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 Researchers have long been interested in the role of the corpus callosum in 

reading disorder, but existing studies have yielded inconsistent results. Some have 

found larger corpus callosa in those with reading disorder, others have found smaller 

corpus callosa, and some have found no differences in the corpus callosa of persons 

with and without reading disability. Some possible problems with past studies 

include failure to control for whole brain size, intelligence, gender, lateral 

dominance, and the presence of other syndromes such as Attention Deficit 

Hyperactivity Disorder.  
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 The current study is an examination of the corpus callosum in 68 readers 

nested in 24 families. Data were centered around the family mean so that the 

variance within families could be determined. Corpus callosum volumes were 

measured and controlled for whole brain volume, intelligence, and gender. A series 

of regressions were used to determine whether the volume of the corpus callosum 

significantly contributed to the variance in oral reading, phonological processing, 

and rapid naming. The midsagittal slice was segmented into fifths, and similar 

regressions were performed. A logistic regression was used to determine whether 

variation in corpus callosum volume could predict RD and no RD group 

membership. Finally, left and right volumes were compared and a correlation 

between corpus callosum volume and area at the midsagittal slice were conducted. 

 Results suggest that better readers within families have larger corpus 

callosum areas in the midsagittal slice at the midbody. Better phonological 

processors within families had smaller corpus callosum volumes, but a problem with 

restricted range for phonological processing scores renders this finding unreliable. 

Rapid naming scores appear to be unrelated to the corpus callosum in this sample. 

Differences in the corpus callosum are not robust enough to predict diagnostic group 

and there appears to be no differences between left and right hemisphere volumes of 

the corpus callosum. Measurements of area at the midsagittal slice are highly 

correlated with the volumetric measurements suggesting that for subsequent studies, 

area at the midsagittal slice may be sufficient. 
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Chapter 1: Introduction 

Imagine human evolution compressed into a single day. As such, the advent 

of phonetic-based reading systems would have occurred within the past few seconds, 

it is so recent a human skill. In contrast to the natural ease with which most children 

learn to understand and speak oral language from environmental immersion, reading 

and writing are skills that must be taught explicitly to everyone. 

 Most children learn to read quite well with the basic instruction provided at 

school, but some fail to map speech sounds to symbols as required for reading 

phoneme-based languages such as English. It is estimated that up to one-fifth of 

beginning readers have difficulty mastering reading. Of those, some may be slow 

readers who have had impoverished print exposure or other mitigating environmental 

circumstances. For others, reading is a neurological disorder, one that recently has 

been found to be both familial and heritable (S. E. Shaywitz, 1998).  

 Neurologically disabled readers, or those with Reading Disorder (RD), show 

core deficits in phonological processing, and in some cases, deficits in speed of 

processing orthographic stimuli. Research into the neural correlates of reading has 

yielded rich results concerning the involvement of two reading systems, a left-

hemisphere parieto-temporal system for word decoding and an occipito-temporal 

system for recognizing word forms. Additionally, Broca’s area, the left inferior 

frontal gyrus, is involved in articulation and word analysis. 

 In an effort to understand how structures of the brain relate to RD, several 

studies have looked at the area of the corpus callosum in RD and normally developed 
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readers. Like a “super highway” of the brain, the corpus callosum is a great bundle of 

white matter fibers that connect each hemisphere of the brain, left and right, with 

homologous regions on each side. It has long been thought that the corpus callosum 

may be different in people with RD. Recent functional Magnetic Resonance Imaging 

(fMRI) studies have indicated that instead of having primarily encapsulated activity 

in the left hemisphere as do able readers, people with RD recruit more diffuse areas 

in both the left and right hemispheres and in the frontal regions of the brain (S. E. 

Shaywitz et al., 1998). Thus, differences in the corpus callosum could be expected. 

 Previous studies of corpus callosum morphology have yielded results that 

disagree not only on the direction (larger or smaller) of the corpus callosum in RD 

readers compared to able readers, but also on the portions of the corpus callosum 

affected (for a review, see Beaton, 1997). Limitations in the previous studies include 

small sample size, failure to control for handedness, gender, IQ, and very 

importantly, whole brain volume. Previous studies have also used only the area of a 

midsagittal slice to estimate the size of the corpus callosum, a method highly 

dependant on consistently selecting equivalent midsagittal slices from each subject. 

The Current Study 

 The current study is intended as an investigation into the morphology of the 

corpus callosum using a relatively large sample, and controlling for important 

variables that may account for considerable differences among subjects. A most 

interesting aspect of the study is that it includes data for 68 participants nested in 24 

families. Parents, children, and siblings from families with RD and without are 
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included, and the sample is free from family history of ADHD as well as other 

neurological, emotional, or acquired pathologies. Familial data present challenges, 

but can produce rich results. By looking at the differences among family members 

who are able or less able readers rather than differences among independently 

sampled individuals, some of the variance due to family membership is removed. So 

if, for example, there is a strong reader in a family of otherwise RD readers, is the 

strong reader’s corpus callosum different from the other family members? While 

controlling for IQ, lateral preference, gender, age, and whole brain size, these family 

relationships were explored. Further, the entire 3-D volume of the corpus callosum 

was calculated rather than only the midsagittal area as has been used previously. The 

following questions were considered: 

1. Is the volume of the corpus callosum related to reading achievement? 

2. Is the volume of the corpus callosum related to the processes underlying 

reading (i.e. phonological, speeded naming, and memory)? 

3. If the corpus callosum is divided into 5 segments, does each contribute to the 

variance in reading rate? 

4. Do readers diagnosed as RD or non-RD have differing volumes of the corpus 

callosum? 

5. Are the left and right hemisphere volumes of the corpus callosum equal? 

6. Is the area of the corpus callosum in the midsagittal plane an adequate 

estimate of the corpus callosum volume? 
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These are all questions that have gone unanswered, though the corpus callosum 

has long been of interest to researchers interested in language and brain 

morphology. 
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Chapter 2: Literature Review 

Reading Disorder 

Dyslexia Defined 

 The definition of dyslexia has evolved over the years. Initially described as a 

purely deficit-based “disorder in one or more basic psychological processes involved 

in understanding or in using language…” (U.S. Office of Education, 1977), modern 

definitions are more inclusively descriptive. An explosion in empirical research has 

allowed experts to craft a definition that states, in addition to what dyslexia is not, 

what it is. Lyon, Shaywitz, and Shaywitz (2003), leading investigators of dyslexia, 

recently offered the following definition: 

Dyslexia is a specific learning disability that is neurobiological in 

origin. It is characterized by difficulties with accurate and/or fluent 

word recognition and by poor spelling and decoding abilities. These 

difficulties typically result from a deficit in the phonological 

component of language that is often unexpected in relation to other 

cognitive abilities and the provision of effective classroom instruction. 

Secondary consequences may include problems in reading 

comprehension and reduced reading experience that can impede 

growth of vocabulary and background knowledge (p. 2). 

This definition encompasses three important points. First, that dyslexia is not 

simply a psychological disorder, but a specific disability that is biologically based in 
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the brain; second, that the phonological processing component of the central nervous 

system is implicated; and third, that there is a discrepancy between the functioning of 

the phonological component and other aspects of cognition.  

There is continuing confusion, however, regarding the diagnostic criteria 

defining dyslexia. Most studies on dyslexia have defined it as a disorder of reading 

only, but both the DSM-IV (American Psychiatric Association, 1994) and the ICD-

10 (World Health Organization, 1992) define disorders both of reading and spelling. 

Moreover, the various forms of language – listening, speaking, reading, and writing 

– share developmental reciprocity (Compton, 2002; Lerner, 1997; McCardle, 

Scarborough, & Catts, 2001), although we tend to consider them as different systems 

(Berniger, Abbott, Abbott, Graham, & Richards, 2002). Each language mode 

facilitates the maturity of the other language skills from birth forward. It is not 

surprising, then, that difficulty reading, spelling, and writing that are unexpected in 

otherwise adequately developing children are often seen together in individually 

varying degrees rather than in isolation. Further, children with early articulation and 

speech delays at the age of five are likely to exhibit a reading disorder at eight, and a 

writing disorder at fourteen (Lerner, 1997; Tunick & Pennington, 2002) suggesting a 

more global disability related to verbal language development. 

For the purpose of this study, the term “dyslexia” will be used when 

researchers have not made clear whether the diagnostic criteria included reading 

and/or spelling deficits. Otherwise, disorders of reading, spelling, or writing will be 
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specified. Reading Disorder (RD) will be used to refer to the current study because 

the criteria used are reading ability and the cognitive processes underlying reading.  

A Persistent Disability 

Estimates of incidence of children with RD vary from 5-10 percent (S. E. 

Shaywitz, 1998) to as high as 17.5 percent (Breier et al., 2003) of the general 

population. It is the most prevalent school-based problem, accounting for 80% of 

children identified as learning disabled. There are varying reports of the gender 

(boy:girl) ratio for RD ranging from 3.2 : 1 (Lewis, Hitch, & Waker, 1994) to 1.2 : 1 

(S. E. Shaywitz, Shaywitz, Fletcher, & Escobar, 1990). This discrepancy in gender 

ratio may be related to the environment in which children are identified. School-

based referrals for reading difficulties have been biased towards males, resulting in 

prevalence estimates two- to four-times higher for boys (Miles, Haslum, & Wheeler, 

1999) while research-based diagnosis of RD indicates that boys and girls are equally 

likely to have a reading disorder (S. E. Shaywitz et al., 1990). 

It is difficult to tell the difference between children with neurologically 

impaired RD and those who lag behind in reading due to environmental influences 

such as limited print exposure, nutrition, toxins, or whose developmental trajectories 

may be simply slower than average. Shaywitz suggests that RD readers represent the 

lower end of a reading continuum (S. E. Shaywitz, 1998), though response to 

intervention may differ for RD and slow readers. Children with RD are likely to have 

reading deficits throughout adolescence (Grigorenko, 2001) and adulthood (Booth, 

Perfetti, MacWhinney, & Hunt, 2000; Felton, Naylor, & Wood, 1990; Ransby & 
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Swanson, 2003), indicating that these deficits do not represent a transient 

developmental delay (B. A. Shaywitz, Holford et al., 1995; S. E. Shaywitz, 1998). 

Although RD readers may become more accurate over time, slow and effortful 

reading continues throughout adulthood in the form of short-term verbal memory 

(Snowling, 2000) and word naming problems.  

Attentional difficulties may also contribute to difficulty learning to read. 

Early acquisition of reading skills draw heavily on the attentional system for the 

phonological parsing of novel words. In fact, high comorbidity of RD and attention-

deficit/hyperactivity disorder (ADHD) is known to occur. However, RD and ADHD 

appear to be to be unique disorders with differing etiologies (Barkley, 1997; Miller, 

Sanchez, & Hynd, 2003).  

Processing Deficits 

Phonological processing refers to the unconscious perception of the 

phonemic units of speech, though deficits in phonological processing are observed at 

the level of conscious processing or “metaphonologic” ability (Brady, 2003). 

Phonological sensitivity develops in the early stages of pre-literacy and refers to the 

awareness that words have phonological units such as beginning sounds and 

syllables. Over time, full phonemic awareness develops reciprocally with reading 

mastery as readers become able to recognize, segment, and manipulate the sound 

constituents of oral language (Habib, 2000), and finally to map the sounds to the 

alphabetic code. Language disorders related to phonological processing are 

conceived as a failure to perceive and extract phonemes from oral language, 
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preventing efficient mapping of sound units to the appropriate symbols. Phonemic 

awareness has been proven to be a robust predictor of disorders in reading (S. E. 

Shaywitz, 1998) and spelling (Sawyer, Wade, & Kim, 1999). 

Early readers are thought to rely on conscious phonological decoding via 

print-to-sound conversion of letters to words. As readers mature, they develop a store 

of visual word forms that can be automatically recognized without phonological 

decoding. This process is sometimes referred to as the lexical or orthographic route, 

and is thought to be the foundation of reading fluency and comprehension. 

Researchers debate whether the lexical route is functionally and neurologically 

distinct from the phonological route (Berniger et al., 2002; Compton, 2002; Habib, 

2000; Pugh, Mencl, Jenner, Katz et al., 2001; Wolf et al., 2002; Zeffiro & Eden, 

2000). Snowling (2000) and others (Semrud-Clikeman, Guy, Griffin, & Hynd, 2000) 

suggest that the deficits seen in rapid automatic naming (RAN) of letters and 

numbers among persons with specific reading disability is a result of deficient 

phonological representations, not of poor word recognition. Others (Wolf et al., 

2002) emphasize the modularity and independence of the two routes. 

Although phonological processing deficits are widely accepted as playing a 

primary role in RD, broader views of causal influences also have been suggested. 

Slower speed of naming has long been hypothesized as related to reading difficulties, 

though the underlying causes of slow RAN have been debated. Wolf, Bowers, and 

Biddle (2000) agree with Semrud-Clikeman et al. (2000) that RAN is in part a 

phonological process, but go further to suggest that neurologically-based timing 
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deficits of a more general nature may be an additional  influence. In a study of the 

relative contributions of phonological awareness, speed of processing and rapid 

naming to reading achievement, Catts and colleagues (Catts, Gillispie, Leonard, Kail, 

& Miller, 2002) found that poor readers performed more slowly on both linguistic 

and nonlinguistic reaction time tasks than did good readers. Because poorer readers’ 

scores for a rapid object naming task closely matched the slowing observed on the 

timing tasks, the authors concluded that slow RAN may be related to a more 

generalized temporal processing deficit for some children.  

 In addition to the phonological, orthographic, and temporal deficits discussed 

above, some researchers suggest that there is a visual component to RD as well. 

Studies involving low-contrast and high-repetition stimuli taxing the magnocellular 

pathways of the visual system have suggested that there is a delay in neural response 

of dyslexics (Jenner, Rosen, & Galaburda, 1999). The magnocellular neural 

pathways guide the eyes during reading, providing the reader with stable fixation 

between saccades (eye movements). Further, the magnocellular system projects to 

the posterior parietal cortex, an area with suspected involvement in reading.  

 In summary, it appears that several systems are involved in reading, and that 

deficits in one or many systems may contribute to neurologically-based poor reading 

development. Moreover, reading is a complex cognitive process relying on language 

and visual systems, and in particular, the integration of systems which biologically 

evolved for purposes other than reading. Asynchrony of systems, slow timing, and 

neurological anomalies in phonological, orthographic and/or visual systems may all 
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influence the development of reading literacy. The subtypes of RD, namely those 

with a primarily phonological deficit, a primarily orthographic deficit, and those with 

a “double deficit” in both, may represent varying combinations and degrees of 

impairment in the systems for reading in the brain. 

Heritability of Reading Disorder 

As early as the late 1800’s clinicians were documenting unexpected problems 

with reading in otherwise bright children, and noticing that reading and spelling 

problems tended to run in families (Benton & Joynt, 2000; S. E. Shaywitz, 2003). 

Current research indicates that neurologically based RD aggregates in families, and 

that it is heritable (S. E. Shaywitz, 1998; Tunick & Pennington, 2002). Genetics 

research mapping the etiology of individual differences in reading among family 

members has begun to identify gene loci for reading and spelling disorders (Gáyan & 

Olson, 2003; Grigorenko, 2001), primarily on chromosome 6 (Fisher et al., 1999; 

Grigorenko, Wood, Meyer, & Pauls, 2000). Much of the genetic research, however, 

argues for a polygenetic effect for reading and spelling disorders (Francks et al., 

2000; Grigorenko, 2001).  

 Three recent studies of familial recurrence of RD in first-degree relatives 

(Gilger, Hanebuth, Smith, & Pennington, 1996; Schulte-Körne, Deimel, Müller, 

Gutenbrunner, & Remschmidt, 1996; Wolff & Melngailis, 1994) reported a 

significantly higher rate of reading and spelling disorder of affected siblings and 

parents than would be expected based on the prevalence rates of 4 to10 percent in the 

general population. Although frequency studies can provide an estimate of the 
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familial aggregation of a trait, the degree to which incidence of the trait is controlled 

by environmental and/or genetic influences is not revealed. Because families also 

share environmental influences, familial rates are not necessarily indicative of 

heritability. Twin studies can address these issues by examining differences between 

monozygotic and dizygotic pairs. A recent study of 440 identical and fraternal twin 

pairs aged between 8 and 18 years was carried out by Gayán and Olson (2003). The 

authors used latent variable modeling controlling for a number of influences to 

explore the relationships among a variety of phonological and orthographic skills. 

