 
149 

110.6 
(12.5) 85 – 156 107.5 

(11.9) 84 – 137 .116 

Performance 
IQ 

111.0 
(14.8) 

79 – 
157 

110.4 
(13.6) 72 – 149 110.5 

(10.5) 77 – 129 .945 

Adjusted 
Family 
Income 

66,900.0 
(31,580.0) 

8,546 – 
144,750 

72,980.0 
(31,004.0) 

7,964 – 
142,500 

68,210.0 
(29,560) 

2,257 – 
135,400 .208 

Average 
Parental 
Education 
(years) 

15.0 (1.9) 8 – 18 15.0 (2.2) 8 – 18 14.8 (2.4) 8 – 18 
 
.700 
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Imaging Measures 
 
MRI Data Acquisition 

Images acquired by the Brain Development Cooperative Group used a General 

Electric or a Siemens 1.5 Tesla scanner located at six different pediatric study sites. For 

this study we included 52 scans from Site 1, 78 from Site 2, 81 from Site 3, 73 from Site 

4, 47 from Site 5, and 73 from Site 6. The scans chosen for this study did not differ across 

the six sites for subjects’ sex, age, reading, IQ, and SES (one-way ANOVAs, n = 404; 

main effect of site was nonsignificant; p > 0.05 for all five measures). Images were 

collected using a 3D T1-weighted spoiled gradient recalled (SPGR) echo sequence (TR 

(ms) = 22-25, TE (ms) = 10 – 11, FOV (mm) = 256, 1-1.5mm slice thickness, voxel size = 

1mm isotropic). For more detail, see www.pediatricmri.nih.gov. 

 

MRI Data Analyses 

Preprocessing  

Structural MRI scans were pre-processed and analyzed using the automated voxel-

based morphometry (VBM) technique in SPM12 (http://www.fil.ion.ucl.ac.uk/spm/) via 

the methods outlined by Ashburner & Friston, 2000. First, each participant’s image was 

manually aligned to the anterior commissure to decrease variability and then co-registered 

to the SPM12 white matter template. Next, images were segmented into gray matter, white 

matter, and CSF using the New Segment toolbox (Ashburner & Friston, 2005). Next, the 

DARTEL (Diffeomorphic Anatomical Registrations Through Exponentiated Lie Algebra) 

tool was used to register each image to a custom, study-specific template derived from all 

of the subjects’ images (n= 404). This template was used for all analyses. The template file 
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generated by DARTEL was affine registered to more closely align and spatially normalize 

the images to Montreal Neurological Institute (MNI) space. Normalized images were then 

smoothed using an 8mm full-width at half-maximum Gaussian kernel. We used an intensity 

threshold of 0.2 to remove voxels of low intensity from the analysis to prevent possible 

edge effects prior to statistical analyses. Finally, total intracranial brain volume (TIV) was 

calculated by adding gray matter, white matter, and CSF for each participant for use as a 

covariate of no interest in statistical analyses.  

 

Regions of Interest 

This study was focused on brain regions previously identified to differ in dyslexia 

compared to typically reading groups. Regions of interest were derived from two VBM 

meta-analysis studies, both of which found relatively less (but not more) GMV in groups 

with dyslexia. Each of the meta-analyses used nine VBM studies (7 of which overlapped) 

from the published literature of comparisons between groups with and without dyslexia to 

identify the studies’ converging findings (Linkersdörfer et al., 2012; Richlan et al., 2013). 

Studies included by Linkersdorfer et al. ranged in age from 5 – 31 years, while those 

included by Richlan et al. ranged from 15 – 40 years. The six regions revealed by 

Linkersdorfer et al. (bilateral supramarginal gyrus, left inferior temporal gyrus, left 

fusiform gyrus, and bilateral cerebellum) and the two regions revealed by Richlan et al. 

(left superior temporal sulcus and right superior temporal gyrus) were used in our 

investigation (see Table 3 and Figure 2). We created masks of these regions of interest 

(ROIs) using the MarsBaR toolbox (http://marsbar.sourceforge.net/) in SPM12 by growing 

a 10mm diameter around the reported local maxima. GMV in each of the eight ROIs was 
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extracted and entered as a dependent variable in JASP software (https://jasp-stats.org). 

 
 

 

Table 3. Regions of Interest (ROIs) Used in Analyses. MNI coordinates and Brodmann’s 
areas of ROIs selected from VBM meta-analyses. ROIs were selected on the basis of 
showing significant GMV differences in dyslexia. 
 

 

  

  MNI 
Coordinates  

Brodmann’s 
areas 

Linkersdorfer et al., (2012) x y z  

L supramarginal gyrus -54 -34 30 40 

L inferior temporal gyrus -56 -64 -10 37 

L cerebellum -26 -50 -32 n.a. 

L fusiform gyrus -38 -66 -14 19 

R cerebellum 26 -54 -34 n.a. 

R supramarginal gyrus 48 -40 26 40 

Richlan et al., (2013)  

L superior temporal sulcus -57 -51 6 21 

R superior temporal gyrus 51 -37 16 22 
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Figure 2. Regions of Interest (ROIs) Used in Analyses. 10mm diameter spheres centered 
on the local maxima (MNI coordinates) of regions identified in two meta-analyses studies 
as showing GMV differences in dyslexia. 
 

To test our hypothesis that GMV has a positive linear relationship with single word 

reading in regions identified to have reduced GMV in dyslexia, correlations between GMV 

for each ROI and standardized reading scores (Letter-Word Identification) were conducted. 

This approach was motivated by prior publications (e.g., Pernet et al., 2009; Jednoróg et 

al., 2015). First, we tested the entire sample of 404 participants. Second, the correlations 

were repeated for the subgroups derived by age (6 – 9, 10 – 14, and 15 – 22 years). Third, 

this test was repeated separately for females and males in the entire sample and again within 

each of the three age-specific subgroups. This encompassed 96 tests in total (12 

correlations x 8 ROIs), which was corrected for in all analyses using the Holm-Bonferroni 

correction method (Holm, 1979).  

 

 For the analysis of the entire sample (n = 404), age, sex, and TIV were entered as 
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covariates of no interest, as in prior studies (Pernet et al., 2009; Jednoróg et al., 2015). For 

the analyses of the age-specific subgroups, these same three covariates of no interest were 

entered (age was included given the subgroups range in age). When the sample was split 

by both age and sex, only age and TIV were entered as covariates of no interest.  

 

Whole-Brain 

In addition to the region of interest approach, we also conducted exploratory whole-

brain analyses to examine whether there are any relationships between GMV and reading 

ability outside these ROIs. When looking at the entire sample (n =  404) and when looking 

at the three age-specific subgroups, age, sex, and TIV were entered as covariates of no 

interest. Finally, when the sample was split by both age and sex, only age and TIV were 

entered as covariates of no interest. We used a threshold of p < .05, corrected for multiple 

comparisons using familywise-error (FWE) correction.  

 

Multiple Regression Model 

While the simple linear correlation analyses described above were aligned with the 

approach used in prior studies, we also submitted the data to a multiple regression analysis 

given the number of factors that potentially contribute to reading. The independent 

variables in the model included standard scores for Letter-Word ID, VIQ, and PIQ, as well 

as scores for Income and Parental Education. Dependent variables were GMV from each 

of the ROIs. The model was considered significant at a threshold of p < .001 and statistical 

contributions to variance were considered significant at a threshold of p < .05. We report 

the adjusted R2 value, which adjusts for the number of predictors (independent variables). 
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Results were visualized using the Mango software package with the Colin brain template 

in MNI space (Holmes et al., 1998). 

 

Correlations of Behavioral Data 

While the focus of our tests was on the relationship between GMV and reading, we 

also provide data on the relationships between all behavioral measures, namely Letter-

Word ID, VIQ, PIQ, Income, and Parental Education. We used Pearson’s correlations at a 

threshold of p < .05 and applied a Holm-Bonferroni correction for multiple comparisons 

(taking into account also the additional correlations computed when the sample was 

divided into three age groups and again by sex). Consistent with the analyses for the MRI 

data, we computed correlation values first for the entire sample of 404, and then again for 

the sample divided into three groups based on age and based on sex. For brevity, we report 

only on the whole group and the age-specific subgroups, but not on the age-specific 

subgroups divided again based on sex. 

 

RESULTS 

Regions of Interest 

Whole Group: When testing for correlations (both positive and negative) between 

GMV and reading ability across the entire sample of 404 participants, we had no findings 

in any of the eight ROIs. When the entire group was further divided by sex, there again 

were no significant correlations in any of the eight ROIs. 

 

Age-Specific Subgroups: When testing for correlations between GMV and reading 
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ability for the groups aged 6 – 9 and 10 – 14, we found no significant correlations in any 

of the eight ROIs. When these subgroups were further divided based on sex, there again 

were no significant correlations (see Fig. 2A). However, for the oldest group, aged 15 – 

22, we observed a significant positive correlation between GMV in the left fusiform gyrus 

(FG) and reading ability (p = .002; T = 3.20). When this subgroup was further divided 

based on sex, females (but not males) showed this region to be significantly correlated with 

reading ability (p = .001; T = 3.43) (see Figure 3B). Splitting this older age group based 

on sex also revealed a relationship between GMV in the right superior temporal gyrus 

(STG) and reading ability in males (p = .004; T = 3.02) (see Figure 3C). There was no 

finding here in the females (and also not when males and females were combined). 

 

When repeating all analyses using raw measures of single real word reading 

(controlling for age), we obtained the same results described above.  

 

Whole-Brain 

When conducting whole-brain analyses at the level of the full sample and at the 

levels of grouping by sex and age, there were no significant clusters (p < .05, FWE-

corrected).  
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Figure 3. Results of Correlations between GMV and Reading Ability. (A) Correlations 
between GMV and Single Real Word Reading within each age group. X indicates no 
significant results. Correlations were considered significant at p < .05, using Holm-
Bonferroni correction for multiple comparisons as indicated by ***. (B) GMV in the L FG 
was positively associated with LW-ID in the group aged 15 – 22 years (n = 115). When 
divided further, there was no correlation for males, but only for females (n = 56). (C) GMV 
in the R STG was positively associated with LW-ID in males ages 15 – 22 (n = 59), but 
not females or males and females combined.  
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Table 4. Results of Multiple Regression Model of GMV and Reading, IQ, SES, Sex, 
and Age. Multiple regression models to test the unique contributions of reading, IQ, SES, 
sex, and age to GMV in the ROIs identified four models to be significant (shown above: L 
SMG, r2 = .170; R SMG, r2 = .070; L FG, r2 = .160; R STG, r2 = .163; p < .001). However, 
for none of these did reading contribute significant unique variance (p < .05) when also 
accounting for other variables.  
 
L 
SMG 

 Unstandardized Standard 
Error Standardized t p  

 intercept 0.426 0.056  7.660 < .001  

 Single Real Word 
Reading −0.001 0.000 −0.075 −1.376 0.170  

 Parental Education −0.000 0.002 −0.007 −0.132 0.895  

 Adjusted Family 
Income 0.000 0.000 0.022 0.411 0.681  

 Performance IQ 0.001 0.000 0.103 2.017 0.044  

 Verbal IQ 0.001 0.000 0.132 2.295 0.022  

 Sex 0.053 0.008 0.295 6.327 < .001  

 Age −0.005 0.001 −0.222 −4.691 < .001  

R 
SMG 

 Unstandardized Standard 
Error Standardized t p  

 intercept 0.337 0.041  8.281 < .001  

 Single Real Word 
Reading −0.000 0.000 −0.067 −1.169 0.243  

 Parental Education 0.001 0.002 0.018 0.322 0.748  

 Adjusted Family 
Income 0.000 0.000 0.029 0.524 0.600  

 Performance IQ 0.000 0.000 0.046 0.840 0.401  

 Verbal IQ 0.001 0.000 0.160 2.621 0.009  

 Sex 0.023 0.006 0.183 3.696 < .001  

 Age −0.001 0.001 −0.049 −0.975 0.330  

L 
FG 

 Unstandardized Standard 
Error Standardized t p 

 intercept 0.407 0.057  7.191 < .001 

 Single Real Word 
Reading 0.000 0.000 0.042 0.764 0.445 
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L 
FG 

 Unstandardized Standard 
Error Standardized t p 

 Parental Education −0.002 0.002 −0.042 −0.781 0.435 

 Adjusted Family 
Income 0.000 0.000 0.102 1.926 0.055 

 Performance IQ 0.001 0.000 0.120 2.321 0.021 

 Verbal IQ 0.000 0.000 0.065 1.121 0.263 

 Sex 0.057 0.008 0.314 6.680 < .001 

 Age −0.002 0.001 −0.081 −1.693 0.091 

R 
STG 

 Unstandardized Standard 
Error Standardized t p 

 intercept 0.397 0.064  6.250 < .001 

 Single Real Word 
Reading 0.000 0.001 0.023 0.419 0.675 

 Parental Education 0.003 0.003 0.070 1.305 0.193 

 Adjusted Family 
Income 0.000 0.000 0.049 0.928 0.354 

 Performance IQ 0.001 0.000 0.133 2.596 0.010 
 Verbal IQ 0.000 0.000 0.038 0.665 0.506 
 Sex 0.051 0.010 0.253 5.389 < .001 
 Age −0.005 0.001 −0.198 −4.174 < .001 

 
 
Multiple Regression Model 

When examining whether reading ability predicts GMV in any of the eight ROIs 

for the entire sample of 404 using a model that incorporated effects of age, sex, IQ, and 

SES, it was found that reading did not contribute any significant variance (see Table 4). 

However, there were some significant relationships. First, VIQ was a significant predictor 

of GMV in the bilateral SMG, and PIQ contributed significant variance to GMV in bilateral 
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SMG, L FG, and R STG. Second, sex contributed unique variance to GMV in bilateral 

SMG, L FG, and R STG. Lastly, age was a significant predictor of GMV in the L SMG 

and R STG.  

 

Correlations of Behavioral Data  

Whole Group: Pearson correlation tests showed significant relationships between 

most of the behavioral measures (reading ability, VIQ, PIQ, Income, and Parental 

Education). Specifically, reading ability was significantly correlated to both measures of 

IQ and SES; and measures of IQ and SES were significantly correlated with each other 

(see Table 5 for statistical values).  

 

Age-Specific Subgroups: When dividing the entire sample into three separate age 

groups, Pearson correlation tests again showed significant correlations between reading 

ability and both measures of IQ for all three age groups. Also, reading ability was 

significantly correlated with at least one measure of SES in each age group (see Table 5 

for details).  

 

While the correlations in the entire group divided by sex, and the three age-specific 

subgroups divided by sex were similar. For space constraints they are not reported here. 
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Table 5. Behavioral Correlations. Pearson correlations between behavioral variables for 
the whole group of participants and within each age group confirmed that reading was 
behaviorally correlated with measures of IQ and SES.   
 
Full sample 1 2 3 4 5 

1. Letter Word-ID (Standard) –     

2. Verbal IQ .490*** –    

3. Performance IQ .287*** .382*** –   

4. Adjusted Family Income .163** .302*** .193*** –  

5. Parental Education .229*** .381** 263*** .509*** – 

Ages 6–9 1 2 3 4 5 

1. Letter Word-ID (Standard) –     

2. Verbal IQ .430*** –     
3. Performance IQ .344*** .434*** –   

4. Adjusted Family Income .244*** .303*** .135 –  

5. Parental Education .225*** .311*** .317*** .468*** – 

Ages 10–14 1 2 3 4 5 

1. Letter Word-ID (Standard) –     

2. Verbal IQ .509*** –    

3. Performance IQ .251** .312*** –   

4. Adjusted Family Income .125 .331*** .255*** –  

5. Parental Education .240** .404*** .312*** .519*** – 

Ages 15–22 1 2 3 4 5 

1. Letter Word-ID (Standard) –     

2. Verbal IQ .537*** –    

3. Performance IQ .281** .442*** –   

4. Adjusted Family Income .129 .253** .209* –  

5. Parental Education .200* .407*** .081 .360*** – 
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Summary of Results 

In a large number (n = 404) of participants combining children, adolescents, and 

young adults, we found no linear relationships between gray matter volume and a measure 

of single real word reading in our predefined regions of interest. The same was true for 

younger children and adolescents when examining the age-specific subgroups. Only in the 

oldest group (15 – 22 years), GMV in two of the eight regions of interest showed a positive 

correlation with reading, but sex was a driving factor in these relationships. The left FG 

was specific to females and the right STG was specific to males. Consistent with these 

observations, the regression model, which accounted for age, sex, IQ, and SES, revealed 

no relationships between GMV and reading ability. In sum, our results demonstrate that 

there is not a general linear relationship between GMV and reading ability in the general 

population of typical readers.  

 

DISCUSSION 

The overarching goal of this study was to investigate whether there is a linear 

relationship between gray matter volume and single real word reading ability in the general 

population, with the aim of providing a context by which to interpret findings of GMV 

differences in dyslexia. We found no relationship between GMV and single real word 

reading ability in those regions known to differ in dyslexia when testing a sample of 404 

healthy participants aged 6 – 22. The same was true when examining subgroups of younger 

children and younger adolescents. However, in the oldest age group, aged 15 – 22, one 

region was positively correlated to reading ability (the left FG) but this was driven by sex, 

because it held up only in the female but not the male subgroup. Examination of the male 
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and female subgroups in this older age group also revealed that the right STG was 

correlated to reading only in males. Consistent with these findings, a multiple regression 

analysis of the entire group incorporating the effects of age, sex, IQ, and SES also showed 

that none of the eight regions of interest had a relationship with reading ability. Overall, 

we conclude that there is no general linear relationship between this measure of brain 

structure and single real word reading ability in the general population. These findings 

suggest that previously observed GMV differences in dyslexia are specific to this reading 

disorder and likely not driven by a relationship between GMV and reading ability that 

exists across all people. 

 

Relationships between GMV and Reading  

Prior work suggests a linear positive relationship in typically reading children 

between GMV and reading ability in the left SMG (Jednoróg et al, 2015); and in typically 

reading adults in left STG and left FG (Pernet et al., 2009) as well as SMG (He et al., 2013; 

Johns et al., 2017) and STS (Johns et al., 2017). In the current study, we did not find such 

a relationship, or any other relationships in the groups with children or young adolescents. 

For the oldest group, which included late adolescents and adults and thereby represents the 

group with the most reading experience, we did find a relationship in one region, the left 

FG, similar to the report by Pernet and colleagues. But when examining males and females 

separately, it became clear that the finding in this subgroup was driven by the females 

(Pernet et al. did not take sex into consideration). Pernet and colleagues also reported the 

left STG, which we did not replicate in our whole-brain analysis. Others have reported on 

the left SMG (He et al. 2013; Johns et al. 2017) and one group has reported on the left STS 
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(Johns et al., 2017), which we did not find in our ROI or whole-brain analyses. However, 

our findings are consistent with these adult studies in that they did not, like us, find 

relationships between GMV and reading in regions outside of the left STG, FG, SMG, and 

STS. While we did find that GMV in the right STG correlated to reading in the male group 

of older participants, this was not the case in the females or in the group of males and 

females combined. Taken together, there are no strong positive (or negative) linear 

relationships between GMV and single real word reading ability, except for two positive 

correlations in late adolescence/early adulthood that are sex-specific. 

 

Our findings in participants without reading disability can be used to inform models 

of dyslexia. Our observations align with the conceptualization of dyslexia by Rutter and 

Yule, which describes dyslexia as a distinct bump at the low-end tail of the continuum of 

reading ability and a unique population. Under this model, a linear relationship between 

gray matter and reading across the population would not seem likely. In contrast, a model 

put forward by Shaywitz et al. suggests that dyslexia represents the lower end of the normal 

distribution. Under this model, one would expect the anomalies in GMV in dyslexia to be 

the product of a correlation between GMV and reading ability in the entire population, with 

poor readers having low GMV in the ROIs investigated in the current study. Interestingly, 

not one of the eight ROIs showed such a relationship.  

 

While all eight ROIs were considered candidates, one might have envisioned a 

scenario in which some but not all regions showed significant correlations. This would 

have informed models of dyslexia, where there is an ongoing discussion about areas that 
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represent the primary deficit in dyslexia and areas that represent secondary consequences. 

For example, one model argues for the primary deficit in dyslexia (phonological decoding) 

to be in temporo-parietal cortex, and with the difference in the occipito-temporal cortex—

especially the visual word form area (VWFA), thought to underlie word form 

recognition—to be considered secondary to the decoding problem (Pugh et al., 2001). 

Under this scenario, one might expect to see a linear relationship between reading and 

GMV in the VWFA but not temporo-parietal cortex. An alternative suggestion has been 

that the VWFA is primarily compromised in dyslexia and should not be considered a 

secondary consequence (Richlan, 2012). However, since none of the regions showed a 

relationship, we unequivocally conclude that dyslexia should be considered as a unique 

group rather than the lower end of the normal distribution.  

 

As our goal was to study a wide range of reading skills, our sample included readers 

with a standard score between 70 and 85 (representing 13.5% of the population). While 

learning disabilities were ruled out during the data collection phase, one may wonder about 

the children reading this poorly; however, when removing the seven subjects in this range, 

the results were not altered in any way. One question of interest is whether GMV and 

reading have a linear relationship for individuals at the lower end of the continuum, but not 

for those at the higher end. To address this, we conducted a post-hoc test for a linear 

relationship between GMV and reading ability in individuals with a standard reading score 

of <92 (n = 23), but there were none. Additionally, a between-group whole-brain 

comparison between this group with the next highest group of 23 readers showed no 

significant differences, suggesting that the poor readers in our sample are garden-variety 
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poor readers. This lends further support to the idea that dyslexia represents a distinct 

distribution that is not captured by the normal continuum. 

 

Our investigation included all of the brain regions reported in the adult correlation 

studies by Pernet et al. (e.g., STG and FG) and the left SMG reported by He et al. and Johns 

et al., yet our findings do not support a relationship for any of the regions at any age group 

(again, unless sex is taken into consideration, in which case two of the eight regions were 

significant in the oldest age group for one of the two sexes). However, there could be 

concerns about the reliability of the ROIs used, especially since the two meta-analyses, 

even though conducted largely using the same prior publications, did not converge in their 

findings. Yet our whole-brain analysis explored relationships between GMV and reading 

ability outside the regions of interest at a standard threshold, and this also showed no 

significant relationships. Another concern could be our conservative approach to statistical 

corrections, but when applying a less stringent threshold to our ROI-based primary 

analyses of interest (correlations at the level of the full sample and at the age- and sex-

group levels), no additional regions emerged as significant. It should be noted that we did 

find a relationship between GMV and IQ, which will be discussed later, suggesting that 

specific brain-behavioral relationships do exist in this sample, just not for single word 

reading ability. 

 

While we did not find positive (or negative) linear correlations between GMV and 

single real word reading, our findings do not rule out the possibility of a more complex 

relationship between these variables. Such non-linear relationships have been 
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demonstrated in other domains. For example, it has been suggested that polynomial models 

best describe the relationship between cortical structure and IQ throughout development 

(Shaw et al., 2006). Our study does not preclude the possibility that GMV and reading 

ability may share a non-linear relationship, though a test for the line of best fit between the 

GMV data and reading measure confirmed that a linear regression was the best fit for most 

regions of the brain across the full sample and its age-specific subgroups. Our rationale for 

a simple linear approach was based on the prevalent use of simple correlations in prior 

studies of brain structure with reading. Further, linear relationships between behavioral 

measures not involving GMV and reading have been found in this dataset in our analyses 

(discussed below) and also by prior reports using this database (Lange, Froimowitz, Bigler, 

& Brain, 2010; Pangelinan, Zhang, Vanmeter, et al., 2011). For instance, Lange et al. 

(2010) observed positive linear associations between gray matter in the bilateral temporal 

lobe with Full IQ, and Pangelinan et al. (2011) reported a linear relationship between 

bilateral frontal and parietal gray matter with Full IQ. Neither of these investigations 

examined the relationship between GMV and reading ability.   