Gayán and Olson (2003) found that genetic factors account for about 69 to 

87% of individual differences on IQ, phoneme awareness, word recognition, 

phonological decoding, and orthographic coding, with the remaining variance due to 

environmental factors. Shared environmental influences had a non-significant 

influence, but lack of variance in the sample of children from poorer communities 

may have been a factor in this finding. Phonological decoding had a large (.79) 

genetic correlation with reading. An estimate of the orthographic genetic correlation 

was somewhat smaller (.55), in the moderate range. The phonetic and orthographic 

measures were found to have about 36% independent genetic variance, supporting an 

argument for a genetic basis for the distinction between phonological and 

orthographic systems.  

Reading ability appears to be at least partially under genetic control. Yet, 

because reading is so recent an evolutionary behavior, there “cannot be” as Beaton 

(1997) points out, “a gene (or genes) for reading, per se, but rather for speech-related 
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Figure 1. Functional organization of the brain, 
from Carlson (2001, p. 80). 

processes which underlie reading acquisition” (p. 293). Fully untangling the genetic 

from the environmental factors influencing RD is a task yet to be accomplished. 

Neurological Substrates of Reading 

The brain can be organized into two halves, the right and the left 

hemispheres. Each hemisphere is further divided into four main lobes: frontal, 

temporal, occipital, and parietal, as shown in Figure 1. The temporal lobe processes 

auditory information, while the occipital lobe is primarily visual. Where lobes meet, 

association areas synthesize and integrate information across the various sensory 

modes. The language system is largely encapsulated within the left hemisphere, 

though the right hemisphere is thought to be involved in processing the paralinguistic 

features of language such as prosody (tone, pitch, and cadence) as well as visuo-

spatial storage of word meanings.  

Brain imaging research during 

the past decade has yielded 

information about the parts of the 

brain used for reading (e.g., 

Brunswick, McCrory, Price, Frith, & 

Frith, 1999; Rumsey et al., 1992; 

Rumsey et al., 1999; S. E. Shaywitz et 
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al., 2003; S. E. Shaywitz et al., 1998). Three main left-hemisphere areas have been 

recognized as language-related. Figure 2 shows a simplified presentation of these 

areas.  

 

 There are two posterior systems (towards the back of the brain); one superior 

and one inferior (see Figure 3 for directional orientation). The inferior system 

includes the left occipito-temporal area and some lateral extrastriate areas (Pugh, 

Mencl, Jenner, Katz et al., 2001), and is involved in the rapid recognition of words 

from visual patterns at speeds within 200 ms (Helenius, Tarkiainen, Cornelissen, 

Hansen, & Salmelin, 1999; Tarkiainen, Helenius, Hansen, Cornelissen, & Salmelin, 

1999). It is hypothesized that this system is involved in the orthographic route used 

in fluent reading (Pugh, Mencl, Jenner, Katz et al., 2001; S. E. Shaywitz et al., 1998).  

Figure 2. Reading areas of the brain, adapted from S.E. Shaywitz (2003). 
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Figure 3. Orientation terminology. 

                                                                                                                                      

 Also in the posterior part of the brain, but dorsal to the occipito-temporal area 

is the temporo-parietal area. The temporo-parietal area includes the angular gyrus 

and supramarginal gyrus within the inferior parietal lobe, and the posterior aspect of 

the superior temporal gyrus, also known as “Wernicke’s Area.” Activation of the 

temporo-parietal system increases when readers engage in pseudo-word reading as 

opposed to real-word reading in non-impaired readers, suggesting involvement in the 

phonological decoding process. The response of this system is relatively slow, and 

activation decreases when stimuli are presented very quickly (Pugh, Mencl, Jenner, 

Katz et al., 2001). Thus this system is used when novel words are encountered, when 

step-by-step decoding is required, but the faster word-form analysis of the occipito-

temporal system takes over for familiar words.  

Anterior to the two posterior reading circuits is a region encompassing 
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Broca’s area and the inferior frontal gyrus. In non-impaired readers, the anterior 

system is in robust communication with the superior posterior reading system via a 

bundle of white matter neurons called the arcuate fasciculus (S. E. Shaywitz, 2003). 

The anterior circuit is associated with the recoding of phonemes to words in 

preparation for articulation, and so like the temporo-parietal system, is a relatively 

slow phonological-based system (Pugh, Mencl, Jenner, Katz et al., 2001; S. E. 

Shaywitz et al., 1998). 

Gender and Lateralization 

The magnitude of the gender-based ratio of males to females for RD has not 

been firmly established. However, recent research on the brain activation patterns of 

non-impaired males and females have yielded differences between males and 

females. Specifically, several studies (Kansaku, Yamaura, & Kitazawa, 2000; B. A. 

Shaywitz, Shaywitz et al., 1995) have found stronger lateralization of language and 

reading tasks to the left hemisphere in males. In a study of 19 men and 19 women, B. 

A. Shaywitz et al. (B. A. Shaywitz, Shaywitz et al., 1995) found that the inferior 

frontal gyrus was activated bilaterally for the women, but only in the left hemisphere 

on a non-word rhyming task.  

 It has been reported that more left-handed people are reading-impaired 

(Dronkers, Pinker, & Damasio, 2000), however the data are not consistent regarding 

this issue (Beaton, 1997). In a review of the literature including only research having 

quantitative measures of reading below cognitive ability and of handedness, Bishop 

(1990) concluded that the rate of left-handedness of dyslexics was twice that of 
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controls. However, “negative” data from a very large-scale National Child 

Development Study in England were excluded (Beaton, 1997). Annett, Eglinton, and 

Smythe (1996) reported that more dyslexic children with relatively poorer 

phonological processing scores were left-handed than were their dyslexic peers with 

better phonological ability scores. 

The Brain Systems and Reading Development 

 In non-impaired readers, the three systems described above develop 

dependently as reading emerges. The novice reader engages the parieto-temporal 

system to analyze individual words phonologically step-by-step. After a word has 

been correctly analyzed many times, a neural representation of the word form 

including the pronunciation, spelling, meaning, and visual pattern of the word is 

stored within the occipito-temporal word-form system. When the word is 

encountered subsequently, it rapidly is retrieved from the occipito-temporal system, 

including all of the information associated with it. Thus, the occipito-temporal 

system, associated with reading fluency, is dependent upon successful phonological 

decoding via the parieto-temporal system to build a lexical library (Pugh, Mencl, 

Jenner, Katz et al., 2001; S. E. Shaywitz, 2003).  

For normally developing readers, the reading systems are tightly bound and 

coordinated, working together successfully to parse new words (parieto-temporal), 

store them in memory for rapid retrieval (temporo-occipital), and assemble words for 

speech (anterior) (Pugh, Mencl, Jenner, Katz et al., 2001). Further, it has been shown 

that better readers have more robust activation of the secondarily developed occipto-
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temporal (word form) area (S. E. Shaywitz, 2003). But for those with RD, a 

dissociation of the systems processing the phonological, lexical, and semantic 

features of words is hypothesized (Pugh, Mencl, Jenner, Lee et al., 2001), which 

prevents the development of the rapid word-form system and so inhibits reading 

fluency. 

Compensatory RD Reading Systems 

The results of neuroimaging studies strongly suggest that there are 

differences in brain activation in RD readers compared to non-RD readers. Pugh and 

colleagues (Pugh, Mencl, Jenner, Lee et al., 2001; Pugh et al., 1997) and the 

Shaywitz team (S. E. Shaywitz et al., 2003; S. E. Shaywitz et al., 1998) have found 

two strong patterns of abnormal activation in RD readers. First, there is an increased 

dependency on the anterior system and a decreased dependency on the posterior 

word-form system in RD readers. In non-impaired readers, brain activation patterns 

are just the opposite, with more activation in the posterior systems and less in the 

anterior systems (see Figure 4).  It may be that RD readers are engaging in covert 

articulation in an effort to “sound out” words while reading, thus activating the 

anterior system for the assembly of speech sounds.  
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Figure 4. Left-hemisphere brain activation in non-impaired and RD readers, adapted from S.E. 
Shaywitz (2003). 
  

For normally developing readers, most of the activity for reading is 

encapsulated within the left hemisphere (Pugh et al., 1997). Researchers have found 

that in RD readers, however, brain activity occurs both in the anterior and posterior 

reading system homologues of the right hemisphere (Breier et al., 2003; S. E. 

Shaywitz et al., 1998; Simos et al., 2002). Use of the right-hemisphere homologue 

for the word-form system may be a compensatory engagement of visuo-semantic 

pattern recognition to support understanding of the meanings of words (Pugh, Mencl, 

Jenner, Lee et al., 2001). While these compensatory systems may help RD readers 

become accurate decoders, the dissociation of the left-hemisphere word-form system 

in the occipto-temporal region prevents rapid recognition of words. As a result, 

compensated RD readers can read accurately, but more slowly and with more effort 

than their non-RD peers. Figure 5 shows a comparison of brain activation of all of 

the reading systems in the brain, for RD and non-impaired readers. 
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Figure 5. Right-hemisphere brain activation in non-impaired and RD readers, adapted from 
S.E. Shaywitz (2003). 
 

Reorganization with Remediation 

Several studies (e.g., B. A. Shaywitz et al., 2004; Simos et al., 2002; Temple 

et al., 2003) have found changes in brain activation patterns following language-

based remediation in children with RD. In a study by B. A. Shaywitz et al. (2004) 

children receiving 50 minutes per school day of phonological, word-level, fluency, 

and comprehension instruction for eight months were found to have improved 

reading skill as well as increased activation in left-hemisphere reading regions, 

including the inferior frontal gyrus of the anterior system and the middle temporal 

gyrus. One year after the intervention had ended, these same children were activating 

both the left- and right-hemisphere inferior frontal gyri (anterior system), the left 

superior temporal gyrus (posterior analytic), and occipito-temporal (word-form) 

regions, a pattern more closely aligned with non-impaired readers.  
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Evidence suggests that intense short-term interventions may also produce 

brain activation changes in RD children. Increased activation of the posterior portion 

of the superior temporal gyrus were found following intense short-term interventions 

in phonological decoding in a study conducted by Simos et al. (2002). In another 

study, just 28 days of intervention (Fast ForWord) produced increased activation in 

the left inferior frontal gyrus, and in the right frontal and temporal regions. While 

none of the studies reviewed found fully normalized patterns of brain activation 

following remediation, patterns more similar to non-RD readers were seen, as were 

gains in reading achievement. The brain’s apparent ability to reorganize the neural 

circuitry for reading with remediation is a hopeful sign. It raises a question about 

whether differences in brain morphology co-occur with intervention as well. 

Differences in Brain Morphology 

 Differences between non-impaired and RD brains at both the microscopic 

and structural level have been noted as the result of many studies during the past two 

decades. At the cellular level, Humphreys and colleagues (Humphreys, Kaufman, & 

Galaburda, 1990) reported post-mortem cortical anomalies in three dyslexic women. 

The dyslexic brains had more misplaced and unusually organized nerve cells, though 

it must be noted that the subjects had comorbid attentional disorders, psychiatric 

disturbances, and head injury. Galaburda and colleagues have reported smaller 

neurons in the auditory portions of the thalamus as well as myelinated glial scarring 

and ectopias in the perisylvian region (in, Grigorenko, 2001). Larger neurons have 

been reported in the visual cortex resulting in an absence of asymmetry in dyslexics, 
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whereas non-impaired individuals have larger neurons in the left-hemisphere of the 

visual cortex (Jenner et al., 1999). It has been suggested that these microscopic 

anomalies reflect problems during neonatal cell migration and reduced cell death 

during fetal development resulting in structural asymmetries (Galaburda, Sherman, 

Rosen, Aboitiz, & Geschwind, 1985). Galaburda et al. (1996) have also proposed 

that small ischemic events resulting from autoimmune damage of vessel walls lead to 

cortical injury and reduced blood flow in dyslexics, findings gathered from the 

authors’ animal model studies with mice. 

 At the macroscopic level, research has focused on differences in the size of 

several brain structures. The planum temporale, a cortical area within the posterior 

temporo-parietal area reading system, has been an area of interest. This structure 

normally is larger in the left hemisphere, a feature that is present at birth (Chi, 

Dooling, & Gilles, 1977), but larger structures in the right hemisphere (reverse 

asymmetry) or symmetrical left and right structures have been found in dyslexic 

brains (Duara et al., 1991; Hynd, Semrud-Clikeman, Lorys, Novey, & Eliopulos, 

1990; Rumsey et al., 1986). Semrud-Clikeman and colleagues (1991) found reverse 

asymmetry of the planum to be associated with poorer verbal comprehension in both 

dyslexic and non-dyslexic children. Some researchers, however, have not been able 

to replicate the plana reverse or symmetrical findings (e.g. Leonard et al., 1993; 

Schultz et al., 1994). All of the studies thus far, however, have been plagued by 

methodological problems. Inconsistent diagnosis of dyslexia, small sample size, 

failure to control for age, whole-brain volume, lateral dominance, and failure to 
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address adequately issues of cognitive ability have made robust findings elusive 

(Beaton, 1997; Hynd & Semrud-Clikeman, 1987); for a review on plana asymmetry, 

see Beaton, (1997). Unusual symmetry or reverse asymmetry has also been found in 

the insula (Hynd et al., 1990) and the corpus callosum.  

The Corpus Callosum 

 The corpus callosum is the largest commissural structure of the brain. 

Containing more than 200 million fibers, the 

corpus callosum is a bundle of mostly myelinated 

axons connecting left and right hemispheric 

systems (Aboitiz, Scheibel, Fisher, & Zaidal, 

1992). Figure 6 shows the corpus callosum fibers 

crossing the midline and extending into the 

hemispheres. Figure 7 shows a midsagittal view 

of the corpus callosum, that is, a slice down the 

middle of the brain where the two hemispheres 

meet. Figure 8 presents the common 

terminology used to discuss the location of 

corpus callosum features in the midsagittal 

view.  

Mapping the fibers of the corpus 

callosum to their cortical regions is not yet fully 

Figure 6. The corpus callosum, 
dorsal view (Hubel, 1988). 

Figure 7. The corpus callosum, midsagittal 
view (Hubel, 1988). 
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determined and agreed upon. Although it is mostly assumed that the corpus callosum 

connects homologous 

regions of the left and 

right hemispheres, 

there is evidence for 

widely heterotopic 

connections as well (S. 

Clarke, 2003). It is 

known that there is functional specialization of the various callosal  segments 

(Aboitiz et al., 1992). Thin- to mid-diameter axonal fibers (<2 µm) are most dense in 

the genu, and decrease in the posterior direction towards the midbody of the corpus 

callosum where they are minimal. In 

the midbody sections, large (> 2 µm) 

and giant (> 3 µm) axons dominate, 

but very small fibers increase towards 

the posterior portions of the corpus 

callosum. A congregation of larger 

fibers appears in the posterior pole of 

the splenium (see Figure 9, bottom).  

As shown in Figure 9 (top) the 

very thin fibers of the genu and 

Figure 9. Top: Regions connecting various cortical 
areas, F frontal, M motor, Ss somatosensory, A 
auditory, P/T parieto-temporal, V visual. Bottom: 
Fiber density distribution. From (Aboitiz, Ide, & 
Olivares, 2003, p. 34). 

Figure 8. Terms for areas of the corpus callosum. 
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splenium are believed to interconnect the association areas of the cortex in the 

prefrontal and higher-order sensory areas.  In contrast, the larger fibers,  

having higher conduction velocities, are thought to provide rapid integration of 

primary and secondary somatosensory functions. Aboitiz (1992) suggests that the 

large callosal figures of the midbody connect primary and secondary auditory areas 

and may be responsible for localizing sounds in space. The congregation of larger 

axons at the posterior splenium may serve the visual system, perhaps to facilitate 

stereoptic vision.  

Controversy exists over whether corpus callosa with larger areas signal an 

increase of fiber density. A larger callosum might reflect other possible variations, 

such as greater myelination (Innocenti, 1994), thicker fibers, or less dense packing of 

the fibers (Rumsey et al., 1996) or more glial cells (Aboitiz et al., 1992). Aboitiz 

(1992) found a positive correlation between fiber density and callosal area in a 

postmortem study of 10 male and 10 female adults, while La Mantia and Rakic 

(1990) found just the opposite in four rhesus monkeys. Differences in sampling 

procedures for counting the fibers may account for the discrepancy in findings. 

Aboitiz and colleagues found the density to be relatively similar for the different 

sizes of callosal fibers, indicating that an increase in area may be related to an 

increase in the number of smaller (< 3 µm) axons connecting the higher-order 

processing cortices (Aboitiz et al., 1992), though they caution that this may not hold 

for the large and giant sensory axons of the mid-body. Clarke (2003) suggests the 

possibility that portions of the cortex that are asymmetrical, such as those areas 
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involved in language (i.g. planum temporale), may receive and give rise to “widely 

heterotopic callosal connections” (p.49).  

Important Covariates: Gender, Age, Handedness, and IQ 

 Aboitiz (1992) did not find gender differences in the fibers of the corpus 

callosum, though he notes that it is “unclear whether the larger brain of males (and 

presumably their larger cortex) includes a larger number of cortical neurons” (p. 

151). Differences in the area of the midsagittal section of the callosum have been 

reported (e.g., J. M. Clarke & Zaidal, 1994; Witelson, 1989), but many others have 

failed to replicate the findings (Beaton, 1997). In a study of 85 males and 54 females 

ranging in age from 4 to 18 years, Giedd and colleagues (Giedd et al., 1999) found 

males to have larger area of the midsagittal plane of the corpus callosum, but after 

controlling for whole-brain volume, no significant sex differences were found, 

“although there was a trend for the total, genu, posterior midbody and isthmus to be 

proportionately larger in females” (p. 578). Beaton suggests that “any genuine 

gender differences are likely to be fairly subtle” (p.279), and it should be emphasized 

that many studies fail to correct for overall brain size. There may be an age by 

gender effect, as reported by Witelson (1989) and Burke and Yeo (1994), who found 

a greater decline with age in corpus callosum area in males than in females.  

 Like gender differences, the covariance of age and the corpus callosum is 

similarly unclear. Giedd et al. (1999) found robust increases in the posterior regions 

of the corpus callosum over time in their longitudinal study of normally developing 

children. The authors hypothesize that the increase in posterior area of the callosal 
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midsagittal plane is the result of increased myelination of the fibers serving the 

posterior association areas of the cortex, though it is noted that cell-death or axonal 

retraction may offset increased myelination during development (Giedd et al., 1999). 

Giedd et al. also noted that the size of the corpus callosum is extremely variable in 

normally developing children, which suggests that gender, age, and overall brain size 

are important covariates to include in studies of callosal area or volume. 

 Several studies have found differences in the corpus callosum with 

handedness, some with effects in men (e.g., Habib et al., 1991) and some in women 

(e.g., Burke & Yeo, 1994), and some have found no differences at all (e.g., 

Steinmetz et al., 1992). As Beaton points out, there is little agreement as to which 

areas of the callosum are affected when differences are found. Although one 

problem may be small sample size, it is possible that the degree or consistency of 

lateral preference rather than the direction, left or right, may be more salient to 

corpus callosum morphology (Beaton, 1997). 

 With regard to cognitive ability, one study of epileptic patients found a 

correlation between posterior callosum size and IQ (Strauss & Wada, 1993) and 

another found that the whole corpus callosum area in the midsagittal plane was 

smaller in children with IQ’s between 50 and 85 (Njiokiktjien, de Sonneville, & 

Vaal, 1994). Although the finding of corpus callosum size varying with IQ has not 

been verified in normally developed individuals, IQ may be an important covariate to 

consider. Thus, gender, age, lateral preference and IQ appear to be important 

variables to consider in future studies of the corpus callosum. 
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Nature and Nurture 

Corpus callosum development, according to Scamvougeras and colleagues 

(Scamvougeras, Kigar, Jones, Weinberger, & Witelson, 2003) is primarily 

genetically determined. In an MRI study of 14 monodyzygotic and 12 dizygotic 

twins, the authors determined that 94 percent of the variance in the area of the 

midsagittal corpus callosum can be attributed to shared genes. They further postulate 

that, “the correlates of the CC size, such as the pattern of cerebral lateralization, 

cognitive abilities and neuropsychiatric dysfunction may be associated with the 

genetic determinates of CC [corpus callosum] morphology” (p. 91), before the 

effects of normal aging. They suggest that there is a “very modest influence” of the 

environment on the morphology of the corpus callosum.  

Contrary to Scamvougeras’ findings, there is some evidence that the corpus 

callosum may respond to environmental influences. For example, Schlaug, Huang, 

Staiger, and Steinmetz (1995) found that the anterior portion of the corpus callosum 

was larger in area among professional musicians who received training before age 

seven than for musicians beginning training after age seven. The authors conclude 

that during the first decade of life, plasticity in components of the corpus callosum is 

possible. Animal studies have also suggested that some of the fibers of the splenium 

are sensitive to experiential and environmental factors (Strauss & Wada, 1993). Rats 

raised in more complex environments were found to have larger area in the posterior 

callosum than rats raised in isolation (Kopcik, Juraska, & Washburne, 1986). 
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In an attempt to better understand the influence of environment on brain 

development, researchers have turned to an unusual Portugese population where, for 

cultural reasons, the oldest siblings of a generation now in their 50’s remained 

uneducated while the younger children went to school. Thus, some siblings in the 

same family are illiterate, having never learned the graphemes and corresponding 

phonemes, and others read and write, but both share the same genetic dispositions, 

home environments, and socio-cultural influences (Castro-Caldas et al., 1999). 

Castro-Caldas et al. found that illiterate subjects performed more poorly on oral 

pseudoword repetition than did literate subjects. Further, PET imaging indicated that 

while literate subjects activated areas of the brain related to phonological processing, 

the illiterate subjects did not. This reduction in activity, the authors note, is similar to 

what has been observed in the dyslexic population.  

In a follow-up study examining the widths of the corpus callosum in literate 

and illiterate subjects, Castro-Caldas et al. (1999) found “a small difference in the 

region of the CC where parietal fibres are thought to cross (p. 23),” illiterate subjects 

having a thinner posterior third of the corpus callosum. The authors suggest that “the 

absence of a constant practice of reading and writing to stimulate this bi-hemispheric 

(reading) neural network, may result in poor development of the proper transcallosal 

connections in that specific region” (p.27). 

The Corpus Callosum and RD 

 As Beaton (1997) remarked, “A long-standing suggestion in the literature on 

dyslexia is that the condition may be characterized by a deficit in the 
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interhemispheric transfer of certain kinds of information” (p. 304). In fact, several 

researchers have noticed similarities between dyslexics and individuals with agenesis 

of the corpus callosum (developmental failure to develop the corpus callosum) or in 

“split-brain” patients who have undergone a severing of the anterior portion of inter-

hemispheric connections as a treatment for seizures (for a review, see Mather, 2001). 

And as discussed above, many have suggested that RD is associated with 

dissociation of brain systems (e.g., S. E. Shaywitz et al., 1998) or disruption in the 

transfer of information between the two hemispheres (e.g., Fabbro et al., 2001; 

Mather, 2001). Kinsbourne suggests that the corpus callosum mediates both the 

reciprocal inhibition and the co-activation of hemispheric systems, thus disruption at 

the level of the corpus callosum is not just a simple blocking of information from one 

side to the other, but rather a disruption of system equilibration (Kinsbourne, 2003). 

Thus, it is not surprising that researchers have focused on this structure in their 

investigations regarding brain morphology and RD. 

 Although researchers have pursued this topic, their collective findings have 

produced no conclusive evidence concerning the morphometry of the corpus 

callosum in those with RD compared to non-impaired readers. Table 1 shows the 

characteristics of several previous studies of the corpus callosum with regard to 

reading disorder.   
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Table 1. Morphometric studies of the corpus callosum and dyslexia. 

Study Subjects Age Measure Findings Remarks 
(Duara et al., 1991) 21 dyslexic  

(9 female) 
 
29 control  
(14 female) 

39 
 
 
35 

Area midsag 
plane, 
6 segments 

Splenium: 
Dyslexic > Control 
 
Splenium and genu: 
Female > male 

Corrected for total brain size using 
area of horizontal plane. 
 
ADHD included in dyslexic group 
but not in non-dyslexic, and 
ADHD not controlled. Matched for 
handedness and education. Gender 
not controlled in group x area tests. 
 

(Larsen, Hoeien, & 
Oedegaard, 1992) 

19 dyslexic (4 girls) 
17 control (2 girls) 

All 14.5 Area midsag 
plane 

No statistical differences in 
whole cc or splenium 

No correction for whole brain size, 
no handedness reported, no control 
for gender. 
 

(Njiokiktjien et al., 
1994) 

39 dyslexic and/or 
DLD (12 girls) 
 
42 controls  
(20 girls) 
 

Not 
specified 
 
 
0-20 

Area midsag 
plane,  
whole cc 

No statistical differences 
overall in whole cc area, 
with some (11%) 
“undersized” and some 
(16%) “too large” 

Age covaried, but not gender or 
handedness. Corrected for brain 
size using midsagittal plane. 
 

(Hynd et al., 1995) 16 dyslexic (5 girls) 
 
16 control, gender 
matched 
 

mean 9.7 
 
 
mean 11.1 

Area midsag 
plane,  
5 segments 

Genu: 
Dyslexic < Control 
 
None in other segments 

More than 1 SD difference in 
group means on IQ, co-morbid 
ADHD and DLD not controlled 
included but not controlled, whole-
brain size not controlled. 
 

(Rumsey et al., 1996) 27 dyslexic 
19 control 

mean 26 
mean 27 

Area midsag 
plane, 
3 segments 

Posterior segment 
(splenium+isthmus): 
Dyslexic > Control 
 

Whole cc area covaried, groups 
well matched for handedness, SES, 
IQ. 12 comorbid ADHD subjects 
removed, but significance 
remained at p<.02. 
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(Robichon & Habib, 
1998) 

16 dyslexic 
 
12 control 

19-24 
 
Not given 

Area midsag 
plane,  
6 segments; 
circularity index 
(length/ height 
ratio); 
slenderness 
index (thinness) 

Isthmus and total cc area: 
Dyslexic > Control 
 
Whole cc: 
Dyslexics fatter > controls 
thinner 

No correction for whole brain size, 
no covariates for handedness, IQ. 

(Pennington et al., 1999) 43 RD 
 
15 control 

Children 
12+ years 

Area  midsag,  
3 segments 

No statistical differences IQ, age covaried. No ADHD 
subjects. No control for brain size 
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 Of the six studies conducted on the size of the corpus callosum in relation to 

dyslexia, three found areas of the corpus callosum in dyslexics to be greater than the 

areas of controls, though the studies do not agree on which portions of the callosum 

were larger. Duara and colleagues (Duara et al., 1991) found the splenium to be 

larger in dyslexics and in females, though gender was not controlled for in the area-

by-diagnosis estimate. ADHD subjects were also included in this study, but the 

condition was not controlled for although differences in the corpus callosum of this 

group have been found (Hynd et al., 1991). Rumsey et al. (1996) removed ADHD 

subjects from their study, and found the splenium and the isthmus together to be 

larger at p<.02 with whole corpus callosum area covaried and subjects well-matched 

for SES, handedness, and IQ. Robichon and Habib (1998) also found larger callosum 

area in dyslexics, but not in the splenium, rather only in the isthmus and total area of 

the corpus callosum. In this study of males only, there was no correction for whole 

brain size and no covariates for handedness and IQ. 

 Hynd and colleagues (1995) found that dyslexics had smaller area in the 

genu, and no differences in the splenium or other areas compared to controls. In this 

study of 32 children, there was more than 1 SD difference in the group means for IQ, 

whole-brain volume was not controlled, and ADHD as well as children with 

Developmental Language Disorder (DLD) were included but not controlled for. 

Three studies found no differences in the size of the corpus callosum of dyslexic and 

normally developed readers (Larsen et al., 1992; Njiokiktjien et al., 1994; 

Pennington et al., 1999) Neither the Larson nor Njiokiktjein studies covaried 
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handedness or gender. The Pennington study examined a relatively large sample of 

children with RD (n=43) and controls (n=15) with gender and IQ controlled and 

children with ADHD excluded from the analysis. However, no control for brain size 

was included.  

 Past studies can offer no substantive results regarding differences in corpus 

callosum morphology between dyslexic and normally developed readers. Small 

sample size and poor covariate control contribute to this difficulty. Further, widely 

varying criteria for the identification of the RD groups were used, ranging from 

familial history of RD (e.g., Njiokiktjien et al., 1994) to specific deficiencies in 

reading and spelling (e.g., Rumsey et al., 1996). In his review of studies on corpus 

callosum morphology in dyslexics, Beaton lamented, “there is a need for a large-

scale, well-controlled study in which dyslexic subjects can be considered to comprise 

a reasonably homogenous group with regard to the nature of the underlying deficit” 

(Beaton, 1997, p. 303). 

The Current Study 

 The current study is an investigation meeting Beaton’s requirements. The 

study included 68 individuals, with ADHD as an exclusionary diagnosis. Age, 

gender, and IQ were controlled. Rather than using diagnostic criteria to determine 

RD and able-reader groups, the variables for oral reading achievement and 

phonological processing ability were continuous dependent variables. This allowed 

the capture of the greatest amount of variability within reading and phonological 

processing to covary with corpus callosum dimensions.  
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 Beyond Beaton’s concerns, there are additional ways to strengthen the results 

of studies concerning callosum morphology and reading. As mentioned above, both 

RD and the development of the corpus callosum appear to be partially controlled by 

genetics. Participants for the current study include family groups of parents and 

children; some families include one or more members with RD, and some have no 

members with RD. By using the family relationships as an integral part of the 

statistical analyses, it was possible to remove a portion of the variance in RD that can 

be attributed to genetic and familial influences by centering data around the family 

mean.  

 Finally, the area of the corpus callosum in the midsagittal plane has been 

used as a measure of corpus callosum size in all previous studies. It is assumed that 

the area of the midsagittal slice accurately reflects the overall size of the corpus 

callosum, but no study has ever verified this. The current study used the volume of 

the corpus callosum as it extends into the left and right hemispheres to examine 

whether there are differences that could be attributed to variations in volume 

laterally, and to assess the correlation between midsagittal area and volume.  
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Chapter 3: Method 

Project Approval 

 This study used data previously collected under procedures in compliance 

with the ethical issues and standards of research delineated by the American 

Psychological Association (American Psychological Association, 2002). Permission 

was obtained prior to data collection by Dr. George Hynd, then of the Department of 

Educational Psychology, University of Georgia, and carried out under National 

Institute of Health Grant: NIH #RO1-268890-07. Consent forms used during the data 

acquisition phase are included in the Appendix. Permission to use the extant data for 

the current study was obtained from the Departmental Review committee in the 

Department of Educational Psychology and the Institutional Review Board of The 

University of Texas at Austin, IRB Protocol #2004-08-0047.   

Participants 

 Participants included in the study were initially referred to the Center for 

Clinical and Developmental Neuropsychology at the University of Georgia. Families 

were invited to participate in a study on brain morphology and neurolinguistic ability 

in developmental reading disorder. Both biological parents were required to 

participate in testing, with the exception of African American families, for whom 

one biological parent was required in an attempt to increase the diversity of the 

subject pool. When possible, siblings were also included in the study. Referral was 

conducted through schools, local organizations and advertisements. In exchange for 
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their participation, a comprehensive neuropsychological report was provided to the 

parents, and children received a free T-shirt.  

 Composed of more than 200 participants, the initial data set included not only 

children with reading disorders, but also those with comorbid ADHD. Seventy 

families participated, all of whom underwent neuropsychological testing.  Magnetic 

Resonance Imaging (MRI) of the brain was carried out for many of the participants. 

Children with a history of psychiatric disorders, neurological disorders, severe pre- 

or peri-natal complications and traumatic brain injury were not included in the study. 

Procedures 

Participant Selection 

 Although reading disorders and ADHD are theorized to be distinct, research 

indicates that there may be differences in the corpus callosum of persons with 

ADHD compared to persons without (Baumbardner, 1996; Hynd et al., 1991; 

Overmeyer et al., 2000). Thus, to better identify differences specific to reading 

disorder, any family with a member having known ADHD or a reported family 

history of ADHD was eliminated from the current study. Persons with Wechsler 

Abbreviated Scale of Intelligence (WASI: Psychological Corporation, 1999) Full 

Scale IQ (FSIQ) scores of less than 85 were also eliminated from the study sample. 

Finally, some family members were not scanned, or the scans were not readable. 

After the elimination of these participants, the final study sample included 68 

participants nested within 24 families. 
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Neuropsychological Variables of Interest 

 The initial data collection consisted of a test battery designed to assess 

intelligence, academic achievement, receptive and expressive language, phonological 

processing, memory, visual-spatial ability, orthographic skills, executive functioning, 

handedness, exposure to print, and social-emotional functioning. Neuropsychological 

variables for the present study included measures for IQ, reading achievement, 

lateral preference and phonologic processing.  