 

It is important to address potential limitations of examining only single real word 

reading. Reading is complex, involving explicit phonological decoding or sight word 

recognition for the reading of single words or connected text. Reading can be measured in 

terms of accuracy, fluency and comprehension. The only measure provided by the database 

was the Letter-Word Identification subtest of the Woodcock-Johnson III Tests of 

Achievement (Woodcock et al., 2011). Albeit a widely used test, it is not timed and thus 

has no information about fluency. Further, there was no measure of pseudoword reading, 
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a test that is especially useful for gauging grapheme-to-phoneme mapping. In our sample, 

single real word reading accuracy was significantly lower in the oldest subgroup, despite 

the investigators’ effort to create a normative sample. This is due to a paucity of participants 

with scores at the higher range relative to the two younger groups, perhaps suggesting that 

older adolescents/young adults are less likely to participate in research studies if they have 

strong reading skills. Yet our overall findings did not change when we repeated all of our 

analyses after removing 27 participants to more closely match the three age groups.  

 

Our results speak to the relationship between GMV and reading in an English-

speaking population. English is characterized by having a deep orthography, or opaque 

grapheme-to-phoneme mapping. Learning to read in English takes longer than some other 

languages (Seymour et al., 2003), and the incidence of dyslexia is higher in the UK and the 

US compared to countries with a shallow orthography (e.g., Germany) (Landerl et al., 

1997). Future studies in languages with a shallow orthography using similar methods as 

the current study will be important.  

 

While our overall finding suggests that there is no linear relationship between GMV 

and reading ability in typical children and young adolescents, we observed two standalone 

relationships when accounting for age and sex in our oldest subgroup. First, we found that 

GMV in the left FG positively correlated with reading ability in males and females aged 

15 – 22, but when the sample was divided based on sex, the finding was maintained only 

in the females. The left FG contains the visual word form area (VWFA), which has been 

shown to be especially responsive to visual word stimuli (Mccandliss, Cohen, & Dehaene, 
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2003; Dehaene et al., 2010), making this region a strong candidate for structural plasticity 

following reading experience. Notably, Pernet and colleagues identified the left FG to be 

correlated with reading ability in adults, while no such relationship emerged in the pediatric 

study by Jednoróg et al. (2015). Findings of a relationship between GMV in the left FG 

and single word reading observed specifically in the older adolescent/young adult group 

and not in the two younger groups suggest that such a relationship may be formed through 

experience with reading. For example, neuroimaging studies have examined GMV 

following skill training (Draganski & May, 2008), showing increases in medical students’ 

GMV after preparations for exams (Draganski et al., 2006). In the VWFA, functional brain 

imaging studies of illiterate adults compared to adults who learned to read later in life 

suggest that this region is trained by reading acquisition (Dehaene et al., 2010). Though 

this offers a likely explanation of a potential relationship between GMV and reading ability 

in adults, it remains unclear why this would be observed in females but not males, which 

we discuss next. 

 

Sex-Specific Relationships between GMV and Reading 

Previous research in children has shown that cortical thickness in the left FG is 

thicker in age-matched and reading-matched typically reading children compared to 

children with dyslexia, but only for girls and not boys (Altarelli et al., 2013), suggesting a 

sex-specific effect in children with reading disability. The fact that this difference in 

dyslexia was observed when comparing children with dyslexia to both chronological age 

and reading age-matched control groups indicates that the difference in brain structure is 

not likely attributable to reading experience. As such, brain structure in the left FG may 
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play a causal role in female children with dyslexia, whereas in typical adult female readers, 

GMV in this region is correlated with reading ability, most likely invoked by reading 

experience. Our observation was specific to the left FG, as a post-hoc analysis of the 

homotopic ROI in the right hemisphere did not reveal a relationship between GMV and 

reading in females of the oldest group. We also found a positive correlation between GMV 

and reading in the right STG in the group of males aged 15 – 22. There is prior evidence 

to suggest that this relationship may also evolve from the acquisition of reading experience: 

Carreiras and colleagues showed that previously illiterate adults, after reading acquisition, 

exhibited more gray matter in the right STG when compared to adults who did not learn to 

read (Carreiras et al., 2009). However, unlike their results, which were observed in both 

males and females, our result was found only in males. These two sex-specific relationships 

could be based on biological predisposition, which facilitates learning to read, or learning-

induced plasticity, which is experience-dependent—or even a combination of both. These 

sex-specific findings warrant further study.  

 

It should also be noted that our regions of interest were taken from two meta-

analysis studies which relied on existing literature, and the original studies were skewed 

towards males. For instance, the studies included in the meta-analyses of VBM differences 

in dyslexia by Linkersdorfer et al. are comprised of less than 20% females. As such, our 

ROIs are biased to findings in males. Indeed, research on females with and without dyslexia 

shows results that are somewhat different from those reported in males, with less GMV in 

the right precuneus and middle frontal gyrus (Evans et al., 2013). However, our whole-

brain analysis conducted solely in females provided an opportunity to test these regions, 
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but they did not emerge as significant. Nevertheless, the issue of GMV in the context of 

sex remains an important issue. For example, studies comparing GMV in male versus 

female adults (e.g., Good et al., 2001) have suggested that males possess relatively more 

GMV in the bilateral cerebellum, whereas females have more GMV in the left STS and 

IFG. Further, female sex hormones are positively associated with GMV in the left IFG, and 

when testing regional sex differences, males have shown greater GMV in the left FG and 

bilateral cerebellum (Witte, Savli, Holik, Kasper, & Lanzenberger, 2009). In consideration 

of the sex-specificity of our findings in the older group and given that these areas are 

implicated in dyslexia, our study emphasizes the importance of considering sex in future 

studies of reading and dyslexia. Another notable result from our study is that a significant 

contribution was found for sex (as well as for PIQ and age) to GMV in the right STG in 

our multiple regression model. This result raises the question of whether it was these 

variables rather than reading per se that drove the results of the right STG finding in the 

prior studies of dyslexia. 

 

Relationships between GMV and IQ, and GMV and SES 

Other aspects we considered in our multiple regression analysis were IQ and 

socioeconomic status (SES), as each could potentially contribute to relationships between 

brain structure and reading ability. Speaking first to IQ, the GMV differences reported in 

dyslexia are in large part in the same brain regions as those that have been published in 

studies correlating gray matter with IQ in the general population. FIQ has been shown to 

correlate positively with GMV in left STG, bilateral SMG, and left FG in adults (Haier, 

Jung, Yeo, Head, & Alkire, 2004) and with gray matter in frontal, parietal, and cerebellar 
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regions in children (Pangelinan et al., 2011). Research focusing more specifically on VIQ 

and PIQ has shown that the gray matter changes observed in adolescents’ left hemisphere 

language areas correlate to changes in VIQ over that same time period, while gray matter 

changes over time in the left cerebellum correlate with changes in PIQ (Ramsden et al., 

2011). Of the studies included in the VBM meta-analyses of dyslexia, only two (Hoeft et 

al., 2007; Pernet et al., 2009) explicitly reported controlling for or regressing effects of IQ. 

Our multiple regression analysis revealed that VIQ contributed unique variance to GMV 

in the bilateral SMG, which is consistent with an observation by Haier et al., who examined 

FIQ only and found a relationship between this and GMV in the left SMG in groups of 

both young and older adults (Haier et al., 2004), and with Colom et al., who found that 

scores on vocabulary—a test that contributes to VIQ—is related to GMV in the right SMG 

(Colom, Jung, & Haier, 2006). Our multiple regression analysis also showed that PIQ 

contributed unique variance to GMV in the left FG, left SMG, and right STG, which is in 

part consistent with previously observed relationships between FIQ in the left FG and left 

SMG (Haier et al., 2004). Importantly, these results demonstrate that there are relationships 

between measures of behavior, in this case IQ, with GMV in this sample, and the nature of 

these findings are consistent with prior reports. Given this, the absence of any relationships 

between GMV and reading is all the more striking. 

 

SES has also been shown to correlate with GMV in the left perisylvian regions of 

the brain that are of relevance to VBM differences dyslexia (Raizada, Richards, Meltzoff, 

& Kuhl, 2008). Of the studies included in the meta-analyses of dyslexia, none controlled 
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or regressed for effects of SES. Surprisingly, we did not find that measures of SES 

contributed unique variance to GMV.  

 

Implications for Dyslexia 

The differences reported in the literature comparing groups of participants with 

dyslexia and their controls could be explained in two ways: There is less GMV in dyslexia, 

leading to two discrete distributions of GMV (low and high) when examining the dyslexic 

and control groups’ individual differences. Or, both groups have a relationship between 

GMV and reading, and as such, when the groups are divided based on reading ability, they 

are also observed to have differences in GMV. In this latter case, however, individual 

differences in GMV are distributed across a continuum rather than within discrete clusters 

representing the two groups. Our results indicate that the latter scenario is not likely, given 

that there is no linear relationship or continuum between GMV and reading in the normal 

population. Our findings in this large sample provide an important context through which 

prior observations of GMV differences in developmental dyslexia may be interpreted. 

Future work is needed to better understand the GMV differences observed in dyslexia 

(Ramus, Altarelli, Jednoróg, Zhao, & Scotto di Covella, 2018). 

 

CONCLUSIONS 

Our study investigated whether there are relationships between brain structure and 

single real word reading ability in children, adolescents, and young adults in the general 

population. We showed that in brain regions known to be reduced in GMV in dyslexia, 

there is no linear relationship between GMV and single real word reading ability that 
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manifests, independent of age and sex, in the general population. Our study revealed only 

two relationships, but these were sex-specific and unique to the oldest age group, ages 15 

– 22. A multiple regression analysis taking age, sex, IQ, and SES into account revealed no 

relationship between GMV and single real word reading ability. Together these results 

suggest that differences reported in GMV in dyslexia are due to dyslexia representing a 

unique group.   
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Chapter 3 

THE RELATIONSHIP BETWEEN BRAIN STRUCTURE AND 
PROFICIENCY IN READING AND MATHEMATICS IN 

CHILDREN, ADOLESCENTS, AND ADULTS 
 

INTRODUCTION  

Reading and math are culturally acquired skills that are used in daily life, are critical 

for children in school, and strongly predict later economic success and vocational outcomes 

(Ritchie & Bates, 2013; Lubinski et al., 2014). The acquisition of reading requires explicit 

training and builds on existing oral language and object recognition skills (Dehaene et al. 

2010). Similarly, mathematical skills are learned by building upon basic numerical 

competencies such as numerical magnitude processing (Lyons et al., 2014; Schneider et 

al., 2017; Matejko & Ansari, 2018). Thus, the learning of reading and math occurs with 

explicit education-based training over a protracted period of time. There are large 

individual differences for reading (Farley & Truog, 1970) and math skills (Dowker, 2005; 

Vanbinst & De Smedt, 2016), and brain imaging offers a window into how individual 

differences in these learned skills are related to brain anatomy at different stages and ages 

(Dehaene & Cohen, 2007). Numerous studies have investigated the association between 

brain structure and individual differences in reading or math separately, but the study of 

reading and math simultaneously allows one to ask important questions about their 

overlapping neuroanatomical foundations. Specifically, the similar nature of their 

acquisition (through formal education), as well as the evidence for shared cognitive 

constructs, suggests that reading and math may have mutual relationships with brain 

anatomy. 
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While reading and math are very different tasks, behavioral and brain imaging 

studies point to some commonalities between them. Behavioral literature has shown that 

reading and math skills are moderate to strongly correlated (Hecht et al., 2001; Durand et 

al., 2005; Hart et al., 2009). Phonological awareness skills measured in kindergarten (e.g., 

sound segmentation and sound categorization) predict 4th-grade outcome in reading and 

also 5th-grade outcome in arithmetic (Hecht et al., 2001). Further, sensitivity to quantities 

and cardinal knowledge (i.e., understanding that each number refers to a particular 

quantity) predict math skills and also reading outcome (Chu, vanMarle, & Geary, 2016). 

There is also evidence that domain-general cognitive processes, such as attention and 

working memory, are required for successful acquisition of reading and math (Bull & Lee, 

2014; Chu et al., 2016). These associations between reading and arithmetic are indicative 

of reliance on the same neural substrates. Indeed, this is supported by the apparent overlap 

amongst the results of independent brain imaging studies conducted in reading or 

arithmetic (Houdé, Rossi, Lubin, & Joliot, 2010; Matejko & Ansari, 2015; Peters & De 

Smedt, 2018; Pollack & Ashby, 2018) and more recently by studies directly examining 

both reading and arithmetic together (Evans et al., 2016), as described next. 