 The Wechsler Abbreviated Scale of Intelligence (Psychological Corporation, 

1999) four subtest FSIQ was used to assess intellectual functioning. The subtests 

include Vocabulary and Similarities, two measures of language-based ability. Also 

included are Block Design and Matrices, which assess language-reduced cognitive 

ability. The WASI FSIQ variable was used as a control variable because cognitive 

ability is related to reading in general, and it is also a strong predictor of how readers 

with RD compensate for their disability (S. E. Shaywitz et al., 2003). The WASI 

four-subtest FSIQ has a test-retest reliability of .96 for children and .98 for adults 

(Psychological Corporation, 1999). 

 Some of the participants with RD, particularly the adults in the study, were at 

least partially compensated readers. It has been suggested that compensated readers 

with RD use memory to support their acquisition of large sight-word lexicons 

(Snowling, 2000), thus single word reading accuracy would not be the best measure 

of their degree of disability. The Gray Oral Reading Test, Third Edition (GORT-3: 

Wiederholt & Bryant, 1992) assesses both rate and accuracy in paragraph reading, 
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and these two variables were used as dependent measures of reading skill in this 

study. The single score for Passage is a combined variable for GORT rate and 

accuracy. Although the GORT also includes a measure of comprehension, it was not 

included as a variable because the missed words are orally supplied to the examinee 

resulting in comprehension scores based in part on listening comprehension. 

Alternate form and stability reliability for both the Rate and Accuracy subtests were 

reported as .80 or above in the standardization sample. The intercorrelation between 

the two subtests is .86 (Wiederholt & Bryant, 1992). 

 Reading disorder is widely regarded as resulting from a core deficit in 

phonological processing (S. E. Shaywitz, 1998). In addition, speed of naming, or 

orthographic processing, has also been identified as a deficit in some persons with 

disorders of reading (Semrud-Clikeman et al., 2000; Snowling, 2000). The 

Comprehensive Test of Phonological Processing (CTOPP: Wagner, Torgesen, & 

Rashotte, 1999) was used in this study as a measure of the processes underlying 

reading: phonological, orthographic, and memory processes. The CTOPP index 

scores for Phonological Awareness and Rapid Naming were used as dependent 

variables for the model. The index score for Phonological Memory was not used 

because only 28 of 68 cases had reported data. Reliability over time for the CTOPP 

was estimated by the test-retest method, and ranged from .70 to .97 for individual 

subtests and .78 to .95 for composite scores in the standardization sample (Wagner et 

al., 1999).  



 

40 

Additional Individual Variables 

 Some studies have identified differences in the corpus callosum between left- 

and right-dominant individuals, and also between male and female participants (for a 

review, see Beaton, 1997), although no clear consensus in the literature regarding 

gender and lateral dominance has been achieved. Gender was included in this study 

as a control variable.  

 The Edinburgh Handedness Inventory was used to assess handedness, but 

data were collected for only 8 fathers and 12 mothers, and no children. Because hand 

laterality is not known to be related to any of the other variables in the study, 

imputation for the remaining 48 participants was deemed inappropriate, and this 

variable was excluded. 

Inter-Family Variables 

 Noticeably absent from the variables listed above are those that are related to 

between-family differences, such as race, parent education, parent occupation, and 

income. Because of the familial nature of the data set, the primary interest is in intra-

family variables in order to remove variance related to family influences and explore 

differences in the corpus callosum as related to reading within families. All of the 

individuals in a family will have the same inter-family variables, so in effect, they 

are controlled for statistically. By centering data around the family mean, the models 

yield information on variance within families, not between individuals. 
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Sample Characteristics 

 Of the 68 participants nested in 24 families, there were 24 children (15 male 

and 9 female), and 44 adults (20 male and 24 female). Four families did not include 

data for children due to unreadable scans. The remaining families included one or 

two children. Only six participants, 2 children and 4 adults, were not Caucasian. The 

children’s ages ranged from 6- to nearly 17-years old, with the mean age at 10.4 

years (SD=2.04). The mean age of the adults was 40.1 years and ranged from 31 to 

49 years (SD=4.22).  

 The presence of a reading disorder was determined at the time of data 

collection according to the criteria used by the State of Georgia for a learning 

disability in reading. Participants given an RD diagnosis had a minimum 20-point 

standard score discrepancy between intelligence and reading achievement, with 

intelligence greater than reading achievement, as determined by the WASI FSIQ 

score and academic achievement in reading. Reading was assessed using the Passage 

score obtained from the Gray Oral Reading Test – Third Edition  (Wiederholt & 

Bryant, 1992). Table 2 shows the ranges and means for FSIQ and GORT-3 reading 

for the study participants based on diagnosis, as well as the number of participants in 

each group in parentheses. Statistics for the CTOPP Phonological Awareness and 

Rapid Naming composite scores were also included. Note that adults reporting a 

resolved reading disorder are considered separately. Table 3 shows the results of t-

tests for the probability that the scores of the RD and RD-compensated groups are 

different from those of able readers. Levene’s test for equality of variances (Huck, 
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2000) indicated failure to reject the null hypothesis that the group variances were 

homogenous for most tests. For the few cases where the null hypothesis was rejected 

and for the tests including a very small number of uncompensated adults with RD 

(n=3), the more conservative values assuming unequal variances were reported. Still 

it is important to keep in mind the very small sample size of the groups when 

considering the sample demographic results as such samples are less likely to reflect 

true population characteristics.  

 

Table 2. Mean scores and standard deviations for IQ, reading, and phonological awareness 
among groups. 
 
 
 
 
Group (n) 

WASI 
FSIQ 

 
Mean (SD) 

GORT 
Passage 

 
Mean (SD) 

CTOPP  
Phon Aware 

 
Mean (SD) 

CTOPP 
Rapid 

Naming 
Mean (SD) 

 
Children 
  Able (12) 
  RD (12) 

100.08   (9.8)
109.67 (16.6)

94.17 (13.0)
75.00 (10.0)

 
 

87.25 (12.7) 
92.08 (13.1) 

 

95.25 (14.2) 
89.42 (16.3)

Adults 
  Able (32) 
  RD Comp (9) 
  RD (3) 

110.97 (10.8)
108.33 (13.2)
101.67   (6.0)

114.69 (13.1)
110.63 (11.6)

68.33   (5.8)

 
82.75 (14.3) 
85.67 (11.0) 
77.67 (14.6) 

106.94 (15.9)
 93.67 (14.6)
 87.00 (12.8)
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Table 3. Comparison of scores among groups, t-values and two-tailed significance. 
 
 
 
Group 

WASI 
FSIQ 

 
t (p) 

GORT 
Passage 

 
t (p) 

CTOPP  
Phon Aware. 

 
t (p) 

CTOPP 
Rapid 

Naming 
t (p) 

Children 
Able v. RD  -1.724 (.099) 4.060 (.001)

 
-.917 (.369) 

 
.933 (.361)

Adults 
Able v. RD+Comp 
Able v. Comp 
RD v. Comp 

1.147 (.258)
0.618 (.540)

-1.189 (.268)

2.582 (.021)
1.366 (.180)

-7.779 (.001)

 
-0.198 (.844) 
-0.564 (.576) 
-1.017 (.333) 

2.915 (.006)
2.304 (.027)

-0.758 (.466)
Note:  Statistically significant values are shown in bold face. 

 

 The demographic analyses show that IQ scores were not statistically different 

among groups. On the GORT Passage measure, able reading children appear to read 

significantly better than do children in the RD group. Among adults, those in the RD 

group have significantly lower reading achievement than those in both the 

compensated and able-reading groups, and there is no statistically significant 

difference between the reading achievement of adult compensated and able-readers. 

Phonological awareness, as measured by the CTOPP Phonological Awareness 

composite, does not appear adequately to distinguish among groups. Many of the 

participants may have received phonological training, inflating these scores relative 

to overall reading ability. Note that able readers as a group scored a standard 

deviation below the expected mean of 100 on the Phonological Awareness measure. 
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Magnetic Resonance Acquisition 

 Acquisition and preliminary assembling of the MRI data was conducted at 

the University of Georgia under the direction of Dr. George Hynd. Three-

dimensional MRI images of the brain were obtained using a 1.5 Tessla GE Sigma 

scanner (TE=min full; Flip angle = 30; Field of view = 24; Frequency and phase = 

256; frequency direction = S/I). Gapless slices 1.5 millimeters thick were collected in 

the sagittal plane (see Figure 10). 

 In Dr. Hynd’s laboratory, raw image data were compiled using MATLAB 

(The Mathworks Inc.) on a Linux operating system. The images were converted to 

individual sequential Tagged Image Format (TIF) images using the free software 

program MRIcro (Rorden, 

http://www.psychology.nottingham.ac.uk/staff/cr1/mricro.html), and compiled into a 

single TIF image with SCION imaging software ( http://www.scioncorp.com/).  

Figure 10. Planes of reference for MRI. 
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MRI Image Preprocessing  

 The AFNI software program version 2.56b (Cox, 1996) was used to analyze 

the MRI images. This software is specifically designed for MRI and fMRI data, and 

includes utilities for identifying regions of interest (ROI) and performing statistical 

analyses on data within those regions. The resolution of the images is set to .9375 

mm (x) by .9375 mm (y) by 1.5 mm per voxel. Voxels refer to cubic brain units, not 

image units. Several steps were taken to prepare the images for analysis. 

 Alignment. Although care was taken during image acquisition to position 

participants’ heads relatively uniformly, some variance in head position inevitably 

will occur. A procedure to adjust each participant’s MRI scan to ensure equivalent 

views of the brain when viewing image slices was applied. The procedure used for 

this study was AC-PC alignment, which is based on the identification of the anterior 

and posterior commisures of the brain. The AFNI software includes an interactive 

procedure to carry out AC-PC alignment. First, the superior edge and the posterior 

margin of the anterior commisure were located and marked (see Figure 11 below). 

Then the inferior edge of the posterior commisure was marked. Finally, two more 

points in the midsagittal fissure were marked. AFNI then rotated the three-

dimensional brain along the x-y-z axis using these marks, aligning to a uniform 

orientation. 
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Figure 11. AC-PC alignment, from http://afni.nimh.nih.gov/old/afni/edu/afni08.pdf. 

 

Region of interest identification. The AFNI plug-in module “DrawDataset” was used 

to identify the boundaries of the corpus callosum, the region of interest for this study. 

Working within the DrawDataset module an overlay was created where all voxels 

were initially set to have a value of “0.” The area containing corpus callosum was 

manually identified and “drawn” onto the overlay using a stylus and drawing tablet. 

Voxels within the identified areas were set to “+1.” The values were then aggregated 

across slices to calculate volume in cubic millimeters.  

 The corpus callosum structure extends laterally into the left and right 

hemispheres, merging with white matter from other structures. Thus, the absolute 

boundaries of this structure are difficult to detect. However, strict limits were set for 

identifying the boundary of the corpus callosum structure for the study so that it was 

measured with as much consistency as possible from subject to subject. As shown 

below, the corpus callosum is easily visualized in the midsagittal plane. It was 
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defined as the higher-density band of fibers directly above the lateral ventricle and 

thalamus and below the cingulate gyrus in all sagittal planes (see Figure 12). 

 

Figure 12. The boundary of the corpus callosum in the midsagittal plane, shown in red. 

A five-step protocol was used to identify voxels within the corpus callosum: 

 Step 1. The most lateral sagittal slices where the corpus callosum is 

undistorted and continuous were identified and the voxels filled in.  

 Step 2. All sagittal slices between the most lateral slices defined in the first 

step were filled in.  

Step 3.  In the axial plane, a line was drawn in the anterior portion of the 

corpus callosum from the most anterior portions of the lateral slices out to the edge 

of the ventricles as shown in Figure 13. The area within those boundaries was filled 

in, which delineated the inferior limits of the genu. 

Step 4. Returning to the sagittal view, the remainder of the corpus callosum 

that was easily determined was filled in on the slices captured by step 3. 
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Figure 13. The boundary of the corpus callosum in the axial plane, shown in red, prior to filling 
in and after. 
 

 Using the AFNI plug-in module “3Ddump98,” all voxels set to 1 were 

written to an ASCII file along with the x, y, and z coordinates of each voxel. This 

file was then converted to SPSS format for subsequent analyses. 

Density adjustment. The AFNI plug-in module “3DUniformize” was used to adjust 

the density of the scans prior to the next step: computing whole-brain volume. The 

3DUniformize program corrects for image intensity non-uniformity. 

Whole-brain volume. Whole-brain volume was calculated subsequent to stripping 

non-brain material from the images. The AFNI plug-in module “3DIntracranial” was 

used to remove non-brain material, and then each slice of the volume was inspected 

and corrected to capture all cortical and sub-cortical material. Whole-brain volume 

was then calculated by summing the remaining voxels in digital output conducted 

with AFNI 3Ddump98. 
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MRI Variables of Interest 

 Raw volumes for the corpus callosum were digitally obtained by the methods 

described above. A limitation of previous studies has been poor control of the size of 

brain structures relative to age and whole-brain size. To control for age and whole-

brain size, the residuals of a regression of raw corpus callosum volume on age and 

whole-brain volume were conducted. Regressions conducted separately on child and 

adult groups indicated that age drops out as a significant contributor to corpus 

callosum volume when the effect of whole-brain volume is controlled, though for the 

children the age effect approached significance (β=.268, b=21.163, p=.058). These 

results suggest that the developmental effect of corpus callosum growth is largely 

subsumed in brain growth overall in the study sample.  

 Work relating corpus callosum size to forebrain volume (Jäncke & Steinmetz, 

2003) found that the relation is not linear, but that larger brains have relatively 

smaller corpus callosa. Eckert and Leonard (Eckert & Leonard, 2003) suggested that 

corpus callosum sizes corrected for total brain size would yield smaller values for 

subjects with large brains, and the authors call for investigation of this relation. An 

investigation into the nature of the corpus callosum – brain volume relationship in 

the study sample was conducted using a hierarchical regression of corpus callosum 

volume on centered total brain volume (linear) followed by centered corpus callosum 

volume squared (curvelinear). The results indicated that the curvelinear portion of 

the regression was not statistically significant for this sample (∆R2=.021, F=2.284 

(1,65), p=.136).  
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 Given the lack of significance of age as a predictor in the study sample, 

whole-brain volume was used as the only adjustment to corpus callosum volume. 

The residuals from a regression of corpus callosum volume on whole-brain volume 

were captured to yield the volume of the corpus callosum of each individual with the 

effects of whole-brain volume removed. The residual values were then used in 

subsequent analyses for corpus callosum volume as an “adjusted” corpus callosum 

volume.  

Non-independent Sample 

 Linear statistical analysis generally assumes that the research sample 

represents independent observations reflecting the distribution of traits in the 

population. The violation of the independence assumption is considered to be more 

serious than for other assumptions such as normality of residuals and homogeneity of 

variance (Kenny & Judd, 1986). Violation of the independence assumption occurs 

when conditional probability exists, that is, the value of one observation is likely to 

be linked in some way to another observation. The research sample for this study 

consists of family members who can be expected to share both genetic and 

environmental influences affecting variable values. Thus, the data in the study 

consist of non-independent observations nested within families. 

 To both account for, and take advantage of, the family relationships among 

the study participants, the methods of analyzing the data were focused on the 

variance occurring within families rather than between families. The value of this 

method is that variance due to genetic and environmental disposition between 
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individuals from different families was controlled. As a result, a stronger statement 

about the relation between corpus callosum volume and reading can be made than if 

an independently drawn sample of the same size were used. Note that degrees of 

freedom (df) used was N, but technically the degrees of freedom for the study should 

be N-G (number of participants – number of groups. Using df=N might lead to an 

overstatement of findings, thus an adjustment to p might have  

Measurement Reliability 

 To insure that the measurement of the corpus callosum is reliable, 15 subjects 

randomly drawn were re-measured by the author. For all of the measurements, both 

initial and re-measured, the researcher was blind to the identity of the subjects. The 

re-measured volumes were compared to the initially measured volumes to establish 

an estimate of measurement reliability. The sample mean for total corpus callosum 

volume was 11440 voxels. A paired sample t-test was used to verify that there were 

no significant differences between the two measurements for each brain within 500 

voxels of error for total corpus callosum volume. Power analyses indicated that 15 

subjects would yield a moderate power of 0.5 if the correlation between samples was 

0.9. A correlation of .935 was found with a mean difference of 310 voxels, resulting 

in failure to reject the null hypothesis that the two measurements are not significantly 

different (t(14)=1.619, p=.128).  

 A similar reliability analysis was performed for area of the corpus callosum 

at the midsagittal slice to determine if reliability is improved by looking at the area 

measure. The sample mean for midsagittal area was 637 voxels. A correlation of 
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.947 was found with a mean difference of -14 voxels, resulting in failure to reject the 

null hypothesis that the two measurements are not significantly different (t(14)=-

1.429, p=.175). The volumetric and area measurements appear to be similarly 

consistent, with the midsagittal area somewhat more so. Both were within acceptable 

bounds for the purposes of this study. 

 Finally, reliability for each segment of the corpus callosum was calculated. 

Correlations ranged from a minimum of .848 for Segment 3 and a maximum of .921 

for Segment 5. Failure to reject the null hypothesis that the difference between two 

measurements was equal to zero was obtained for each of the five segments. 

Sample Size and Power 

 The extant studies evaluating corpus callosum morphology and reading 

ability used analysis of variance techniques for which the dependent variable was the 

area of the corpus callosum and reading ability was factored into the selection of RD 

and non-RD groups. For three of these studies (Duara et al., 1991; Hynd et al., 1995; 

Rumsey et al., 1996), the average effect size (d) for the area of callosum at the 

splenium was .77, and power (N=16+16) was >.80. In a study of the influence of 

corpus callosum size on verbal fluency as a dependent variable, the average variance 

explained in test scores for splenium area was .200.  Using a conservative estimate 

relative to the previously discussed studies, a power estimate of .76 would be 

expected given an N of 44 (68 individuals – 24 families) and a medium effect size of 

.20 increment to R2 for the regression models proposed in this study. 
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Hypotheses and Analyses 

Variance Due to Family Membership 

 Prior to embarking on the within-family analyses, an analysis of the non-

independence of groups due to family membership in the sample was conducted. 

Intraclass correlations (ICC type 1) were used to estimate the degree of resemblance 

among family members for continuous traits (Donner & Koval, 1980), answering the 

question, “how much variance in corpus callosum volume can be attributed to family 

differences as opposed to individual differences?” (Donner & Koval, 1980; Kenny & 

Judd, 1986; Stapleton, in press). The table below shows an ANOVA model that can 

be used to calculate ICC’s. Note that G is the number of families and N is the total 

observations: 

 
Source 

Degrees of 
Freedom 

Sum of 
Squares 

Mean 
Square 

Variance Ratio 
(F) 

 
Among families 
 

G-1 SSA MSA MSA/MSW 

 
Within families 
 

N-G SSW MSW  

 

The formula used to calculate a Type 1 ICC was:  
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 where n. is a measure of the family size: 

 

and G is the number of families, N is the total sample size, and nj is the number of 

people within family j (Kenny & Judd, 1986; Stapleton, in press). Note that the 

adjusted corpus callosum volume, controlling for whole-brain volume, was the 

dependent variable. ICC’s were also calculated for FSIQ, reading achievement 

(GORT Passage) and reading process variables (CTOPP Phonological Processing 

and Rapid Naming).  

 ICC’s for the variables of interest were expected to be rather high (>0.20) 

because reading achievement, reading processes, and IQ are familial and heritable. 

An ICC of 0.20 indicates that 20% of the variability in an observed variable can be 

attributed to group effects. Even small ICC’s on the order of .10 can increase Type I 

error (Stevens, 2002). The estimated ICC values are given in the Results section.  

The Study Questions 

The following study questions were proposed. 

Is corpus callosum volume related to reading achievement?  

Hypothesis 1. Oral reading achievement within families will vary with corpus 

callosum volume. 
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Rationale. This test evaluates whether the whole volume of the corpus 

callosum contributes to reading achievement. The regression model shown in Figure 

14 was used to estimate the effects of corpus callosum volume on reading 

achievement. The variable GORT Passage was the dependent variable for reading 

achievement. The test statistic R2 indicated the total within-family variance in 

reading achievement that was accounted for by all three independent variables 

together: IQ, gender, and corpus callosum volume. The standardized regression 

weight β for Adjusted CC Volume indicated the degree of influence that the corpus 

callosum volume (adjusted for whole-brain size) has on reading achievement when 

IQ and gender are controlled, given this model and the study sample. The 

unstandardized weight b indicated the amount of change expected in GORT Passage 

score given a one-voxel (1.318 mm3) change in Adjusted Corpus callosum volume. 

As noted in Chapter 2, gender is likely correlated with the area of the midsagittal 

corpus callosum slice, as is intelligence. The relation between gender and 

intelligence (FSIQ) is less clear, but in this model all of the independent variables are 

correlated, as noted by the curved double-headed arrows. 
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Figure 14. Regression model for the effect of corpus callosum volume on reading, with IQ and 
gender controlled. 
 

Is corpus callosum volume related to reading processes? 

Hypothesis 2a. Phonological awareness will vary with corpus callosum 

volume.  

Hypothesis 2b. Speeded naming will vary with corpus callosum volume.  

 Rationale. Phonological processing is a robust predictor of reading disability 

(S. E. Shaywitz et al., 1999). This hypothesis is included to test whether oral reading 

or measures of reading processes are more sensitive to variations of corpus callosum 

volume. A regression model was used to test this hypothesis, with reading processes 

as the dependant variables. If the volume of the corpus callosum explains more 

variance in reading processes than in oral reading achievement, it may benefit 

researchers to use this outcome measure in future studies, particularly for 

compensated readers. 
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 Two regression models similar to the model for Hypothesis 1 were used to 

explore the effect of corpus callosum volume on phonological awareness, and corpus 

callosum volume on rapid naming. In each case, the model was as shown in Figure 

14 above, but the dependent variable was replaced with CTOPP Phonological 

Awareness and CTOPP Rapid Naming, respectively. 

 

Do differing portions of the corpus callosum (cc) volume vary in their contribution to 

reading achievement or reading processes?  

Hypothesis 3a. Reading will not vary with the area of the genu of the cc. 

Hypothesis 3b. Reading will not vary with the area of the anterior body  

   of the cc. 

Hypothesis 3c. Reading will not vary with the area of the posterior body  

   of the cc. 

Hypothesis 3d. Reading will vary with the area of the isthmus of the cc. 

Hypothesis 3e. Reading will vary with the area of the splenium of the cc. 

Rationale. Previous studies have found larger or smaller areas in specific 

portions of the midsagittal plane between RD and non-RD reader groups (Duara et 

al., 1991; Hynd et al., 1995; Robichon & Habib, 1998; Rumsey et al., 1996), though 

the studies do not agree on where the differences occur and whether the areas are 

larger or smaller. These hypotheses are included to determine whether larger sample 

size, controlling for gender and IQ, and using a continuous variable for reading 

improves the detection of corpus callosum area differences among readers. Reading 
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achievement and reading processes were independently used as the dependent 

variable for this test. The corpus callosum area at the midsagittal plane was 

segmented into five areas as shown in Figure 15. Note that the segments, numbered 1 

through 5, correspond respectively to the hypotheses a through e. 

 

 The procedure used to segment the data was written in SPSS syntax. To 

avoid possible bias in assigning remainders when the length of the corpus callosum 

was not evenly divisible by five, 100 segmentations of each corpus callosum were 

performed, with remainders randomly assigned to Segments 1 through 5 during each 

iteration. The 100 areas calculated for each segment were then averaged, and the 

averaged data were used for subsequent analyses. 

 A series of five regression models were conducted to determine the amount 

of variance each contributes to reading achievement. The unstandardized regression 

weight b for the path from Segment n to GORT Passage indicated the amount of 

change in GORT Passage score expected per unit change in segment volume. See 

Figure 15. Digital segmentation of the corpus callosum. 
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Figure 16 for a graphic representation of the model. Similar models were used to 

explore the relation between corpus callosum segments on CTOPP Phonological 

Awareness, and between corpus callosum segments on CTOPP Rapid Naming. In all 

cases, gender and FSIQ were present as controls. 

 

 

Figure 16. Regression model for corpus callosum segments on reading achievement. 

 

To test for the relative importance of each segment in the presence of all other corpus 

callosum segments, another regression was performed using all of the segments 

entered together as independent variables along with IQ and gender. 
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Do readers diagnosed as RD and non-RD have differing volumes of the corpus 

callosum? 

Hypothesis 4. There will be differences in total corpus callosum volume 

between RD and non-RD reader groups. 

Rationale. Because individuals routinely are identified into diagnostic 

groups, it is important to test whether differences are observable within those 

diagnostic groups.  Previous research on the corpus callosum and dyslexia have used 

group differences as the focus of analysis, using analysis of variance methods. 

Hypothesis 4 was designed to conform more closely to such research.   

 A logistic regression with dichotomous group membership as the dependent 

variable was used to examine the predictive ability of adjusted corpus callosum 

volume on the diagnostic status, RD or No RD, of the participants (see Figure 17). 

Notice that the FSIQ was removed as a control variable because it was captured in 

the diagnosis of RD: an unusual discrepancy between FSIQ and reading 

achievement. Gender continued to be included as a control variable because it may 

influence the development of the corpus callosum. As for the analyses above, 

variable values were centered about the family mean.  

 The logistic regression model is less sensitive to subtle differences in the 

corpus callosum than are the regression models described above because the 

dichotomous variable RD/No RD has less variability (Cohen, 1983). This attenuation 

of variance may prevent the observance of significant effects in this relatively small 

sample size. Log regressions are explained as an odds ratio, expB, which indicates 
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the odds of the outcome measure, in this case, the probability of being RD divided by 

the probability of being not RD (RD/No RD). For example, if the expB for the path 

from adjusted corpus callosum volume to RD/No RD is 2, then a 1 unit increase in 

corpus callosum volume would make it twice as likely that a person would have an 

RD diagnosis (.67/.33). An odds ratio of .5 would mean that a 1 unit increase in 

corpus callosum volume would make it less likely by half that the person would have 

an RD diagnosis. The Wald statistic was used to test the significance of expB. 

 

Figure 17. Logistic regression model for RD/No RD. 

 

Are the left- and right-hemisphere volumes of the corpus callosum equal? 

Hypothesis 5. The volumes of the left and right hemispheres of the corpus 

callosum will be equal. 

Rationale. It is expected that any neuron passing through the midsagittal 

plane will be present in both the left and right hemispheres. However, differential 

myelination, number of glial cells, cell density, and cell diameter (Aboitiz, Ide, & 
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Olivares, 2003) or abnormal termination of axons could create changes in volume. 

No literature was found examining corpus callosum volume, so no empirical 

evidence for the supposition of equal volumes currently exists. 

 Right- and left-hemisphere volumes for the corpus callosum were obtained 

by accumulating the voxels residing to the left of the midsagittal slice and to the right 

of the midsagittal slice. SPSS syntax code accomplished this digitally from the AFNI 

voxel dump files. The goal of this hypothesis is to test differences between subjects, 

not differences within families, so the analysis was conducted on data that were not 

centered around the family mean. A 2 by 2 repeated measure ANCOVA was 

conducted to test this hypotheses, with right and left volumes adjusted for total 

volume as the repeated measure and with diagnosis, IQ and gender as covariates.  

 

Is the area of the corpus callosum in the midsagittal plane an adequate estimate of 

the corpus callosum volume? 

Hypothesis 6. The area of the corpus callosum in the midsagittal plane and 

the volume of the corpus callosum will be highly correlated.  

 Rationale. If the area of the corpus callosum in the midsagittal plane is highly 

correlated with the total volume, then area can be assumed to be a good predictor of 

corpus callosum volume. In that case, measurement of the volume may not be 

necessary, especially if no lateral effects are found as the result of a test of the 

preceding hypothesis. Sampling procedures were the same as described for 
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Hypothesis 5, and a Pearson Product Moment Correlation was used. The hypothesis 

was tested for both RD and non-RD groups. 

Summary 

 This study addressed several areas of inquiry regarding the corpus callosum 

and its morphological relationship to reading. None of the analyses can prove true 

causation, but they can indicate the degree to which morphology may affect reading, 

assuming that the models used are correct. Table 4 summarizes the study questions 

and the methods that were used to explore them. 
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Table 4. Summary of analyses. 

 
Hypothesis 

 
Analysis 
 

Variables Method 

 
 

 
Variance in corpus 
callosum volume, reading, 
and phonological 
processing and FSIQ 
accounted for by family 
membership 
 

 
Adjusted CC Vol, Reading, 
Phonological Processing, FSIQ with 
Family as Class 

 
Intraclass correlation 

 
Hypothesis 1 

 
Effect of corpus callosum 
volume on reading  

 
Adjusted CC Vol (independent) 
IQ (independent control) 
Gender (independent control) 
Reading (dependent) 
 

 
Multiple regression 
model with individual 
data centered about the 
family mean. 

 
Hypotheses 2a and 2b 

 
Effect of corpus callosum 
volume on reading 
processes 

 
Adjusted CC Vol (independent) 
IQ (independent control) 
Gender (independent control) 
Phon. Proc. (dependent) 
Rapid Naming (dependent – dependent) 
 

 
Multiple regression 
models (2) with 
individual data 
centered about the 
family mean. 
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Hypotheses 3a – 3e 

 
Effect of specific area 
segments of the corpus 
callosum on reading 

 
Adjusted CC Area in segments (ind.)  
IQ (independent control) 
Gender (independent control) 
Reading (dependent) 
 

 
Multiple regression 
model with individual 
data centered about the 
family mean. 

 
Hypothesis 4 

 
Odds of being in a 
diagnostic group 
(RD/NoRD)   
 
 

 
Adjusted CC Vol (independent) 
Lateralization (independent control) 
Gender (independent control) 
RD/NoRD Diagnosis (dependent) 
 
 
 

 
Logistic regression.  
 

 
Hypothesis 5 

 
Are left- and right-
hemisphere corpus 
callosum volumes different 
 

 
Adjusted CC Volume – Left 
Hemisphere 
Adjusted CC Volume – Right 
Hemisphere 
RD/noRD groups 

 
Repeated measures 
ANCOVA. 

 
Hypothesis 6 

 
Correlation of the 
midsagittal area to the 
volume of the corpus 
callosum 
 

 
CC Vol 
Midsagittal Area 
RD/noRD groups 

 
Pearson’s r 
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Chapter 4. Results 

Corpus Callosum and Centered Data 

 The following table displays the means, ranges and standard deviations for 

measurements prior to adjustment for brain volume and family centering. The 

measurements are given in voxel units. To convert a voxel volume to mm3, multiply by 

1.18. To convert a voxel area to mm2, multiply by 1.406. Recall that the area and all 

segments, one through five, were taken as areas at the midsagittal slice. A graphed 

segmentation of a corpus callosum is shown in Figure 18 for reference.  

Table 5. Brain measurements prior to adjustment for total volume and centering. 

 
Variable 
 

 
Minimum

 
Maximum

 
Mean 

 
Standard 

Deviation
Children  
   Total Volume 1,100,418.00  1,676,851.00 1,443,969.04 148,869.246
   CC Volume 8,397.00 14,897.00 11,330.46 1,925.130
   CC Area 428.00 778.00 603.04 96.185
   Segment 1 134.80 268.40 194.34 33.46
   Segment 2 64.30 127.00 96.47 18.74
   Segment 3 51.37 95.00 75.13 13.48
   Segment 4 47.43 111.98 74.35 20.11
   Segment 5 117.32 207.59 161.67 25.76
Adults  
   Total Volume 1,160,141.00 1,702,458.00 1,347,598.52 123,663.635
   CC Volume 7,911.00 16,036.00 11,551.16 2,001.937
   CC Area 514.00 908.00 670.93 104.896
   Segment 1 136.00 315.53 207.16 34.44
   Segment 2 70.25 141.83 103.55 18.11
   Segment 3 70.04 132.13 90.04 16.05
   Segment 4 32.72 133.75 80.10 21.37
   Segment 5 141.36 275.62 188.95 33.22
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Figure 18. Graph of a segmented corpus callosum. 

 

Variance Attributed to Family Membership 

 The results of the intraclass correlations (ICCs) are shown in Table 6 with brain 

measurements in voxels. The ICC’s indicate that intelligence appears to be more 

strongly related to family membership than is any other variable in the study, and that 

reading achievement is also related to family membership. Whole brain volume appears 

to have a small relation to family membership. The variables for reading processes did 

not appear to be strongly family-related. Finally, it appears that, in this sample and after 

adjusting for whole-brain volume, there is no variance in corpus callosum volume 

associated with family group as indicated by the negative correlation. To test whether 

this result was due to the difficulty of accurately measuring the corpus callosum volume, 

an additional ICC was calculated for the area of the corpus callosum at the midsagittal 
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slice, which may be a value less vulnerable to measurement error. The similarly negative 

ICC for area at the midsagittal slice supported the finding that variation due to individual 

differences is stronger than variation due to family membership after removing the effect 

of whole brain volume. The FSIQ and GORT Passage ICCs are high enough that 

centering the data on family means is needed to control for family membership in this 

sample.  