 

Reading is largely supported by a left-hemisphere network which includes the 

inferior frontal, supramarginal and angular gyri in the temporo-parietal cortex, and 

fusiform gyrus (FG) in the occipito-temporal cortex (Pugh et al., 2001; Price, 2013; Martin, 

Schurz, Kronbichler, & Richlan, 2015). On the other hand, arithmetic is supported by a 

bilateral frontal-parietal network which includes left and right inferior, middle, and 

superior frontal gyri (IFG, MFG, SFG), intraparietal sulci (IPS), superior parietal lobules 
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(SPL), angular (AG) and supramarginal (SMG) gyri, and occipito-temporal cortices 

(Dehaene et al., 2003; Ansari, 2008; Arsalidou & Taylor, 2011). Notably, the bilateral 

temporo-parietal and left inferior frontal cortices are active during both reading and 

arithmetic tasks (Prado et al., 2011; Evans et al., 2016). While this work was conducted 

using functional neuroimaging (fMRI) in participants performing reading or arithmetic 

tasks, other studies have examined the relationship between brain anatomy and skill level 

(often using standardized tests) as a way to investigate the relationship between brain and 

behavior. 

 

Considering prior studies measuring gray matter volume (GMV) in children, the 

left SMG has been shown to have a positive correlation with reading accuracy (Jednoróg 

et al., 2015), but another study in a much larger sample observed no such relationship in 

this or any other region (Torre & Eden, 2019). In adults, Pernet et al. (2009) reported a 

positive correlation between GMV in the left STG and FG with pseudo-word reading in 

French, Polish, and German readers, and He et al., (2013) reported positive correlations 

between GMV in the left SFG, SMG, and precuneus with phonological decoding in 

Chinese speakers performing English reading tests. Turning to English readers, the 

relationship with GMV in left STG was also reported by Johns et al. (2017), and the 

relationship with GMV in left FG was also reported by Torre and Eden (2019). There are 

fewer studies for math skills, with two studies in children reporting positive correlations 

between GMV in the left IPS with math performance (Li et al., 2013; Price et al., 2016). 

However, there are no studies in adults, leaving open the question of whether the 
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relationship between brain and behavior, which appears to be more robust in the 

experienced adult than in children for reading, also holds true for math. 

 

The goal of the current study is to test for relationships between individual 

differences in reading and math performance with brain anatomy, thereby bringing together 

two independent lines of research on the brain-behavioral relationships in reading and 

math. A second goal is to test these relationships in children as well as adults as a way to 

gauge the role of experience in these relationships. Specifically, brain-behavioral 

relationships in young children are more indicative of how individual brain anatomy 

supports the acquisition of reading and math, while in adults, relationships also reflect the 

outcome of learning-induced changes that come with experience. A third goal is to utilize 

measures that are more informative than GMV.  

 

While the studies described above tested GMV, this measure does not distinguish 

cortical thickness (CT) and surface area (SA) (Pakkenberg & Gundersen, 1997; Im et al., 

2008; Winkler et al., 2018), two measures which provide additional insights into specific 

aspects of brain anatomy. Specifically, it has been proposed that CT reflects the pruning 

(Shaw et al., 2006) or myelination (Natu et al., 2018) that can occur in response to the 

acquisition and refining of learned skills. On the other hand, SA is thought to be determined 

by folding of the cortical sheet, which reflects genetically pre-determined cortical folding 

patterns that impact cognitive abilities (Tramo et al., 1995; Kapellou et al., 2006), though 

it has also been speculated that SA may be influenced by experience-related pruning of 

synapses (Schnack et al., 2015). Because reading and math are acquired skills, relationships 
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between one’s proficiency in these skills and brain anatomy could well be a consequence 

of learning and, therefore, be reflected by measures of CT rather than SA (especially at 

older ages). There may also be relationships with brain anatomy that exist at the early stages 

of learning (prior to being well-practiced in these skills), which are driven by more innate 

factors and are thus reflected by SA rather than CT in younger individuals.  

 

There are few studies on the relationships between CT or SA with reading: none in 

children, and three in adults. Two of these adult studies reported no relationships between 

CT and reading (Frye et al., 2010; Goldman & Manis, 2013), while the third found a 

positive relationship between CT in the left STS and right STG with single word reading 

(Johns et al., 2017). One of these studies measured SA in addition to CT and reported a 

negative relationship between SA and single real word reading in the left FG (Frye et al., 

2010). Turning to arithmetic, there has been one study in children, which showed a negative 

relationship between CT in superior frontal gyrus (SFG) with performance on math 

computations (Chaddock-Heyman et al., 2015), but there are no studies in adults. The 

current study seeks to fill this gap by specifically testing whether reading and math share 

relationships with brain structure and also sheds light on the nature of these relationships 

by asking whether they are dependent on age/experience and vary based on the nature of 

the measure (CT vs. SA).  

 

Towards these aims, we tested the associations between CT and SA with individual 

differences in measures of single real word reading and calculation in a large sample of 

typically-developing participants spanning early childhood, adolescence, and young 
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adulthood. Prior studies on anatomy, reviewed above, were too few and varied in their 

results to inform our predictions, so in combination with results from functional brain 

imaging studies (Prado et al., 2011; Evans et al., 2016), we expected brain-behavioral 

correlations to be shared for reading and math in bilateral frontal and temporo-parietal 

regions. Further, we expected age to have a moderating effect since older age comes with 

more experience. Indeed, GMV studies looking at anatomical relationships with reading 

skill in adults (Pernet et al., 2009; Johns et al., 2017; Torre & Eden, 2019) have revealed 

more consistent findings of brain-behavioral relationships for reading relative to those in 

children (Jednoróg et al. 2015; Torre & Eden, 2019). Prior fMRI studies on reading have 

also reported age-dependent differences (Turkeltaub et al, 2003; Martin et al., 2015). Of 

specific interest to age and experience is the left occipito-temporal region, in which prior 

anatomical studies have reported associations between GMV and individual differences in 

single word reading in adults (Pernet et al., 2009; Torre & Eden, 2019), and fMRI studies 

have argued for learning-induced plasticity in this region’s visual word form area 

(Mccandliss, Cohen, & Dehaene, 2003; Dehaene & Cohen, 2011). Along the same lines, 

CT is more likely to reflect such experience-dependent relationships than SA. Taken 

together, this study aims to provide insights into the nature of the relationship between 

brain anatomy and critical academic skills in the context of experience and age. 

 

MATERIAL AND METHODS  

Participants 

All data were acquired by the Brain Development Cooperative Group as part of a 

larger longitudinal study of typical pediatric development at six different sites in the U.S. 
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(Evans & Brain Development Cooperative Group, 2006). From this data, we identified 

participants aged 6 – 22 (n = 404) who were healthy, native English-speakers with no 

diagnosed background of reading, math, or language impairment. Following the Freesurfer 

pipeline (described below), all scans were visually inspected for quality assurance, and we 

excluded individuals with clear (i.e., identifiable) errors in segmentation. A total of 62 

images were discarded from analyses based on poor quality parcellation of the cortical 

surface, leaving a final sample size of 342 participants for analyses (see Table 6). 
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Table 6. Demographics and Behavioral Measures for Full Sample. Mean, standard 
deviation, and range of single real word reading, math calculation, and IQ for full group of 
342 participants. Reading, math, and IQ represent standardized measures, where the mean 
= 100 and one standard deviation = 15 point. 
 

 Mean  Standard Deviation Range 
N 342   
Age 12.01  3.76 6 – 22 
Single Real Word Reading (Standard) 108.40  11.02 71 – 151 
Single Real Word Reading (Raw) 57.72  12.61 17 – 76 
Math Calculation (Standard) 110.32  11.91 77 – 152 
Math Calculation (Raw) 22.50  8.77 3 – 44 
IQ 111.59  12.13 79 – 160  

 

 

To address our hypothesis that there are shared as well as distinct associations 

between CT and SA with reading and math skill, and that such associations may be specific 

to age, we divided the 342 participants into three different age groups: (1) ages 6 – 9 (n = 

103), (2) ages 10 – 14 (n = 147), and (3) ages 15 – 22 (n = 92) (see Table 7). These groups 

roughly correspond to individuals (1) learning to read and perform math, (2) individuals 

practicing reading and math, and (3) individuals experienced in both reading and math, 

respectively. The groups also roughly correspond to elementary, middle, and high-

school/college ages. A similar approach has been used in previous research involving brain 

anatomy (Shaw et al., 2006), including a recent study specifically on this sample (Torre & 

Eden, 2019).  
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Table 7. Demographics and Behavioral Measures for Age Groups. Mean, standard 
deviation, and range of reading ability, IQ, and SES for three subgroups of participants 
based on age. Reading ability and IQ represent standardized measures, where the mean = 
100 and one standard deviation = 15 point. Last column shows result from one-way 
ANOVA. 

 

 
 

Ages 6 
– 9 

Mean 
(SD) 

Range Ages 10 
– 14 

Mean 
(SD) 

Range Ages 15 
– 22 

Mean 
(SD) 

Range p-value 

N 103  147  92   
Age 7.86 

(0.96) 
6 – 9 11.78 

(1.48) 
10 – 14 17.0 

(1.82) 
15 – 22  <.001 

Single Real 
Word 
Reading 
(Standard) 

111.1 
(12.2) 

90 – 148 108.5 
(10.6) 

71 – 151 105.3 
(9.47)  

85 – 134 <.001 

Single Real 
Word 
Reading 
(Raw) 

44.09 
(11.6) 

17 – 66 60.49 
(7.4) 

28 – 75 68.71 
(3.77) 

56 – 76 <.001 

Math 
Calculation 
(Standard) 

110.0 
(11.4) 

77 – 147 111  
(11.4) 

81 – 145 110.0  
(13.3) 

82 – 152 
 

.662 

Math 
Calculation 
(Raw) 

12.5 
(4.77) 

3 – 24 24 (5.2) 9 – 38 31.3  
(5.04) 

19 – 44 <.001 

Full Scale 
IQ 

112.37 
(13.5) 

79 – 156 111.75 
(11.9) 

79 – 160 110.46 
(10.8) 

85 – 133 .635 
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Behavioral Measures 

Participants in the Brain Development Cooperative Group's study completed a large 

battery of tests. From this battery, the present study used reading, math, and IQ measures 

for analyses. Reading abilities were measured using the Letter-Word Identification (LW-

ID) subtest of the Woodcock-Johnson III Tests of Achievement (Woodcock et al., 2001), 

which is an untimed test that measures single real word reading abilities based on word 

items that range in difficulty. Mathematical abilities were measured using the Calculation 

subtest of the Woodcock-Johnson III, which is an untimed paper and pencil test that has 

items that increase in problem difficulty. Items range from number writing, single- and 

double-digit calculation, to geometry and trigonometry problems.   

 

IQ was measured using the Wechsler Abbreviated Scale of Intelligence (WASI) 

(Wechsler, 1999), which provided a full-scale measure of IQ. As described below, our 

analyses accounted for effects of IQ based on its moderate to strong correlation with 

behavioral measures of reading and math in typical development (White, 1982; Sirin, 2005; 

Ramsden et al., 2013).  

 

Relevant to our study, the Brain Development Cooperative Group excluded 

children of parents with limited English proficiency, children with current or past treatment 

for psychiatric or language disorders, and children with behavioral reading, math, or IQ 

performance <70. No further selection criteria were applied to our study, and we confirmed 

that no subjects selected for our study had an IQ standard score <70. Imaging data were 

inspected and rated for quality (scale of 1-5) by two blind scorers from our lab; the best 
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quality scan (of three scans) for each subject was selected for use in our study. This resulted 

in 342 scans of individuals aged 6 – 22; averages and standard deviations for behavioral 

performance on reading, math, and IQ are reported in Table 6. Full quality control details 

have been previously reported (Torre & Eden, 2019).  