Table 6. Intraclass correlations for continuous variables in the study. 

 
Variable 
(n. = 2.83) 

 
Mean Square 

Between 
 

 
Mean Square 

Within 

 
Intra Class 
Correlation 

 
WASI FSIQ 275.620

 
90.466 

 
0.42 

 
GORT Passage 557.209

 
338.449 

 
0.19 

 
CTOPP Phon Aware 198.592

 
177.907 

 
0.04 

 
CTOPP Rapid Name 312.081

 
260.879 

 
0.07 

 
Whole Brain Volume 23752958218.9  

 
17391385831.4 

 
0.11 

 
Adjusted CC Volume 2019418.769

 
2648652.635 

 
-0.09 

 
Adjusted CC Area 7667.686

 
11073.820 

 
-0.12 

 

The correlation between total brain volume and corpus callosum volume for the sample 

is .36. Please note that for all of the following procedures continuous variables were 

centered on the family mean, and all results describe relations concerning within-family 

variance unless noted otherwise.  
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Corpus Callosum Volume  

Volume and Reading Achievement  

 The results of a regression indicates that, taken together and for this sample, IQ, 

gender, and total corpus callosum volume adjusted for brain volume accounted for 23 

percent of the within-family variance in reading achievement (R2=.23, F(3,40)=6.378, 

p<.001). Table 7 shows the regression weights for the variables. Intelligence scores 

appear to have had the strongest effect on reading achievement such that a one standard 

scale point increase in IQ score results in a .617 point increase in GORT Passage scores. 

Interestingly, there was a small gender effect with females reading better than males. In 

contrast, corpus callosum volume did not contribute significantly to the within-family 

variance of reading. 

Table 7. Results of the regression of GORT Passage scores on adjusted corpus callosum volume with 
IQ and gender controlled. 
 
 Unstandardized 

Regression Weight 
(b) 

Standardized 
Regression Weight 

(β) 

 
Significance 

(p) 
FSIQ .617 .319 .008 
Gender -7.062 -.239 .040 
CC Volume .001 .130 .257 
 

Volume and Reading Processes 

 The total within-family variance accounted for in reading processes by the three 

variables, IQ, gender, and adjusted corpus callosum volume, was 14 percent (R2=.140, 

F(3,40)=3.474, p=.024). Table 8 shows the results of the regression. 
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Table 8. Results of the regression of CTOPP Phonological Awareness composite score on adjusted 
corpus callosum volume with IQ and gender controlled. 
 
 Unstandardized 

Regression Weight 
(b) 

Standardized 
Regression Weight 

(β) 

 
Significance 

(p) 
FSIQ .390 .278 .028 
Gender -2.391 -.111 .353 
CC Volume -.002 -.278 .025 
 

 There was no gender effect in this regression. Intelligence scores did have an effect on 

CTOPP Phonological Awareness scores, though a seemingly smaller effect than for 

GORT reading achievement. The corpus callosum volume effect was notably a negative 

relationship, with a 1 voxel increase in corpus callosum volume resulting in a .002 point 

standard score decrease in Phonological Awareness scores. The graph in Figure 19 

shows this negative relation in the regression lines for individual groups of reading able, 

reading disabled and adult reading compensated. Centered phonological awareness 

scores were graphed against the residuals of a regression that removed the effects of 

FSIQ and gender from the centered volume of the corpus callosum. Although none of 

the individual regressions were significant, when the groups are taken together, the 

overall regression is significant as noted above. Small group numbers may result in low 

significance for the individual groups. 

 When CTOPP Rapid Naming scores were used as the dependent variable, the 

regression did not yield significant results (R2=.078, F(3,40)=1.801, p=.163). Even so, 

the strong influence of intelligence was seen in the regression weight, which alone was 

significant (b=.466, β=.275, p=.035). 
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Figure 19. Scatterplot of adjusted corpus callosum volume with the effects of IQ and gender 
removed, and CTOPP Phonological Awareness scores by diagnosis group. 
 

Midsagittal Area and Segmentation 

Reading Achievement and Midsagittal Area 

 A regression of GORT Passage scores on the area of the corpus callosum at the 

midsagittal slice with gender and IQ controlled yielded significant results suggesting that 

taken all together, the three independent variables accounted for about 27 percent of the 

within-family variance in reading achievement (R2=.267, F(3,40)=7.57, p<.001). With 
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gender and IQ controlled, the area of the corpus callosum at the midsagittal slice 

appeared to contribute moderately to reading (b=.043, β=.243, p=.039). Figure 20 

suggests that this positive relation is largely due to normal readers. Although the 

regression lines for the reading disabled and adult compensated groups appear to be 

reflecting a negative relation in the graph, the lines are not significantly different from 

zero. 

 

 

Figure 20. Scatterplot of adjusted corpus callosum midsagittal area with the effects of IQ and 
gender removed, and GORT Passage scores by diagnosis group. 
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 The GORT Passage score is a combined score for rate of reading and accuracy of 

reading. Separate GORT Rate and Accuracy scores were available for the study 

participants. To examine which factor was more salient to the positive relationship 

between GORT Passage score and midsagittal area, separate regressions were performed 

on these scores. The regression of GORT Accuracy scores on IQ, gender and midsagittal 

area produced non-significant results. The results for the Rate score regression was 

significant (R2=.322, F(3,40)=10.111, p<.001) and the regression weights for corpus 

callosum area indicated that area is a significant contributor to the within-family 

variance of GORT Rate scores in the sample (b=.045, β=.258, p=.024). 

Reading Achievement and Segments 

 Of the five segments in the midsagittal slice, Segment 3 in the body of the corpus 

callosum appeared to have the most influential contribution on reading (b=.403, β=.361, 

p=.002), as shown in Table 9. Figure 21 offers a reminder of the segment locations. Note 

that each segment was calculated in a single individual regression, one for each segment, 

with IQ and gender controlled. Comparing the relative coefficients should be done with 

caution because there is no test of significance for coefficients from different 

regressions. 
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Figure 21. Segmentation of the midsagittal slice. 

 
Table 9. Results from 5 separate regressions, one for each segment, of GORT Passage scores on 
corpus callosum segment area with IQ and gender controlled. 
  
Segment 

 
Regression 

(R2 (p)) 
 

Unstandardized
Coefficient  

(b) 

Standard 
Error 

Standardized 
Coefficient  

(β) 

Significance 
(p) 

1 .250 (.001) .112 .064 .195 .091 
2 .256 (.001) .241 .127 .217 .065 
3 .325 (.001) .403 .125 .361 .002 
4 .225 (.001) .099 .105 .106 .353 
5 .256 (.001) .114 .060 .216 .066 

 
 

Reading Processes and Midsagittal Area 

 IQ scores, gender and adjusted area at the midsagittal slice accounted for 17 

percent of the within-family variance of phonological processing scores in the study 

sample (R2=.173(3,40), F=4.455, p=.008). Like the volumetric test, with gender and IQ 

controlled, area at the midsagittal slice was negatively related to phonological 

processing, that is for each one less voxel, CTOPP Phonological Awareness scores rose 

by .044 standard score unit (b=-.044, β=-.345, p=.007).  
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Reading Processes and Segments 

 The segmentation regressions indicated that the segments followed the same 

negative relation between area and scores, with all but Segment 4 reaching significance. 

Table 10 shows the results of the segmentation regressions. Segments 3 and Segment 5 

appeared to have the largest effects.  

 
Table 10. Results from five separate regressions, one for each segment, of CTOPP Phonological 
Awareness scores on corpus callosum segment areas with IQ and gender controlled. 
 
Segment 

 
Regression 

(R2, p) 
 

Unstandardized 
Coefficient (b) 

Standard 
Error 

Standardized 
Coefficient 

(β) 

Significance 
(p) 

1 .132, .031 -.110 .050 -.264 .034 
2 .137, .026 -.226 .099 -.281 .028 
3 .220, .002 -.343 .097 -.424 .001 
4 .112, .058 -.147 .082 -.216 .079 
5 .161, .012 -.124 .046 -.324 .011 

 

Neither the area at the midsagittal slice nor any of the segments yielded significant 

regressions on CTOPP Rapid Naming scores, a finding similar to the volumetric 

regressions discussed above.  

Unique Contribution of Segment 3: Reading Achievement  

 To test the unique contribution of Segment 3 given all of the other corpus 

callosum segments, three regressions with all five segments entered simultaneously and 

IQ and gender controlled was performed. The results are shown in Table 11. 

Multicollinearity was confirmed as within acceptable limits; Variation Inflation Factors 

(VIF) ranged from 2.4 to 4.3. Stevens (2002) noted that VIF values exceeding 10 should 
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be of concern. When GORT Passage score was used as the dependent variable, the 

contribution of Segment 3 was significant (b=.665, β=.596, p=.009).  

Table 11. Results of one simultaneous regression of GORT-3 Passage scores on all five segments of 
the copurpus callosum. 
 
Segment 

 
Unstandardized 
Coefficient (b) 

Standard 
Error 

Standardized
Coefficient 

(β) 

Significance 
(p) 

1 -.014 .096 -.025 .881 
2 .003 .202 .003 .987 
3 .665 .240 .596 .009 
4 -.205 .150 -.219 .180 
5 -.039 .104 -.074 .711 

 

 The two scores contributing to GORT Passage, Accuracy and Rate, were then 

regressed as the dependent variable in two separate regressions. Segment 3 contributed 

significantly to the within-family variance in scores for both accuracy (b=.571, β=.500, 

p=.030) and rate (b=.785, β=.704, p=.001) indicating that Segment 3 has a unique 

contribution to the variance of both aspects of reading apart from the rest of the corpus 

callosum. No other segments within the simultaneous regression contributed 

significantly to the within-family variance of accuracy or rate of reading. 

 Because the values for the Segment 3 contributions to GORT Rate and Accuracy 

scores were obtained using two separate regressions, the relative importance of each 

compared to the other cannot be determined from the regression weights. To determine 

the relative importance of Segment 3 to rate and accuracy, a path analysis was used. The 

just-identified base model with standardized results is shown in Figure 22. The 

exogenous variables were allowed to correlate because they were correlated in the 
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original regressions. The disturbances for GORT Rate and GORT Accuracy scores were 

also correlated because it is likely that they share some variance not related to the model 

variables. To test for the relative importance of Segment 3 to Rate and Accuracy scores, 

the two paths from Segment 3 to Rate and Accuracy scores were constrained to be equal 

in a second model. The change in χ2 relative to the change in degrees of freedom 

suggests no significant degradation of model fit (∆χ2 = 1.285, ∆df=1, p=.257). Segment 3 

appears to have similar effects on GORT Accuracy and GORT Reading scores. 

 

 

Figure 22. Path analysis model showing standardized results for the effect of Segment 3 on GORT 
Rate and Accuracy scores. 
 

Unique Contribution of Segment 3: Reading Processes 

 When CTOPP Phonological Awareness was entered as the dependent variable, 

Segment 3 was significant such that family members with better scores on the 

phonological awareness measure had a smaller area (b=-.408, β=-.504, p=.039).  
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No significant results were obtained when CTOPP Rapid Naming was entered as the 

dependent variable. 

 A Cautionary Note. That the corpus callosum is larger in better readers, but 

smaller in better phonological processors runs counter to expectations. To explore the 

relation between reading and phonological processing in this sample, a scattergraph of 

centered GORT Passage scores against centered CTOPP Phonological Awareness was 

made, with a regression line shown. See Figure 23 below.  

The results indicate that there is no relation between these two sets of scores in the 

Figure 23.  Scatterplot of GORT Passage scores and CTOPP Phonological Awareness scores. 
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sample, thus, better readers are not necessarily better phonological processors as would 

have been expected (r=.13). Also recall from Chapter 4, Table 3, Phonological 

Awareness scores were no different for reading able and reading disabled groups. The 

CTOPP Phonological Awareness data appear to have a restricted range and to be poorly 

related, if at all, to reading ability. Thus, the results discussed above for the analyses of 

phonological processing should be viewed cautiously. 

Reading Disorder Diagnosis 

 Gender and adjusted corpus callosum volume together were not able to predict 

reading diagnosis in the sample. The logistic regression was conducted three ways, using 

three slightly different RD classification schemes: 20-point IQ-reading discrepancy, 20-

point discrepancy with known adult reading compensated participants in the reading-

able group, and 20-point discrepancy with known adult reading compensated 

participants in the reading disabled group. No overall regression was statistically 

significant, and neither were any of the individual regression weights. A multinomial 

logistic regression with separate categories for reading able, reading disabled, and adult 

compensated similarly failed to reach statistical significance. Finally, a linear regression 

was performed using the discrepancy itself as the dependent variable, but again, the three 

independent variables of gender and adjusted total corpus callosum volume did not 

significantly predict the within-family variance of IQ-reading discrepancy in this sample, 

though it came closer to significance than the logistic regressions (R2=.080, 
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F(2,65)=2.829, p=.066). The tests were also tried using the area at the midsagittal slice, 

but again, no significant results were obtained. 

Right – Left Volumetric Comparison 

 Recall that the analyses of hemispheric differences in corpus callosum volume 

were studied as between group differences, not within-family differences. A one-way 

repeated measures ANCOVA with FSIQ, gender, age and diagnosis as covariates was 

conducted. The results of the test are shown in Table 12. They indicate that there are no 

significant differences in left and right corpus callosum volumes due to reading 

diagnosis with FSIQ, gender and age controlled.  

 

Table 12. Results of a mixed repeated-measures ANCOVA of the difference in right and left corpus 
callosum volume with IQ, gender, age and diagnosis as covariates. 
 

 SS df MS F p
Within Subjects  

   Hemisphere 
 (left-right) 

65619.977 1 65619.977 .077 .783

   Hemisphere x Dx 1201286.852 1 1201286.852 1.404 .240
Error (Hemisphere) 53900886.257 63 855569.623  

Between Subjects  
   IQ* 1329738.942 1 1329738.942 .373 .373

   Gender* 11692327.858 1 11692327.858 7.075 .010
   Age* 499199.711 1 499199.711 .302 .585

   Diagnosis 127453.490 1 127453.490 .077 .782
Error 102033675.000 63 1729384.323  

* covariates 
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Midsagittal Slice and Corpus Callosum Volume 

 A Pearson Correlation between the raw (unadjusted) voxel counts for area in the 

midsagittal slice and total corpus callosum volume was found to be .827 with a two-

tailed significance of p=.01. Pearson correlations unadjusted for attenuation of 

correlation are known to be biased downward (Fan, 2003). Using a traditional approach 

to correct for attenuation using the reliability estimates calculated for corpus callosum 

volume and area measurements (.932 and .947, respectively; reported in Methods): 
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the adjusted correlation of corpus callosum volume to area is .878. Volume and area 

measurements for this study are not entirely in accordance, but the correlation is high 

and statistically significant. 
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Chapter 5. Discussion 

Researchers have long suspected that the corpus callosum has differing 

morphological characteristics across various populations. Although differences have 

been found, studies focused on the reading disordered population as compared to able 

readers have disagreed both on size difference (larger or smaller) and the regions of the 

corpus callosum affected. Some possible problems preventing verifiable results include 

small sample size, failure to align MRI images, and failure to control for whole-brain 

size, age, gender, handedness, and IQ (for a review, see Beaton, 1997). The primary 

purpose of this study was to test for variations in the volume and area of the corpus 

callosum related to reading using a relatively large sample and controlling for the 

important variables noted above. Additionally, the entire volume of the corpus callosum 

was calculated rather than only the area of the midsagittal plane. Finally, a portion of the 

variance in between-family differences attributed to shared genetic and environmental 

variables was controlled for by analyzing within-family variance in a sample having 

individuals nested in families. 

Children within families not only share the genes of their parents, but they are 

also likely to share environments. For example, they are read to similarly as children, 

exposed to similar language experiences and expectations, go to similar schools, and 

have parents of the same educational background. Although the effects of environment 

between individuals from different families are likely to be important, many 

environmental influences within families are shared by all of the family members. By 
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using the family as the unit of analysis, genetic and environmental differences may be 

less influential. To take advantage of the familial nature of the sample, data centered 

around the family mean was used to evaluate the effect of corpus callosum volume on 

reading.  

Reading and the Corpus Callosum 

Larger Area in Better Readers 

Hypothesis one of this study postulated that oral reading would vary depending 

on corpus callosum volume. After controlling for gender, IQ, and total brain volume, 

oral reading was not detectibly variable in relation to corpus callosum volume within 

families, thus hypothesis one was not substantiated. It may be that error accumulated in 

the volumetric measurements obscured a relatively small effect. Volumetric analysis 

includes the measurement of up to 20 sagittal slices, but area measurements are 

accomplished on a single midsagittal slice. Accumulated error for volumetric analyses is 

suggested because when area rather than volume measurement was used, it was found 

that people who scored higher in reading than did others in their family had larger areas 

of the corpus callosum at the midsagittal slice.  

Larger Midbody in Better Readers 

 Hypothesis three tested specific segments of the area of the corpus callosum in 

the midsagittal slice. It was hypothesized that the anterior segments (3a – 3c) of the 

corpus callosum would not vary with reading ability, while the posterior segments (3d – 

3e) of the corpus callosum would account for statistically significant variance in reading 
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ability (refer to Figure 24).  It was expected that the corpus callosum segments serving 

the posterior reading system, which is most developed and active in normally developing 

readers, would be smaller in poorer readers within families. In fact, none of the expected 

results were observed. A strong effect on reading scores was obtained for the midbody 

segment (Segment 3, corresponding to Hypothesis 3c) and no other segment of the 

corpus callosum appeared to significantly contribute to the within-family variance in 

reading scores.  

 

Figure 24. Segmentation of the midsagittal slice. Segments 1-5 correspond to Hypotheses 3a-3e. 
 

Of the five segments of the corpus callosum area, it was the midbody segment 

that was most related to reading in the sample; it was larger in better readers. This 

segment had a significant effect on reading with and without the other segments of the 

corpus callosum controlled. The midbody of the corpus callosum serves the motor 

functions of the brain including the oral-motor functions needed for word formation, and 

the integration of primary and secondary sensory functioning (Aboitiz et al., 1992).  
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Oral Reading Rate  

That the midbody of the corpus callosum was larger in better readers may reflect 

the specific nature of the measurement task: oral reading. Participants were asked to read 

aloud, requiring recruitment of both word formation and the physical reproduction of 

those sounds. The oral reading measurement task was composed of both rate and 

accuracy measurements. Some study results suggest that it is reading rate more than 

accuracy that influenced the findings: Area at the midsagittal slice had an effect on 

GORT Rate but not on GORT Accuracy scores. However, Segment 3, at the midbody of 

the corpus callosum, appears to be similarly involved in both the rate and accuracy of 

reading. 

Axonal Transfer Time and Cerebral Coordination 

The influence of corpus callosum size on reading rate leads one to consider the 

role of intrahemispheric transfer rate in the recruitment and coordination of the complex 

and widely distributed reading systems of the brain. Intrahemispheric transfer times have 

long been studied in the dyslexic population (see, for example Fabbro et al., 2001; 

Gladstone, Best, & Davidson, 1989; Gross-Glenn & Rothenberg, 1984; Markee, Brown, 

Moore, & Theberge, 1996) with support for the supposition that dyslexic readers have 

slower rates of neuronal transfer. Not including the primary sensory systems, there are at 

least three main areas of the brain utilized in the reading process. The left occipito-

temporal area is involved in the rapid recognition of words (Helenius et al., 1999; Pugh, 

Mencl, Jenner, Katz et al., 2001). The left temporo-parietal area, known as Wernicke’s 
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Area, is thought to be involved in phonological decoding of unfamiliar words, and the 

anterior system encompassing Broca’s Area is involved in recoding phonemes in 

preparation for articulation (see Figure 25). In addition, many other systems recruited for 

reading are located throughout the brain. Although the primary language systems are 

largely encapsulated in the left hemisphere, the right hemisphere is also involved in 

creating emotional meaning and pictorial representation of words (Mesulam, 2000). The 

insula, a structure buried deep inside the cerebral hemispheres, is involved in planning 

an coordinating speech sounds (Kandel, 2000). Frontal lobe attentional and memory 

networks are distributed via white matter throughout the brain (Mesulam, 2000).  

 

 

Figure 25.  Broca's area and Wernicke's area connected by the long neurons of the arcuate 
fasciculus (from Kandel, E. Ed., Principles of neuroscience, p. 844, taken from the website: 
www.sfu.ca/~elfreda/theory/beingabout/figures/ch6/6-4.html). 

 

The coordination of all of these higher-level systems, along with primary visual 

and auditory systems, combine to produce fluent reading. Even when successful 
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remediation of phonological processing is accomplished, slow and effortful reading 

continues through adulthood in severely disabled readers (Snowling, 2000). Accurate 

word-reading may be accomplished, but reading rate, effort required, and comprehension 

remain as challenges. Fabbro (2001) suggested a defective callosal transfer in dyslexics 

resulting in poor integration and coordination of cerebral activity, which would be 

supported by the findings of this study.  

Primary and Secondary Auditory Processing Rate 

Lower-level auditory sensory systems relying on temporal processing rates have 

also been implicated in dyslexia. There is some evidence that longer times are required 

to discriminate sounds in people with dyslexia. Researchers in Finland have found that 

dyslexic readers have difficulty perceiving the durational differences of sounds. By six 

months of age, infants with a high familial risk for dyslexia appear to process the 

duration of sound differently than infants not at risk (Leppänen et al., 2002). The authors 

conclude that, “those who go on to become dyslexic may have a deficit related to timing 

and perception of temporal cues in speech,” which in turn might underlie deficits in 

phonological processing (p. 419). Segment 3, at the midbody of the corpus callosum, is 

presumed to be involved in the integration of primary sensory with higher-level 

processing of auditory stimuli (Aboitiz et al., 1992), making it a likely place for 

differences to occur in people with severe reading disorder. 
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The Role of Myelinization in Axonal Timing 

 A larger area of the corpus callosum does not necessarily mean that better 

readers have more axons. Like the cerebrum in general, the corpus callosum prenatally 

experiences an exuberance of axons which are subsequently pruned (Innocenti & 

Bressoud, 2003). With age, synaptic refinement continues with axon elimination, but an 

increase in corpus callosum area is observed due to increases in axonal diameter and 

myelinization (Thompson, Narr, Blanton, & Toga, 2003). Axons that are larger in 

diameter and more myelinated are faster conductors (Aboitiz et al., 2003), so an increase 

in oral reading rate with larger corpus callosum measurements at the midbody portion 

seems plausible.  

Specific vs. General Temporal Processing Deficit 

One limitation of this finding could be that larger, faster axons would also seem 

to be related to more efficient functioning over all. Because the study models included 

control for intelligence, some degree of specificity relating to reading is expected. 

Individual regressions of area at the midsagittal slice on oral reading suggest that the 

relation of a larger midbody for better readers within the same family is most applicable 

to able readers, with no effect present for the RD groups. This finding may be the result 

of small n for the RD and adult compensated groups, but it may also be that the corpus 

callosum in RD readers as well as the process by which they accomplish oral reading is 

different from that of normally developed readers (S. E. Shaywitz et al., 2003).  
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Still, it should be noted that the work of Catts and colleagues (2002), who found 

slower performance on both linguistic and nonlinguistic reaction time tasks in poor 

readers, raises the possibility that the midbody segment finding is related to an overall 

temporal processing deficit not specifically related to reading. In fact, there is a robust 

body of research suggesting that lower-level temporal deficits exist in poor readers 

across modalities. A number of studies have found deficits in participants with dyslexia 

relative to normal readers in temporal order on matching for both visual, auditory and 

cross-modal tasks (Lassonen, Tomma-Halme, Lahti-Nuuttila, Service, & Virsu, 2000; 

Rose, Feldman, Jankowski, & Futerweit, 1999). Poorer adult readers have been found to 

perform more slowly on visual temporal ordering tasks (Hari, Renvall, & Tanskanen, 

2001; May, Williams, & Dunlap, 1988). Similarly, auditory deficits in temporal 

processing of speech perception in children have been found as well as motor deficits 

(Beaton, 2004). The work of Tallal and colleagues on auditory processing in language 

impaired and dyslexic children (Paula Tallal, Miller, & Fitch, 1993; P Tallal, Stark, & 

Mellits, 1985) has led her to conclude that the phonological processing deficits seen are 

the result of basic lower-level temporal auditory processing deficits that prevent the 

establishment of stable phonemic representations. Share (1995) further concluded that 

persons with severe reading disorder have a general temporal processing deficit, 

providing a “unitary explanation for all the phonological deficits observed in disabled 

reader groups” (p. 188).  Thus, the results found in this study that slower reading rate is 
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associated with a thinner corpus callosum at the midbody segment is in agreement with 

proponents suggesting generally slower processing speed in poorer readers. 

Phonological Processing and the Corpus Callosum 

 Hypothesis two of the study suggested that phonological processing (2a) and 

rapid naming (2b) would vary with corpus callosum volume. No significant results were 

obtained for a relation between Rapid Naming scores and the corpus callosum, thus 

hypothesis 2b is not supported. As mentioned in the Results chapter, it is important to 

note that the phonological processing data for the study is suspect. Better phonological 

processors are not better readers, and phonological processing scores did not adequately 

distinguish reading groups. One possible source for this lack of variance could be 

remediation: poor readers may have received training in phonological awareness, while 

normally developing readers may not have received such training. Those persons with 

RD who have received practice in phonological awareness could be expected to do at 

least as well or better on phonological tests than those without such training. Thus, a 

limitation of this study and for this hypothesis in particular is that remediation time or 

type was not controlled for.  

Hypothesis 2a was supported: there are differences in corpus callosum volume 

with respect to phonological processing in the study, but the relation is negative. That is, 

better phonological processors within families have smaller corpus callosa. The 

segmentation results indicate that better phonological processors within families had 

smaller corpus callosa in four of the five segments.  
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 A possible physiological explanation for these findings could be that normally 

developed readers have a more encapsulated reading system, so fewer fibers may be 

required to facilitate the reading processes. Researchers have found that able readers 

activate the posterior systems, while those with RD have more activation of the anterior 

systems of the brain, and more bilateral activation rather than activity concentrated in the 

left hemisphere (Pugh, Mencl, Jenner, Lee et al., 2001; S. E. Shaywitz, 1998; S. E. 

Shaywitz et al., 2003). All of the segments of the corpus callosum except Segment 4, just 

anterior to the splenium, demonstrated the negative relation to phonological processing, 

suggesting that a smaller corpus callosum overall is expected for better phonological 

processors. Poorer processors could then be likely to need more interhemispheric 

connections throughout the corpus callosum relative to better phonological processors. 

 It is difficult to reconcile the positive correlation of corpus callosum size to 

reading and the negative relation of corpus callosum size to phonological processing. As 

mentioned above, myelination and elimination of axonal branches in the corpus 

callosum continue into late adolescence (Innocenti & Bressoud, 2003; Thompson et al., 

2003), a period covering the acquisition of reading skills. Reductions in axonal 

projections have been reported even as the corpus callosum increases in size due to the 

myelinization process (Thompson et al., 2003). The study findings would seem to 

support the idea of greater axonal connections, but poorer myelination, for readers who 

have difficulty with phonological processing. Post mortem work by Galaburda and 

colleagues (1985) found polymicrogyra, an abundance of cells forming additional gyri, 
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in Broca’s area and in the peri-Sylvian areas of the left hemisphere in dyslexic persons. 

This work has not been substantiated by others (Beaton, 2004) but it does suggest that 

more neurons are not necessarily better. The finding of smaller corpus callosa for better 

phonological processors would seem to support that. Still, the limited range of the 

phonological processing scores in this study sample warrants caution when considering 

this hypothesis, because the best readers in the study are not the best phonological 

processors. A future study with a larger sample and greater variability in scores would 

help bring clarity to this discrepancy. 

Diagnostic Group Prediction 

 Hypothesis four of the study expected differences in corpus callosum volume to 

predict diagnostic group membership. This hypothesis was not supported: differences in 

corpus callosum size did not successfully predict diagnostic categories in this study, 

either in children or adults. The differences in the corpus callosum that were detected 

with reading and phonological process as continuous variables were too subtle for group 

analyses where variation is attenuated. Although an analysis using continuous IQ-

Reading discrepancy was also conducted, variations in corpus callosum size did not 

appear to contribute to discrepancy variance. A limiting factor in this analysis may have 

been that IQ-Reading discrepancy may not accurately reflect the degree of disability in 

people who have received remediation.  
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Left-Right Volumetric Differences 

 This study is the first to measure the volume of the corpus callosum. Hypothesis 

five was postulated to test whether there would be differences in the right and left 

hemispheric volumes for the corpus callosum. No differences were expected, and none 

were found. The results suggest that axons passing through one hemisphere are likely to 

continue on to the opposite hemisphere, and to be similarly myelinated across 

hemispheres.  

Area versus Volumetric Measurements 

 The area and volumetric measurements of this study were positively correlated at 

0.878, indicating that the measures are statistically highly correlated (p=.01) but not in 

perfect agreement. Reliability correlations for the area and volume measurements were 

about the same, but the regressions for area seemed to yield stronger results than those 

with volume. Further, no significant left-right differences in corpus callosum were 

found, as discussed above. It seems possible that the volumetric measurements contain 

more error, even if reliably measured. The area measurement contains error for only one 

midsagittal slice whereas volumetric measurements may contain error up to 20 

midsagittal slices. From a qualitative standpoint, once the corpus callosum was no longer 

continuous in the sagittal plane during the volumetric measurements, consistently 

capturing boundaries was difficult.  

In the future, it seems reasonable to suggest that it is not always necessary to 

measure the volume of the corpus callosum when looking at gross structure. However, 
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volumetric analyses may be helpful in some future studies. For example, Robichon and 

colleagues (Robichon, Bouchard, Démonet, & Habib, 2000) found that the corpus 

callosum is positioned lower in the brains of people with dyslexia by looking at the 

midsagittal slice. Volumetric analyses would help determine whether the position is 

consistent throughout the corpus callosum, or just near the midline where the authors 

measured it.  

Shape analysis of the corpus callosum at the midsagittal slice has been proposed 

by Denenberg and Cowell (Cowell, 2003; Denenberg, Cowell, Fitch, Kertesz, & Kenner, 

1991; Denenberg, Kertesz, & Cowell, 1991), though other researchers have yet to take 

up this method in dyslexia research, perhaps in part because of the intensive computing 

required. The method involves calculating ninety-nine widths such that the sums of the 

widths are minimized. Factor analysis is then used to cluster the widths. Volumetric 

analysis of shape using this method might be extremely difficult because associating 

widths from slice-to-slice would be difficult as portions of the corpus callosum drop 

from view at the lateral edges of the sagittal slices. A simple segmentation of the corpus 

callosum volume such as was performed for the midsagittal slice might be less difficult, 

but would entail similar difficulties at the lateral edges of the structure. 

Clinical Implications 

 The clinical implications of this study may appear limited. The study questions 

aim at understanding the relation of a specific brain structure to reading. Yet, such basic 

research is essential to our understanding of how the brain works, what happens during 
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normal development, and how normal development goes awry for some people. We 

know that the brain is plastic, particularly the young brain. This means that remediation 

efforts can be applied to correct faulty systems, and to do so, we need to know what 

those systems are and how they work. Thus, while the author would not propose testing 

for reading disorder based on corpus callosum size, the results seem to lend support to 

theories suggesting that temporal timing deficits are present for poor readers possibly 

based on impoverished myelinization.  

 From a methodological point of view, the CTOPP Phonological Awareness 

composite score in the study sample appeared to yield scores below expected for 

normally developing readers. Further, the bivariate correlation between CTOPP 

Phonological Awareness and GORT Reading was not significantly different from zero. 

This finding is unexpected since core phonological deficits are thought to be the basis 

for reading disorder. As mentioned above, remediation may have been a factor in the 

sample distribution, though that does not account for the low scores of normally 

developing readers. These results suggest that when evaluating for reading disorder, an 

auditory phonological processing measure alone may not be sufficient to detect core 

phonological processing deficits. 