 

Averages and standard deviations for behavioral performance on reading, math, and 

IQ within each of the three age groups are reported in Table 7. A one-way ANOVA was 

conducted to evaluate any statistically significant differences for these between the three 

age groups. There were differences for reading (F(2,208) = 7.12, p = .001; one-way 

ANOVA), and a post-hoc t-test revealed that both the youngest and middle age groups 

were significantly better at reading compared to the oldest age group (t(193) = 3.66, p < 

.001 and t(237) = 2.33, p = .021, respectively). (Of note, matching all groups on standard 

reading scores did not alter the findings of any of our reported analyses, so this point is not 

discussed further).  

 

Imaging Measures 

MRI Data Acquisition 

Images taken from the Brain Development Cooperative Group were acquired using 

General Electric or Siemens 1.5 Tesla scanners located at six different pediatric study 

centers as part of the original study. Images were collected using a 3D T1-weighted spoiled 

gradient recalled (SPGR) echo sequence (TR (ms) = 22-25, TE (ms) = 10 – 11, FOV (mm) 

= 256, 1-1.5mm slice thickness, voxel size = 1mm isotropic). For more detail, see Evans 

et al., 2006 or www.pediatricmri.nih.gov. All neuroimaging data passed a standardized 
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quality control procedure (see Torre & Eden, 2019).  

 

MRI Data Preprocessing 

Each individual’s structural MRI scan was pre-processed separately using a 

surface-based automated processing stream that requires no manual user intervention. The 

Freesurfer image analysis suite version 6.0 (http://surfer.nmr.mgh.harvard.edu/) was used 

to perform automated cortical reconstruction, segmentation, and parcellation. Processing 

was performed using the Recon-All function. In brief, the Freesurfer pipeline involves skull 

stripping (Ségonne et al., 2004), registration to Talairach space, intensity normalization 

(Sled et al., 1998), white matter segmentation, tessellation of the gray and white matter 

boundary, and automated topology correction (Fischl et al., 2001). After the cortical 

surface is inflated (Fischl et al., 1999), the cortex is parcellated with respect to the structure 

of the gyri and sulci (Fischl et al., 2004; Desikan et al., 2006). CT is calculated as the 

closest distance from the gray/white boundary to the gray/CSF boundary at each vertex on 

the tessellated white matter surface, and surface area is calculated as the total area of the 

triangles connected to a vertex (Fischl & Dale, 2000). Average CT and SA were calculated 

for each parcellated region and for each hemisphere. Next, we used the Destrieux atlas 

(Destrieux et al., 2010) to extract measures of vertex-wise CT and SA for our a-priori 

regions of interest (ROIs).  

 

Regions of Interest (ROIs)  

We focused our analyses to regions shown to be engaged in reading or math across 

a broad age range. The reading-specific ROIs were: the left inferior frontal gyrus (IFG), 
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left angular gyrus (AG), left fusiform gyrus (FG), bilateral superior temporal gyrus (STG), 

and bilateral supramarginal gyrus (SMG) (Price, 2013; Martin et al., 2015). The math-

specific ROIs were: the bilateral superior frontal gyrus (SFG), bilateral middle frontal 

gyrus (MFG), left AG, bilateral intraparietal sulcus (IPS), and bilateral FG (Dehaene et al., 

2003; Ansari, 2008; Arsalidou & Taylor, 2011; Grotheer et al., 2016; Yeo et al., 2017; 

Peters & De Smedt, 2018). These seven reading- and nine math-specific ROIs were 

identified in terms of their anatomical label, and their corresponding regions were 

parcellated using the Destrieux atlas utility in Freesurfer (Fischl et al., 2004; Destrieux et 

al., 2010). Because both reading and math ROIs included the left FG and AG, this resulted 

in 14 ROIs (see Table 8). All task specific-ROIs were submitted to both the reading and 

math analyses and are listed in Table 8.  

 

Table 8. Regions of Interest (ROIs) Used in Analyses. Description of areas of ROIs 
selected from functional studies of task-based activation in response to reading or math 
tasks in typical individuals. ROIs were selected on the basis of consistent citation as the 
reading and math networks.  

 

Reading Hemisphere 
Inferior frontal gyrus L 
Superior temporal gyrus L, R 
Angular gyrus L 
Supramarginal gyrus L, R 
Fusiform gyrus L 
  
Math  
Superior frontal gyrus L, R 
Middle frontal gyrus L, R 
Angular gyrus L 
Intraparietal sulcus L, R 
Fusiform gyrus L, R 
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Statistical Analyses 

The following analyses were conducted on 342 participants since these had 

complete data for reading, math, and IQ, and anatomical scans passed our lab’s final, post-

processing quality check. For all participants, anatomical measures of CT and SA were 

extracted to test for relationships between brain anatomy and reading and math across 

different ages. All analyses were conducted in SPSS (IBM Corp). 

 

Shared and Unique Associations of Cortical Thickness and Surface Area with Reading and 

Math: 

 First, we conducted multiple regression analyses for each of the 14 ROIs to address 

whether brain anatomy (CT or SA) is related to strengths in reading or math (word reading 

or calculation skills) and, specifically, if these relationships are shared by reading and math. 

A multiple regression was carried out for each ROI, once for CT and again for SA, and 

reading and math were entered together. Specifically, CT and SA were always entered as 

the dependent variable in a linear regression that modeled the unique contributions of single 

real word reading, math calculation, and IQ to the dependent variable. This resulted in 14 

multiple regressions for CT and 14 multiple regressions for SA. Each model was conducted 

for the full sample (n = 342), and age was entered as an independent variable to account 

for effects of age. To address whether the relationships between brain anatomy and reading 

and math are moderated by age, interaction terms for “Age x Single Word Reading” and 

“Age x Calculation” were also entered as independent variables in the model. This 

specifically tested whether age moderates the relationship between brain anatomy and 
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reading or math. Models were considered significant at a threshold of p < .05 and statistical 

contributions to variance were considered significant at p < .05.  

 

Correlations between Cortical Thickness and Surface Area with Reading/Math in Different 

Age Groups:  

While our main goal was to conduct analyses for reading and math simultaneously 

as described above, their separation in this next analysis allowed for comparisons to prior 

studies of CT and SA where each was evaluated separately and in children or adults. For 

this, we looked at reading and math separately and used correlation methods employed in 

previous GMV, CT, and SA studies of reading and math. To test our hypothesis that there 

are age-specific associations between CT and SA with strengths in reading and math 

performance, we conducted the following analyses separately for each of the three age 

groups: partial correlations between CT or SA in each of the 14 ROIs with (1) single real 

word reading or (2) math calculation. Partial correlation analyses looking at CT accounted 

for any role of IQ, and correlations looking at SA took into account any role of IQ and total 

intracranial volume (TIV), consistent with previous studies of CT and SA (Frye et al., 

2010). All correlations were evaluated for significance using a threshold of p < .05, and 

Holm-Bonferroni correction was applied to correct for multiple comparisons, correcting 

for 14 ROIs (Holm, 1979). In cases where a significant relationship was found, we then 

tested for significant differences between the correlation coefficients (between CT or SA 

with single real word reading or calculation) across the three age groups. Specifically, each 

correlation coefficient was converted into a z-score using Fisher’s r to z transformation. 

Then, by making use of the sample size used to obtain each coefficient, z-scores were 
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compared across each of the three age groups, and each group was treated as an 

independent sample (Cohen & Cohen, 1983; Lenhard & Lenhard, 2014). This was done 

across each of the three age groups, testing Age Group 1 vs. Age Group 2; Age Group 1 

vs. Age Group 3; and Age Group 2 vs. Age Group 3. Results of this test were evaluated at 

a significance level of p < .05. 

 

RESULTS 

Shared and Unique Associations of Cortical Thickness with Reading and Math 

The multiple regressions, conducted in the entire sample of 342 participants for 14 

ROIs, revealed that single word reading, age, and the interaction between age and single 

word reading each contributed unique variance to CT in the left SMG (model F (6,341) = 

8.09, p < .001); reading: β = -.465, p = .016; age: β = -1.249, p = .020; age x reading: β = 

1.52, p = .010). However, calculation, the interaction between age and calculation, and IQ 

did not contribute unique variance to CT in the left SMG (calculation: β = .127, p = .540; 

age x calculation: β = -.647, p = .268; IQ: β = -.094, p = .138). Second, we observed a 

similar relationship in the left IPS, where single word reading, age, and the interaction 

between age and single word reading each contributed unique variance to CT (model F 

(6,341) = 32.53, p < .001); reading: β = -.425, p = .010; age: β = -1.18, p = .010; age x 

reading: β = 1.08, p = .031). The variables for calculation, the interaction between age and 

calculation, or IQ were not found to be significant in this model (calculation: β = 1.52; age 

x calculation: β = -.572, p = .250; IQ: β = 1.52). Third, we observed that age and the 

interaction between age and reading contributed unique variance to CT in the left FG 

(model F (6,341) = 32.89, p < .001; age x reading: β = .998, p = .036; age: β = -1.35, p = 
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.003). Single word reading itself did not contribute unique variance to this model, nor did 

calculation, the interaction between calculation and age, or IQ (reading: β = -.220, p = .180; 

calculation: β = -.516, p = .606; age x calculation: β = -.516, p = .606; IQ: β = .054, p = 

.320). Details shown in Figure 4. There were no further findings. 

  

Shared and Unique Associations of Surface Area with Reading and Math  

The multiple regressions for SA (conducted like the analysis of CT above on the 

entire sample of 342 participants for 14 ROIs) revealed no significant contributions of 

single word reading, calculation, or the interaction with age for these two skills. 
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Figure 4. Unique Contributions of Single Word Reading, Math Calculation, Age, and 
IQ to Cortical Thickness in the Left SMG, FG, and IPS. Across the entire sample, three 
multiple regression model showed that the interaction between single word reading and 
age contributes unique variance to CT. A) Left SMG: model F = 8.09, p < .001); age x 
reading: β = 1.52, p = .010; reading: β = -.465, p = .016; age: β = -1.249, p = .020; 
calculation: β = .127, p = .540; calculation x age: β = -.647, p = .268; IQ (not shown): β = 
-.094, p = .138. B) Left FG: model F = 32.89, p < .001; age x reading: β = .998, p = .036; 
reading: β = -.220, p = .180; age: β = -1.35, p = .003; calculation: β = -.516, p = .606; age 
x calculation: β = -.516, p = .606; IQ (not shown): β = .054, p = .320. C) Left IPS: model 
F = 32.53, p < .001; age x reading: β = 1.08, p = .03; reading: β = -.425, p = .010; age: β = 
-1.18, p = .010; calculation: β = .236, p = .181; age x calculation: β = -.572, p = .250; IQ 
(not shown): β = -.018, p = .745.  
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Correlations between Cortical Thickness and Surface Area with Reading in Different 

Age Groups 

 Looking specifically at reading, in the youngest age group (ages 6 – 9), partial 

correlations (accounting for IQ) revealed no relationships between CT or (accounting for 

TIV and IQ) SA with single word reading in the reading-specific ROIs. In the middle age 

group (ages 10 – 14), again there were no significant relationships between CT or SA with 

single word reading. Finally, in the oldest age group (ages 15 – 22), two significant 

correlations emerged: CT in the left SMG was significantly correlated with single word 

reading (Pearson’s r(89) = .294, p = .005), and the same was observed for CT in the left 

FG (Pearson’s r(89) = .100, p = .011). There were no significant relationships between SA 

and single real word reading within this age group. See Figure 5. 

 

 When testing for whether these correlations significantly differ between age 

groups, we observed that the correlation between CT in the left SMG and single word 

reading differed between the youngest and oldest age groups (Z(89,100) = -2.58, p = .001), 

and that this correlation also differed between the two oldest age groups (left SMG: 

Z(89,144) = -2.92, p = .004). We also observed that the correlation between CT in the left 

FG with single word reading differed between the two oldest age groups (left FG: 

Z(89,144) = -2.12, p = .034). See Figure 6. 
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Correlations between Cortical Thickness and Surface Area with Math in Different 

Age Groups 

 Looking specifically at math, in the youngest age group (ages 6 – 9), there were no 

significant partial correlations between CT (controlling for IQ) or SA (accounting for TIV 

and IQ) with calculation. The same was observed for both the middle age group (ages 10 

– 14) and the oldest age group (ages 15 – 22).  

 

 

Figure 5. Correlations between Cortical Thickness and Single Real Word Reading: 
Region of Interest Analysis. Top: Visualization of left SMG and left FG ROIs. Bottom, 
left: Significant correlation between cortical thickness in the left SMG and single word 
reading in ages 15 – 22 (Pearson’s r(89) = .294, p = .005). Bottom, right: Significant 
correlation between cortical thickness in the left FG and single word reading in ages 15 – 
22 (Pearson’s r(89) = .100, p = .011). 
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Figure 6. Comparisons of the Brain-Behavior Correlations between Age Groups. Top: 
Correlation coefficients of the relationship between CT in the left SMG and single word 
reading significantly differs between the youngest and oldest age groups (p = .001) and the 
middle and oldest age groups (p = .004). Bottom: Correlation coefficients between CT in 
the left FG and single word reading significantly differs between the middle and oldest age 
groups (p = 0.34).  
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DISCUSSION 

 The present study provides the first systematic investigation of whether CT and SA 

are related to reading (single real word reading) and math (calculation) skill in a large 

sample of typically developing children, adolescents, and young adults. We hypothesized 

that individual differences in single word reading and calculation would be associated with 

CT and SA in some shared cortical regions known to be involved in both skills. While we 

found that reading skill and its interaction with age contributed unique variance to CT of 

left SMG and IPS, and the interaction between reading and age contributed unique variance 

to CT in the left FG, we found no contribution of calculation skill, or its interaction with 

age, to CT. Neither reading nor math skill, nor their interactions with age, contributed 

unique variance to SA. When we tested correlations between CT/SA with reading and math 

in three age groups to gauge the role of age/experience on these relationships, CT of the 

left SMG and FG were positively correlated with reading skill only in the oldest age group 

(ages 15–22). Taken together, our findings provide evidence for a few relationships 

between brain anatomy and reading skill, but none for math skill (and therefore none shared 

by reading and math). Further, the results revealed a critical role of age/experience in 

establishing the relationships between CT and reading in left SMG, IPS, and FG. 

  

Relationships between CT and Reading, but not Math, Skill 

The possibility that reading and math share neural correlates has been raised by 

previous studies which have shown overlap in the functional networks that support both of 

these skills, specifically in the bilateral temporo-parietal and left inferior frontal cortices 

(i.e., those regions of interest to our study) (Prado et al., 2011; Evans et al., 2016). We 
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found that CT in some regions of these networks was associated with reading, but not math, 

skill. Specifically, CT in the left SMG and IPS were associated with single real word 

reading skill. Because the interaction between age and single word reading also contributed 

significant variance to CT in these regions, it is likely that while reading and math tasks 

may recruit the same regions (e.g., left SMG and FG (Rivera et al., 2005; Arsalidou & 

Taylor, 2011), relationships between brain anatomy and these skills are weak. When 

relationships do exist, as we observed for reading, the relationship is moderated by 

age/experience. Age and experience are intertwined and difficult to disentangle. Although 

developmental changes in CT could allow the relationships between CT and reading ability 

to become apparent, we observed age effects in both the multiple regression and correlation 

analyses. This suggests that the experience of learning and practice throughout age drives 

the relationships between CT and reading ability in the left SMG and FG, which were 

observed for only the oldest age group. Given that reading is practiced more frequently and 

rigorously than math during childhood (Stacy et al., 2017), our observations are more likely 

due to experience than age alone. 

 

The left SMG is known to be part of the reading network (Pugh et al., 2001) and is 

associated with phonological processing (Demonet et al., 1992; Devlin et al., 2003). Our 

finding that reading ability contributes unique variance to this region, as well does the 

interaction between age and reading, fits strongly into a large body of literature that 

demonstrates the importance of the left SMG in reading (Price et al., 1997; Moore & Price, 

1999; Jobard et al., 2003).  
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In the left IPS, like the left SMG, single word reading ability, age, and the 

interaction between age and single word reading each contributed unique variance to CT. 

The left IPS, which was an ROI chosen from the math literature, is known to support 

numerical magnitude processing in math tasks (Ansari, 2008), making it surprising that CT 

of this region was associated with single word reading ability, but not calculation ability. 

The relationship with reading may be due to other skills which influence single word 

reading and are associated with CT in the left IPS. For instance, the left IPS has also been 

associated with verbal working memory (Jonides et al., 1998; Becker et al., 1999; 

Turkeltaub et al., 2003), and fMRI literature has suggested that the left IPS plays a role in 

the reading network by modulating the activity of the left FG (Richlan, 2012; Wandell & 

Le, 2017). Our results support the idea that the left IPS may be associated with single word 

reading skill level, particularly as one becomes an experienced reader.  

 

In the left FG, the interaction between age and reading ability, but not reading 

ability alone, contributed unique variance to CT. The left FG is home to the putative visual 

word form area (VWFA), a portion of visual cortex thought to be reliably responsive to 

visual words, likely as a result of one’s acquired ability to integrate groups of letters rapidly 

and effortlessly (Mccandliss et al., 2003; Dehaene & Cohen, 2011). Our findings in our 

oldest (and most experienced) age group of readers, and the significant contribution of the 

interaction between and age single word reading to CT in this same region, provides 

anatomical convergence with previous evidence that the VWFA shows age-related 

increases in brain activity brought upon by reading experience (Dehaene et al., 2010). 
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Altogether, our observations provide evidence for a few relationships between brain 

anatomy and reading, and none for math.  

  

Experience-Dependent Relationships with Brain Structure 

Numerous studies have advocated that individual differences in brain anatomy are 

related to skills that require explicit training (e.g., Maguire et al., 2000; Draganski et al., 

2004).  Few studies have examined the association between gray matter structure with the 

learned skills of reading (Pernet et al., 2009; He et al., 2013; Goldman & Manis, 2013; 

Jednoróg et al., 2015; Johns et al., 2017; Torre & Eden, 2019) or math (Supekar et al., 

2013; Li et al., 2013; Chaddock-Heyman et al., 2015; Price et al., 2016). Even fewer have 

gone on to study associations between CT and SA with reading skills (Frye et al., 2010; 

Goldman & Manis, 2013; Johns et al., 2017), and only one study has investigated how 

these anatomical measures are associated with individual differences in math (Chaddock-

Heyman et al., 2015).  

 

Reading and math skills are acquired over a protracted period throughout and 

beyond education, so it could be expected that relationships between brain structure and 

these skills are stronger for older individuals, such as adults. In line with this idea, our 

multiple regression analyses indicated that the interaction between age and single word 

reading contributes unique variance to CT in the left SMG, IPS, and FG. This was 

confirmed by correlational tests, which revealed a positive correlation between CT in the 

left SMG and left FG with single real word reading only in the older, more experienced 

readers (i.e., a group aged 15 – 22). The strength of the relationship between CT and single 
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word reading differed across all three age groups for left SMG and between the middle and 

oldest age group for left FG, showing that correlations were strongest (and only apparent) 

in the oldest age group. These age-specific results support previously reported associations 

between GMV in the left SMG and FG with reading ability that are observed in older 

readers, but not in younger readers (Pernet et al., 2009; He et al., 2013; Torre & Eden, 

2019). Of note, two prior studies did not observe a relationship between CT and reading in 

these regions (Goldman & Manis, 2013; Johns et al., 2017), and another reported that SA, 

not CT, of the left FG is correlated to reading ability (Frye et al., 2010). This inconsistency 

in prior studies might be due to differences in sample size and measurement methods. For 

instance, the sample sizes of these three studies were 39, 28, and 32 participants, while the 

sample size of our oldest age group alone had 92 participants. Further, these previous 

studies used whole-brain approaches, whereas our study focused on a-priori ROIs. When 

conducting a post-hoc whole brain analysis in the full sample to ensure no relationships 

were missed by our ROI approach, the left SMG and left FG were correlated with single 

word reading at an uncorrected level, likely not reaching the threshold for correction as 

these relationships are seemingly driven only by the oldest age group. The variations in the 

methods used and results reported in the prior literature highlight the importance of our 

study’s investigation of CT and SA in both children and adults, as well as reading and math 

simultaneously. 

 

Our findings in left SMG and FG (i.e., associations with reading ability) are 

unsurprising given that these regions are required for reading (Pugh et al., 2001). Speaking 

first to the left SMG, numerous studies have shown that this region is specifically active 
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during the conversion of orthography to phonological information (Booth et al., 2002; Tan 

et al., 2005; Richlan et al., 2009; Hartwigsen et al., 2010). Because single word reading, 

especially at ages 15-22, does not require much phonological decoding, the reading process 

for strong readers is likely automated. Our finding that CT of the left SMG is associated 

with single word reading, its association with age, and correlated with reading skill only in 

the oldest age group suggests that the relationship is the product of reading experience and 

potentially reflects strengths gained in phonological decoding. This is consistent with prior 

work examining age-specific, experience-driven relationships between left SMG function 

and reading ability. For example, Li et al. found that the left SMG is more strongly 

functionally connected to other regions of the reading network (e.g., the left IFG and FG) 

in adults than in children (Li et al., 2017). Our findings build upon this idea by showing 

that with age, the relationships between gray CT in the left SMG with reading skill are 

strengthened.  

 

Regarding the left FG, we found CT of this region to be associated with the 

interaction between age and single word reading. Further, we revealed correlations between 

CT of the left FG with single word reading only for the oldest group of readers, and this 

correlation significantly differed in strength from the group aged 10-14. It has been argued 

that this region was not designed for reading but is co-opted from object recognition 

purposes for reading (Dehaene et al., 2005). A similar study looking at GMV in the same 

population reported a positive correlation between the left FG and single word reading and 

concluded that experience with reading drives the relationship observed between GMV and 

single word reading ability at older ages (Torre & Eden, 2019). This idea is consistent with 
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a large body of fMRI studies which have shown that the left FG shows increased activation 

to written words with improvements in reading performance throughout development, 

which might be due to increased reliance on sight-word reading as one becomes a skilled 

reader (Maurer et al., 2005; Brem et al., 2010; Ben-Shachar et al., 2011). As previously 

described, the left FG shows increased functional connectivity to other regions of the 

reading network (including the left SMG) in adults than in children (Li et al., 2017), which 

speaks to a developmental shift from unskilled to skilled, or un-experienced to experienced, 

reading. Taken together and considering the dorsal-ventral model of reading (Schlaggar & 

McCandliss, 2007), our study shows that anatomical foci within both the dorsal route (left 

SMG) and ventral route (left FG) for reading have a correlational relationship with reading 

ability in typical readers. This suggests that the features of reading ascribed to each route—

i.e., phonological assembly in the dorsal route and word form processing in the ventral 

route—contribute to the anatomical relationships between CT and reading outcome.  

 

CT, but Not SA, Is Associated with Reading Ability 

We observed relationships only for CT and none for SA. CT and SA show distinct 

trajectories during child development and into adulthood (Storsve et al., 2014), and thus, 

we tested both measures to better interpret our hypothesized brain-behavior associations. 

Our lack of findings for SA, a measure thought by some to reflect mechanisms that occur 

earlier in neurodevelopment (Tramo et al., 1995; Kapellou et al., 2006), supports the idea 

that relationships between brain anatomy and reading skill are built with training and 

experience; they are likely not innate, as would have been captured by SA. Our findings 

that CT of the left SMG, IPS, and FG are associated with the interaction between reading 
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and age could be reflective of dynamic changes in thickness across the cortex due to 

pruning of cortical connections (Shaw et al., 2008). It may also be the case, as highlighted 

by recent research, that CT measurements may capture aspects of myelination that push up 

into the cortex, resulting in differences in thickness as observed by neuroimaging (Natu et 

al., 2018). In our sample, the observed relationships with reading were positive even though 

whole brain CT followed a linear decrease with age. Therefore, the cortical thickening 

observed in association with reading skill in older ages may well be brought about by 

reading experience and intensive reading practice. Previously reported correlations 

between GMV, reading, and math may therefore be affected by developmental changes in 

the thickness of the cortical sheet (i.e., CT).  

 

No Relationships between Brain Structure and Math Ability 

Surprisingly, we observed no associations between either CT or SA with 

calculation ability for any age group. This was further confirmed by the post-hoc whole 

brain analysis at the level of the full sample. Thus, we conclude that there is no robust 

relationship between either CT or SA with arithmetic skill at any age.  

 

This contrasts a previous study showing that CT in the superior frontal cortex is 

negatively associated with math skill in a sample similar in age to our youngest group 

(Chaddock-Heyman et al., 2015). However, this study did not control for multiple 

comparisons, which may account for the discrepancy in our study and theirs. It may also 

be the case that our measure of math skill, does not capture the cognitive abilities that have 

been associated with functional activity in our math-specific ROIs, particularly that of 
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numerical magnitude processing (Cantlon et al., 2006; Mussolin et al., 2010; Bugden et al., 

2012). The calculation test used in our study measures a wide variety of abilities ranging 

from multi-step calculation to algebra and geometry, not all of which are demanding of 

magnitude processing skills. Yet this was the only math measure available from the 

database used in the present study. Future research investigating whether CT or SA relate 

to performance on a wide range of arithmetic tests is needed, as our study measured a 

specific and narrow aspect of arithmetic (as is also the case for reading). However, it may 

be that the training which leads to strengths in calculation ability is not as intensive as the 

training experienced for reading, therefore not establishing an observable brain-behavior 

correlation for any age.   

 

Implications for Dyslexia and Dyscalculia 

Both reading and math skills are linked to specific learning disorders in 

development: dyslexia and dyscalculia, respectively. The reading-specific disability 

developmental dyslexia is neurologically-based, affects 5-17% of children (Katusic et al., 

2001), and is associated with deficits in the skills necessary for successful reading, 

particularly phonological awareness (Lyon et al., 2003). In contrast, the math-specific 

disability dyscalculia is characterized by persistent deficits in arithmetic and math 

reasoning (APA 2013), which is thought to stem from difficulties in processing quantities 

(Butterworth, 2010) or linking numerical symbols to mental representations of quantities 

(Rousselle & Noël, 2007).  

 

Our finding of a positive relationship between CT of the left SMG with reading in 
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typical readers is interesting in given this region’s role in phonological processing, a skill 

that is severely hampered in dyslexia (Lyon et al., 2003). Additionally, the idea that 

relationships between CT in the left SMG and FG with reading are brought about by 

reading experience can inform studies of brain structural differences in dyslexia, as 

individuals with dyslexia acquire even less reading experience than their peers; this may 

be reflected in their structural brain anatomy (Krafnick et al., 2014).  

 

CONCLUSIONS  

 Our study shows, in a large sample of typically-developing individuals aged 6 – 22, 

that there are some, but not many, associations between CT and reading ability (in left 

SMG, IPS, and FG), but these are restricted to older participants. However, there were no 

associations between CT and math skills, and therefore, no spatial overlap for associations 

for both reading and math. No relationships were observed for SA. These findings provide 

important information about brain-behavioral relationships that exist for reading and how 

they are established through age and experience. 
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Chapter 4 

GENERAL DISCUSSION AND CONCLUSIONS 

 

 

This dissertation examines if individual differences in gray matter anatomy (GMV, 

CT, and SA) are related to individual differences in single real word reading ability in a 

large sample of typically developing participants. First, Chapter 2 tested the hypothesis that 

linear relationships between gray matter volume (GMV) and single real word reading 

ability (henceforth described as “single word reading”) exist in typical readers. We found 

that when looking at a wide age range that spans from children acquiring literacy to young 

adults well-practiced in reading, there were no linear relationships between GMV and 

single word reading. This was the case when interrogating eight regions shown to have 

reduced GMV in dyslexia (Linkersdorfer et al., 2012; Richlan et al., 2013) as well as when 

looking at the whole brain. Only when dividing the sample by both age and sex did 

relationships emerge for the older participants. The lack of a relationship between brain 

structure and single word reading across the full sample was even more striking when 

considering that we observed linear associations between GMV and IQ, which replicated 

previous reports (Haier et al., 2004).  

 

Chapter 3 built upon this work by testing the hypotheses that there are relationships 

between CT and SA with single word reading and that these are found in similar brain 

regions as those with calculation ability. We also expected these relationships to more 

likely be found in young adults and adults than in children and adolescents. We observed 
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positive associations between CT and single word reading in left SMG, IPS, and FG, but 

age played a role in each of these relationships. Additionally, these anatomical 

relationships were specific to reading ability and did not exist for math ability, perhaps 

because it is less practiced than reading throughout education (Stacy et al., 2017).  

 

Together, these studies converge on three characteristics that describe the 

relationship between gray matter and single real word reading ability: First, there is no 

general linear relationship between gray matter anatomy (measured in multiple ways) and 

single real word reading across a broad age span that ranges from reading acquisition to 

skilled reading. Second, from this cross-sectional study, it can be inferred that few but some 

relationships between gray matter anatomy and single word reading emerge in the later 

stage of reading development, i.e., when one is a skilled reader, and this may be the result 

of training. Further, given that the left FG was identified to be related to single word reading 

ability in the oldest age groups when measuring both GMV and CT, it is likely that the 

relationship between GMV and CT of the left FG with proficiency in single word reading 

becomes crystallized through acquired reading experience and practice. Next, I discuss 

these points in detail, describing supporting evidence in the existing literature.  

 

NO GENERAL LINEAR RELATIONSHIPS BETWEEN BRAIN ANATOMY AND 

READING 

This dissertation suggests that there is no relationship between brain anatomy and 

single word reading ability that exists for all ages in the typical population. To date, 

different studies have looked separately at GMV, CT, and SA to test for their relationships 
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with measures of reading ability. This work, considered altogether, has not provided 

evidence for a linear association between brain anatomy and reading across all ages (Pernet 

et al., 2009; Goldman & Manis, 2013; He et al., 2013; Jednorog et al., 2015; Johns et al., 

2017). Chapters 2 and 3 examined GMV, CT, and SA in a large sample spanning a wide 

age range, allowing us to test for relationships in a comprehensive manner. Based on our 

results, it is likely that prior observations have been inconclusive because there is actually 

no relationship between gray matter anatomy and single word reading for all ages and both 

sexes.  

 

The existence of such a relationship in typical readers would have supported the 

idea that dyslexia is the low-end tail of a normal continuum (Shaywitz et al. 1992). Yet, 

the correlational and multiple regression analyses employed in both Chapters suggest that 

the relationship between brain anatomy and single word reading is not as simple as a one-

to-one mapping that exists for all readers. It is more likely that dyslexia constitutes a 

distinct group (Rutter and Yule, 1975) rather than a low-end tail, since the regions found 

to differ in GMV, CT, and SA in dyslexia (Linkersdorfer et al., 2012; Richlan et al., 2013; 

Clark et al., 2014; Ma et al., 2015) are not yoked to single word reading for all typical 

individuals. Thus, any brain-behavioral relationships in dyslexia are likely unique to this 

disorder, as none are observed when looking at the typical population. As described later, 

a large study of individuals with dyslexia, testing for relationships between gray matter 

anatomy and single word reading ability in those regions shown to differ in this disorder 

(Linkersdorfer et al., 2012; Richlan et al., 2013), would help us understand dyslexia’s 

etiology.  
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AGE- OR EXPERIENCE-DEPENDENT LINEAR RELATIONSHIPS BETWEEN 

BRAIN ANATOMY AND READING  

Both Chapters 2 and 3 showed that age plays a role in gray matter anatomy 

relationships with reading ability, because relationships were observed only for the oldest 

group, but not the two younger groups. These brain-behavior correlations with single word 

reading (GMV of the right STG and left FG; CT of the left SMG and left FG) were positive 

and specific to the oldest group aged 15-22. Unsurprisingly, associations between CT in 

the left SMG and left FG appeared to be stronger in the oldest age group. These 

observations suggest that as individuals acquire reading experience with age, gray matter 

anatomy in these regions becomes correlated to strengths in single word reading. While 

experience is of course not equivalent to age, raw reading scores generally increase with 

age for typical readers (Woodcock, 1989; Vlachos & Papadimitriou, 2015), reflective of 

their growing expertise in this skill. Therefore, reading experience is generally concomitant 

with reading abilities. Most of the participants in our sample had reading scores in the 

normal range, and while we looked at cross-sectional data, the longitudinal single word 

reading raw scores show that this reading ability increased in age for nearly all participants. 

As such, our results may reflect a relationship between brain anatomy and reading 

proficiency that is only crystallized in older, more skilled readers but is not observed in 

younger readers, and this is potentially reflective of reading ability that is commensurate 

with reading experience. 

 

A broader body of literature shows that rigorous training in skills such as navigation 

(Maguire et al., 2000) and juggling (Draganski et al., 2004) can alter GMV. Similarly, long-
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term experience with meditation has been shown to alter CT (Lazar et al., 2005; Kang et 

al., 2013). In these studies, experience with each skill was reflected in skill level, or ability. 

Conceivably, the protracted acquisition of literacy is a form of long-term, intensive 

experience, given that by the time U.S. students are in college, they read on average 10 

hours a week for academic purposes alone (Mokhtari et al., 2009). Because the brain 

regions used for reading were likely co-opted to support this learned skill (Dehaene, 2005; 

Dehaene & Cohen, 2007), literacy requires the brain to be dynamic and responsive to 

learning. Indeed, the acquisition of literacy in illiterate adults has been shown to result in 

increases in dorsal regions of the reading network (i.e., left SMG and STG) (Carrieras et 

al., 2004). Additionally, the functional activation associated with reading differs between 

children and adults (Martin et al., 2015), suggesting that learning to read and experience 

with reading alters not only reading ability, but also the networks recruited during reading 

tasks. Our work adds to this literature by providing evidence that in older readers, there are 

correlational relationships between gray matter anatomy and single word reading skill in 

typical development in some, but not many, regions of the brain, particularly the left FG.  

 

These relationships were observed in left SMG and right STG, part of the dorsal 

pathway of reading; and left FG, part of the ventral pathway of reading (Pugh et al., 2001; 

Turkeltaub et al., 2003; Cohen et al., 2008). Additionally, while not correlational, we 

observed an association between CT of the left IPS, considered part of the dorsal object 

recognition stream (Pelekanos et al., 2016), with reading. Returning to the dorsal-ventral 

model of reading, it could be the case that that years of practice with phonological decoding 

provide a basis for the brain-behavioral relationship observed for gray matter anatomy and 
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single word reading scores in the dorsal pathway. As described by Pugh et al. (2001), 

experience with phonological decoding is coupled with increased exposure to words, which 

allows the VWFA to become skilled at recognizing commonly seen words and may explain 

the presently observed correlations in the ventral visual pathway. Together, both pathways 

seem to take on brain-behavioral relationships in adolescent/adult readers, even though it 

has been suggested that the dorsal pathway is more malleable than the ventral pathway 

(Mitchell & Neville, 2004). 

 

 The most consistent finding of this dissertation was that of a relationship between 

gray matter anatomy of the left FG and strengths in single word reading only observed 

within the oldest group. This finding fits a larger body of literature proposing that the left 

FG, a region shown to have functional specificity for word forms (Dehaene et al., 2002; 

McCandliss et al., 2003; Dehaene et al., 2010), becomes adept at word recognition over 

time due to the unique demands of reading and the constraints of the visual system 

(McCandliss et al., 2003).  

 

There is already some research indicating that the development of the left FG is 

progressive and tied to advancements in reading skill, not just the effects of typical brain 

maturation alone (McCandliss et al., 2003). For example, Shaywitz et al. (2002) found that 

fMRI activation of the left FG is correlated to strengths in decoding ability in children, 

even when accounting for age (word recognition was not measured). Additionally, 

anatomical studies in children with dyslexia have shown that after experience with a 

reading intervention heavily focused on imagery and visualization, there are GMV 
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increases in the in left FG (Krafnick et al., 2011). Our studies, which were conducted in 

children and adults, observed relationships between GMV and CT of the left FG and single 

word reading only within the adult-aged-group. Yet these findings alone cannot resolve 

whether, for this age group, structural properties of the left FG are concomitant with 

reading skill or simply reflective of general neurodevelopment. One could infer that GMV 

and CT of our sample follow the standard developmental trajectories reported in previous 

neuroimaging work (Gogtay et al., 2004; Sowell et al., 2004); indeed, post-hoc analyses of 

our entire sample found this to be the case. Another post-hoc analysis showed that CT of 

our left FG ROI significantly differed amongst our age groups, such that CT was lowest in 

the oldest age group. This observation suggests that the positive correlation observed for 

CT of the left FG cannot be attributed to developmental effects in our sample, making 

advancements in reading skill the more likely candidate. The same analysis for GMV of 

the left FG showed no significant difference across the three age groups, meaning that the 

positive correlation with single word reading for this anatomical measure is also likely not 

reflective of development alone. Therefore, it is plausible that individual strengths in 

integrating decoding skills with word recognition—and the automaticity of this process—

drives the relationship between the left FG and reading ability (Price & Devlin, 2011). This 

would highlight the importance of reading practice in typical development and provide 

encouragement for struggling readers and those with dyslexia.  

 

However, one study has shown that properties of the left FG may not be entirely 

driven by experience. Recent work has observed that early specialization (as early as 5-6 

years old) of the left FG’s functional response to letters (relative to responses to other visual 
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stimuli) is associated with better single real word reading (Centanni et al., 2018). Future 

work using a longitudinal approach is needed to elucidate the time-scale of the formation 

of relationships between gray matter anatomy of the left FG and single word reading.  

 

 What anatomical properties are likely to underlie these relationships? Age-specific 

findings in GMV and CT have been attributed to morphological events at the synapse-

level, such as the formation of new synapses or the strengthening of existing connections 

(see Draganski & May, 2008 for review). Events at the neuronal level, such as growth or 

atrophy of neurons, could also account for the observed GMV and CT relationships with 

reading (Gage, 2002). Interestingly, we tested post hoc (i.e., not part of Chapters 2 or 3) 

whether GMV and CT in our sample were correlated and found them not to be, which 

confirms the unique aspects of these measures and suggest that their relationships with 

reading reflect different mechanisms. The complete absence of findings for relationships 

between SA and reading ability, given that SA is thought by some to be particularly 

reflective of genetically pre-determined anatomy (Tramo et al., 1995; Kapellou et al., 

2006), further speaks to the role of age and experience in an observable brain-behavior 

relationship for single word reading in adult readers.  
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LIMITATIONS AND FUTURE DIRECTIONS 

 An overarching limitation of the work in Chapters 2 and 3 is the simplified 

definition of reading ability as performance on a single real word reading task, though there 

are other components of reading ability, particularly word comprehension, that would be 

of interest to the broader field of reading cognition. Likewise, a limitation specific to 

Chapter 3 is the simplified definition of math ability as performance on a written 

calculation test. It is possible that different psychometric evaluations may uniquely be 

related to brain anatomy; however, the measures used in this dissertation were among those 

provided by the NIH Pediatric MRI Database and were specifically designed to tap into 

individual reading and math abilities. Future work on brain-behavioral relationships in the 

context of reading and math should better characterize these abilities through a variety of 

measures. First, towards the goal of studying phonological decoding skills, investigating 

relationships between brain anatomy and pseudoword reading ability would be informative 

and could yield results in the temporo-parietal regions known to support decoding, as was 

observed by Johns et al. (2017). Second, future work might consider studying brain-

behavior associations in the context of word comprehension, and prior work suggests that 

correlations could be observed between brain anatomy and comprehension in the left IFG 

and left angular gyrus, as well as several right hemisphere frontal and parietal regions 

(Goldman & Manis, 2013; Johns et al., 2017).   

 

 Another limitation to this work is the use of arbitrary age cut-offs in combination 

with a cross-sectional approach in order to interrogate relationships specific to distinct age 

groups. A longitudinal approach would be better suited to address the question of whether 
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there are changes in the relationship between gray matter anatomy and single word reading 

throughout formal schooling into adulthood, as the findings of Chapter 3 would suggest. 

One longitudinal study has been conducted in typically developing adolescents (n = 16) 

and reported that GMV changes over two years were related to baseline reading skills 

(Houston et al., 2014). However, future research in a larger sample size, a broader age 

range, and across multiple timepoints of one’s educational trajectory is needed to elucidate 

how the maturation of brain anatomy and experience contribute to relationships between 

GMV and CT (and potentially SA) with reading.  

 

 A third limitation is our lack of tests for more complex relationships between brain 

anatomy and reading ability. Much of this dissertation was focused on simple linear 

relationships based on the similar approaches of the prior literature, though it is possible 

that curvilinear relationships between brain anatomy and reading ability may exist. Yet 

when testing for the line of best fit for GMV, CT, and SA, a linear regression was the best 

fit for most regions of the brain across the full samples as well as within the three age 

subgroups.  

 

 Finally, it has long been known that single word reading skills are genetically 

influenced (DeFries et al., 1978; Davis et al., 2001). Unsurprisingly, the same is the case 

for both regional and whole brain GMV, CT, and SA (Thompson et al., 2001; Winkler et 

al., 2010). Even SES, which is sometimes conceptualized as a purely environmental factor, 

has been observed to have a genetic component (Trzaskowski et al., 2014). Thus, the 

relationships observed in this dissertation may reflect complex interactions between 
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genetics, environment, and experience, limiting the extent to which the growth in single 

word reading ability attained through reading experience plays a role in the presently 

observed correlations. For example, the strength of the correlation between GMV (Chapter 

2) or CT and single word reading (Chapter 3) could conceivably be a brain-behavior 

relationship that is inherited and “turned on” by genes towards adulthood (i.e. towards ages 

15-22, as was observed in both studies), though there is no evidence in the broader literature 

to support this idea. There is, however, research suggesting that gene-based associations 

between brain anatomy and cognitive ability (i.e., IQ) are minimal, and that experiential 

factors play a relatively larger role in these relationships (Schoenemann et al., 1999); this 

speaks to the importance of experience with single word reading in the relationships we 

observed. Future work, as described next, may consider the complexities of these 

relationships between brain and cognition in the context of single word reading.  

 

 An important future goal for research will be to disambiguate experience-driven 

relationships between gray matter anatomy and reading from biological predisposition 

towards skills that support literacy. Sulcal pattern anatomy is another anatomical measure 

that can inform this question. Sulcal pattern anatomy has been shown to be related to family 

history of dyslexia, dyslexia diagnosis, and general cognitive abilities (Im et al., 2011; Im 

et al., 2016). The findings of the present dissertation, which were for GMV and CT only, 

in large part reflect aspects of brain anatomy that change with age and experience (Mechelli 

et al., 2005; Shaw et al., 2006; Natu et al., 2018), whereas sulcal pattern anatomy, like SA, 

is thought to reflect aspects of brain structure that are driven by genetics. Specifically, 

sulcal pattern anatomy comprises the global patterning of primary sulcal folds as well as 
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their arrangement, size, and shape (Im et al., 2016). These measures of anatomy are 

genetically pre-determined and develop during prenatal stages (Chi et al., 1977; Garel et 

al., 2001; Rakic, 2004; Kostovic & Vasung, 2009). Interestingly, one study has shown that 

sulcal pattern anatomy of the left occipito-temporal sulcus (which hosts part of the VWFA) 

is related to reading fluency in adults (Cachia et al., 2018), which would suggest that 

genetic influences on reading skill are reflected in brain anatomy (the results from this 

dissertation do not lend support to this idea). Based on the findings of this dissertation, i.e., 

the idea that relationships between gray matter anatomy and reading ability are likely 

sculpted by experience over the years one spends reading, one might expect to observe that 

there are no relationships between sulcal pattern anatomy and single word reading. Rather, 

relationships could emerge for language skills that support reading, such as oral language 

abilities (Nation & Snowling, 2004). Such observations would demonstrate that very few, 

if any, anatomical predispositions for reading ability exist, though they may exist for skills 

that eventually come to support literacy. This study is currently underway but was not 

included in this thesis.  

 

 Another future direction involves the roles of IQ and SES in the relationship 

between gray matter anatomy and reading skill. Chapter 2 replicated previously observed 

relationships between GMV and IQ (e.g., Haier et al., 2004; Colom et al., 2006), but this 

was surprisingly not the case for SES. Thus, I conducted post-hoc analyses on the CT and 

SA measures used in Chapter 3 and replicated some of Noble et al.’s (2015) findings of 

linear associations between SA and SES: in our sample, like in Noble et al., SA of bilateral 

frontal cortex, including the cingulate cortex and inferior frontal gyrus, and right inferior 
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parietal and middle temporal cortices were positively correlated with Parental Education 

(see Figure A1). This relationship may reflect socioeconomic disparities in the prenatal 

environment (Noble et al., 2015).  There were no findings for either CT or SA and Adjusted 

Family Income, or for CT and Parental Education, after multiple comparisons corrections. 

The lack of an association between CT and SES in our sample may due to the lack of a 

linear relationship, as research has shown that relationships between CT and SES are 

logarithmic or vary with age, which our tests did not address (Noble et al., 2015; Piccolo 

et al., 2016). Along a similar vein, numerous studies have suggested that SES plays a 

moderating, rather than direct, role on the associations between brain structure and various 

cognitive abilities, including those which support reading (Raizada et al., 2012; Brito et al., 

2017; Romeo et al., 2018; Leonard et al., 2019). Thus, future research needs to examine 

how the environmental qualities captured by SES have measurable impact on the cortical 

development of regions important for language and eventually reading. 

 

 This work also provides avenues for future work on the anatomical bases of math. 

Similar to the finding of no significant relationships between CT and SA and calculation 

skill within the math network, when I conducted post-hoc analyses for relationships 

between GMV and calculation skill when targeting the same regions, this also revealed no 

significant results (not reported in Chapters 2 and 3). Given that math is practiced less 

frequently than reading (Stacy et al., 2017), it may be that the average individual does not 

gain adequate experience with math in order to establish a brain-behavior relationship with 

respect to GMV or CT. However, others have reported correlations between GMV of the 

left IPS and math ability in school-aged children (Li et al., 2013; Price et al., 2016), whereas 
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our only finding in the left IPS was of an association between CT of this region with single 

word reading and its association with age. This altogether indicates that more research is 

needed to arbitrate between these discrepant results. 

 

 Finally, is there a relationship between brain anatomy and reading ability in 

dyslexia? Chapter 2 shows that GMV in those regions which differ in dyslexia do not have 

a one-to-one relationship with reading ability in the typical population, thereby failing to 

support the model that dyslexia represents the low-end tail of a normal distribution 

(Shaywitz et al., 1992). However, our data alone cannot test how brain structure is related 

to reading ability in dyslexia. To determine this, a study focused on elucidating the 

relationships between GMV, CT, and SA and measures of single real word reading in a 

large sample of individuals with dyslexia would need to be conducted. Again, a better 

understanding of dyslexia’s etiology could aid in devising appropriate treatments for this 

disorder.  

 

SUMMARY 

 In two studies, this dissertation examined the brain anatomical relationships with 

single word reading ability in a large typically developing sample. The first study showed 

that there is no general linear relationship between GMV with single word reading ability 

across a broad age range; one relationship only (in left FG) emerged for the oldest group 

of readers. The second study showed that relationships between CT (in left SMG, IPS, and 

FG) and single word reading ability interacted with age, and relationships in the left SMG 

and FG were present only in the oldest group of readers. No such relationships existed for  
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the anatomical measure of SA, or for calculation ability. Both studies showed that gray 

matter anatomy of the left FG was positively correlated with single word reading skill in 

the oldest age group. Altogether, this dissertation presents evidence that the brain’s 

anatomical involvement in reading in the left FG is crystallized in young adult to adult 

readers, though this does not extend to most other regions of the brain that were 

investigated. This dissertation also shows that there is no one-to-one mapping between 

common measures of brain anatomy and single word reading ability, which suggests that 

dyslexia does not represent the lower-end tail of a normal distribution.  
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APPENDIX 

SUPPLEMENTARY FIGURE 

 

Figure A1. Positive Correlations between SA and Parental Education: Whole-Brain 
Analysis. Age was included as a covariate (n = 342, DOF = 339). Results were corrected 
for multiple comparisons using FDR-correction (p < .05). Images show regions where a 
positive correlation was observed between SA and parental education in the left and right 
hemispheres. MNI coordinates for the peak clusters include regions within the bilateral 
frontal cortex, including the cingulate cortex (31.65, 3.66, 31.80) and inferior frontal gyrus 
(-15.04, 84.51, -25.40), and right inferior parietal (34.49, -41.89, 8.26) and middle temporal 
(39.33, -9.93, -52.19) cortices. 
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