 It is curious that the area of Segment 3 did not appear to influence scores for 

rapid naming, since this task is expected to be related to orthographic speed. Like the 

phonological processing data in this study, rapid naming scores were somewhat 

attenuated. Further investigation of this matter is warranted.  
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Limitations of the Study 

 This study examined within-family differences, an approach that seems 

appropriate for a disorder known to be genetically inherited. The sample was limited by 

the very small number of adults with reading disorder and by insufficient data on the 

amount of remediation received by participants with reading disorder. Although parents 

share genes with their children, they do not share genes with each other, nor would they 

necessarily have shared similar family environments as children. A study involving only 

siblings might provide a more pure sample for controlling genetic and environmental 

differences; this study sample was too small to do so, and many families in the study 

included only one child. Still, it is important to note that bivariate correlations yielded 

stronger results once the data was centered about the family mean, indicating that using 

within-family variance may allow us to see relationships that are normally masked by 

variability between unrelated subjects.  

 The phonological processing and rapid naming data for this study were 

attenuated; little variation was noted between the normally developed and RD groups. 

As a result, the findings for this part of the study seem unreliable. In the future, better 

measures or measurement methods will be needed to better assess the neural correlates 

in the corpus callosum and underlying reading processes. 

 A major limitation of this study is that without concurrent functional data, we 

cannot associate brain structure with brain activity. The finding of a larger midbody of 

the corpus callosum in better oral readers within families could represent an effect 
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having to do with something not directly related to reading, or marginally related such as 

the physical vocalization of sounds, or an overarching effect such as faster cognitive 

processing in general. A similar case could be made concerning the phonological 

processing results. By closely coupling structural and brain activation data, say during a 

reading activity, better information regarding the neural substrates of reading can be 

determined. 

Future Research 

 Newly developing imaging techniques have made the study of the brain one of 

the most exciting research opportunities today. One new imaging tool is diffusion tensor 

imaging (DTI), which allows researchers to see disturbances in the brain closer to the 

cellular level. In contrast, current techniques such as the one used for this study reveal 

only the gross structure of the brain. DTI could prove very useful for understanding 

interruptions in language that can occur due to injury to areas of the brain involved in the 

reading process and other processes that support reading, such as memory and attention. 

DTI coupled with functional MRI data showing brain activity together could provide a 

powerful combination of behavioral and imaging data. 

 This study was based on familial reading disorder, and provided information 

regarding how one structure in the brain varies within families. For a full understanding 

of the heritable pathways of reading, it would seem ideal to have four components to any 

such study: genetics, behavior, structure, and functional data. With these areas covered, a 

researcher could determine the genetic variation within the families, and link those 
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findings to differences in behavior, brain structure, and brain activation. As an extension 

to this study, we might find that family members sharing a reading disorder also share a 

genetic similarity along with their smaller corpus callosum midbody. By having them 

read during MRI scanning for functional data, we might find more sluggish responses, 

lower brain activity, or inefficiently distributed activity compared to better readers in the 

family.  

 Many of the childhood syndromes we study seem to have some degree of 

heritability, yet we rarely study them within families. The current study demonstrates the 

utility of comparing family members for differences along a dimension of interest. The 

corpus callosum has very high variability among individuals, but when compared among 

family members in combination with behavioral data, results emerged. Studying families 

seems to be a rich approach affording natural controls for differences in environment 

that occur when comparing groups of unrelated individuals. The author recommends this 

study design for future research. 
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Appendix A 

 

Consent forms used for the data collection phase under the supervision Dr. George 

Hynd, Center for Clinical and Developmental Neuropsychology, University of Georgia, 

Athens, GA.
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CENTER FOR CLINICAL AND DEVELOPMENTAL NEUROPSYCHOLOGY 

 
PARENT CONSENT FORM 

 
 

I, ______________________________, agree to be administered a comprehensive 
neuropsychological examination at the Center for Clinical and Developmental 
Neuropsychology (CCDN) at the University of Georgia under the licensed supervision 
of Dr. George Hynd, who can be contacted at 706-542-4562. I understand this 
participation is entirely voluntary; I can withdraw my consent at any time without 
penalty and have the results of the participation, to the extent it can be identified as 
mine, removed from the research records, but not clinic records.  

 
(1) The purpose for the clinic is two-fold: 

 
(a) The CCDN provides a clinical-diagnostic service to physicians, 

psychologists, agencies, school systems, and parents for children. The 
extensive battery of tests and standardized procedures are used for 
research purposes. Results from parent evaluations typically do not result 
in a written report, but clinicians will individually and privately 
communicate results about my performance by phone or in person at my 
request.  

 
(b) The second purpose of this clinic is to conduct research regarding the 

neuropsychological basis of behavioral and learning disorders in most 
adults and children. All test protocols will be stored in a locked file 
cabinet and will only be marked with my initials and subject number. 
Data from my assessment will be entered in to a database by my subject 
number and will not be personally identifiable. At no point will my 
name, place of residence, or level of performance be disclosed to others. 
In the event that the results of this research project is presented at a 
research meeting or in a published journal article, my identity will be 
disguised with a pseudonym and other personally identifiable 
information will not be disclosed.  

 
(2) The clinic procedure is as follows: (1) Coming to the Center for Clinical and 

Developmental Neuropsychology in Aderhold Hall at 8:30 am on the scheduled 
date; (2) completing tests until lunch; (3) completing more standardized 
psychological procedures in the afternoon. These tests will include measures of 
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intelligence, academic achievement, memory, language ability, ability to 
organize information, and recent psychological distress (e.g., anxiety).  

 
(3) Participation involves no physical, psychological, social, or legal risks. 

Participants may be stressed by evaluation procedures due to family history of 
learning problems. The clinicians are doctoral students in the school psychology 
program who have been trained to help individuals cope with stress related to the 
assessment process. If I experience ongoing stress due to the assessment process, 
I may contact the clinicians at the CCDN office at (706) 542-4506. 

(4) Dr. Hynd or the examiners will answer any further questions about this research 
procedure either now or at any time later. Dr. Hynd can be contacted at 706-542-
4562 and the examiners can be contacted at 706-542-4506. 

 
 
My signature below indicates that the clinicians have answered all of my questions to 
my satisfaction and that I consent to volunteer for this study. I have been given a copy of 
this form.  
 
 
________         
Participant      Date 
 
 
 
________________________________     
George W. Hynd, Ed.D.      
Supervising Neuropsychologist and Director 
Center for Clinical and Developmental  
Neuropsychology      
(706) 542-4562 
 
 
Research at the University of Georgia that involves human participants is carried out 
under the oversight of the Institutional Review Board. For questions or problems about 
your rights, please call or write: Chris A. Joseph, Ph.D., Human Subjects Office, 
University of Georgia, 606A Boyd Graduate Studies Research Center, Athens, GA 
30602-7411; Telephone: (706) 542-6514; E-Mail Address: IRB@uga.edu 
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CENTER FOR CLINICAL AND DEVELOPMENTAL NEUROPSYCHOLOGY 
 

CONSENT FORM FOR CHILD SUBJECTS 
 
 

I, ______________________________, given my consent for my child,  
       to be administered a comprehensive neuropsychological 
examination at the Center for Clinical and Developmental Neuropsychology (CCDN) at 
the University of Georgia under the licensed supervision of Dr. George Hynd, who can 
be contacted at 706-542-4562. I understand this participation is entirely voluntary; I can 
withdraw my consent at any time without penalty and have the results of the 
participation, to the extent it can be identified as my child’s, removed from the research 
records, but not clinic records.  

 
(5) The purpose for the clinic is two-fold: 

 
(a) The CCDN provides a clinical-diagnostic service to physicians, 

psychologists, agencies, school systems, and parents for children. The 
extensive battery of tests and standardized procedures are used to reach 
diagnostic decisions and will be summarized in a neuropsychological 
report about my child. This report will be sent to me by mail. If I desire 
additional feedback about my child’s performance, I am encouraged to 
contact the CCDN staff to request a feedback session. 

 
(b) The second purpose of this clinic is to conduct research regarding the 

neuropsychological basis of behavioral and learning disorders in most 
adults and children. All test protocols will be stored in a locked file 
cabinet and will only be marked with my initials and subject number. 
Data from my child’s assessment will be entered in to a database by 
his/her subject number and will not be personally identifiable. At no 
point will my child’s name, place of residence, or level of performance 
be disclosed to others. In the event that the results of this research project 
is presented at a research meeting or in a published journal article, my 
child’s identity will be disguised with a pseudonym and other personally 
identifiable information will not be disclosed.  

 
(6) The clinic procedure is as follows: (1) Coming to the Center for Clinical and 

Developmental Neuropsychology in Aderhold Hall at 8:30 am on the scheduled 
date; (2) completing tests until lunch; (3) completing more standardized 
psychological procedures in the afternoon. These tests will include measures of 
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intelligence, academic achievement, memory, language ability, ability to 
organize information, and recent psychological distress (e.g., anxiety).  

 
(7) Participation involves no physical, psychological, social, or legal risks. My child 

may be stressed by evaluation procedures due to ongoing learning problems. The 
clinicians are doctoral students in the school psychology program who have been 
trained to help individuals cope with stress related to the assessment process. If 
my child experiences ongoing stress due to the assessment process, I may contact 
the clinicians at the CCDN office at (706) 542-4506. 

 
(8) Dr. Hynd or the examiners will answer any further questions about this research 

procedure either now or at any time later. Dr. Hynd can be contacted at 706-542-
4562 and the examiners can be contacted at 706-542-4506. 

 
 
My signature below indicates that the clinicians have answered all of my questions to 
my satisfaction and that I consent to volunteer for this study. I have been given a copy of 
this form.  
 
 
 
________        
Participant      Date 
 
 
________________________________     
George W. Hynd, Ed.D.      
Supervising Neuropsychologist and Director 
Center for Clinical and Developmental  
Neuropsychology      
(706) 542-4562 
 
 
Research at the University of Georgia that involves human participants is carried out 
under the oversight of the Institutional Review Board. For questions or problems about 
your rights, please call or write: Chris A. Joseph, Ph.D., Human Subjects Office, 
University of Georgia, 606A Boyd Graduate Studies Research Center, Athens, GA 
30602-7411; Telephone: (706) 542-6514; E-Mail Address: IRB@uga.edu 
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 - MRI STUDY - 
 
  PARENT CONSENT FORM 
 
 
I,                                  , agree to have a magnetic resonance image (MRI) 
scan of the head at Health Sounth Diagnostic Center of Athens, as coordinated by Dr. 
George W. Hynd (706-542-4265), Director and Supervising Psychologist of the Center 
for Clinical and Developmental Neuropsychology at the University of Georgia.  I 
understand that this participation is entirely voluntary; I can withdraw my consent at any 
time without penalty and have the results of the participation, to the extent that it can be 
identified as mine, removed from research records, but not clinic records.  I understand 
that I will not be charged for the MRI Scan or any related testing. 
 
(1) The purpose of this clinic procedure is related to the following research 

objective: 
 

(a) The MRI scan is traditionally "read" by a knowledgeable 
neurologist. One purpose of this clinic procedure is to determine if meaningful 
data can be obtained using brain measurement procedures available on 
computer software. Dyslexic (children with severe reading difficulties) and non-
dyslexic children and their parents are being used since some evidence suggests 
there may be subtle differences in brain structures between these individuals 
that are difficult to visualize in traditional clinical evaluation. 
 

(2) Since the objective of this clinic procedure relates to research issues, I understand 
that at some later date the data from my evaluation results may be included in a 
research project report. I also understand that in no fashion will these results be used 
in any individually identifiable manner. Thus, I am assured that should these results 
be used in later research, my confidentiality is protected. 

 
(3) The procedure is as follows: (1) coming to Health South Diagnostic Center of 
Athens on Prince Avenue on the scheduled date, (2) answering a few questions about 
my medical history, (3) having to lie down on a table with my head resting on a 
holder, and (4) having my head scanned (about 25-40 minutes are required) using 
standard MRI procedures. 

 
(4) The discomforts or stresses that may be faced during a MRI scan are (1) lying 

still on a padded table for a 25-40 minute period of time, (2) having the head 
fitted onto a holder, and (3) having the table moved into a confined space. 
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(5) Participation involves no physical, psychological, social, or legal risks.  

However, if I have any metal in my head other than dental work (e.g. aneuryism 
clips, metal shavings behind eye, etc.) I will not be allowed to participate. 

 
(6) The results of this procedure will be confidential and will not be released in an 
individually identifiable form without my prior consent unless required by law. All 
data used for research purposes will be coded by consecutive number and names will 
not be recorded or reported. 

 
(7) The primary investigator, Dr. Hynd, will answer any further questions about this 
clinic procedure or research, either now or at any later time. He can be reached at 
706-542-4562. 

 
 
My signature below indicates that the clinicians have answered all of my questions to 
my satisfaction and that I consent to volunteer for this study. I have been given a copy of 
this form.  
 
 
 
                                      
   
George W. Hynd, Ed.D.    Participant 
Psychologist and Director    (or parent/guardian) 
Center for Clinical and Developmental  
   Neuropsychology   
      
           
       Date 
 
Research at the University of Georgia that involves human participants is carried out 
under the oversight of the Institutional Review Board. For questions about or problems 
with your rights, please call or write: Chris A. Joseph, Ph.D., Human Subjects Office, 
University of Georgia, 606A Boyd Graduate Studies Research Center, Athens, GA 
30602-7411; Telephone: (706) 542-6514; E-Mail Address: IRB@uga.edu 
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- MRI STUDY - 
 
   CONSENT FORM FOR CHILD SUBJECTS 
 
 
I,                                  , agree for my child     
   to have a magnetic resonance image (MRI) scan of the head at Health South 
Diagnostic Center of Athens, as coordinated by Dr. George W. Hynd (706-542-4265), 
Director and Supervising Psychologist of the Center for Clinical and Developmental 
Neuropsychology at the University of Georgia.  I understand that this participation is 
entirely voluntary; I can withdraw my consent at any time without penalty and have the 
results of the participation, to the extent that it can be identified as my child’s, removed 
from research records, but not clinic records.  I understand that I will not be charged for 
the MRI scan or any related testing. 
 
(1) The purpose of this clinic procedure is related to the following research 

objective: 
 

(a) The MRI scan is traditionally "read" by a knowledgeable 
neurologist. One purpose of this clinic procedure is to determine if meaningful 
data can be obtained using brain measurement procedures available on 
computer software. Dyslexic (children with severe reading difficulties) and non-
dyslexic children and their parents are being used since some evidence suggests 
there may be subtle differences in brain structures between these individuals 
that are difficult to visualize in traditional clinical evaluation. 
 

(2) Since the objective of this clinic procedure relate to research issues, I understand 
that at some later date the data from my child’s evaluation results may be included in 
a research project report. I also understand that in no fashion will these results be 
used in any individually identifiable manner. Thus, I am assured that should these 
results be used in later research, my child’s confidentiality is protected. 

 
(3) The procedure is as follows: (1) coming to Health South Diagnostic Center of 
Athens on Prince Avenue on the scheduled date, (2) answering a few questions about 
my child’s medical history, (3) having to lie down on a table with his/her head 
resting on a holder, and (4) having his/her head scanned (about 25-40 minutes are 
required) using standard MRI procedures. 
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(4) The discomforts or stresses that may be faced during a MRI scan are (1) lying 
still on a padded table for a 25-40 minute period of time, (2) having the head 
fitted onto a holder, and (3) having the table moved into a confined space. 

(5) Participation involves no physical, psychological, social, or legal risks.  
However, if my child has any metal in his/her head other than dental work (e.g. 
aneuryism clips, metal shavings behind eye, etc.), he/she will not be allowed to 
participate. 

 
(6) The results of this procedure will be confidential and will not be released in an 
individually identifiable form without my prior consent unless required by law. All 
data used for research purposes will be coded by consecutive number and names will 
not be recorded or reported. 

 
(7) The primary investigator, Dr. Hynd, will answer any further questions about this 

clinic procedure or research, either now or at any later time. He can be reached at 
706-542-4562. 

 
My signature below indicates that the clinicians have answered all of my questions to 
my satisfaction and that I consent to my child’s participation in this study. I have been 
given a copy of this form.  
 
 
                                      
   
George W. Hynd, Ed.D.    Participant 
Psychologist and Director    (or parent/guardian) 
Center for Clinical and Developmental  
   Neuropsychology   
      
           
       Date 
 
Research at the University of Georgia that involves human participants is carried out 
under the oversight of the Institutional Review Board. For questions about or problems 
with your rights, please call or write: Chris A. Joseph, Ph.D., Human Subjects Office, 
University of Georgia, 606A Boyd Graduate Studies Research Center, Athens, GA 
30602-7411; Telephone: (706) 542-6514; E-Mail Address: IRB@uga.edu
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Appendix B 

Correlation matrix, means, and standard deviations for variables in the study. 

 

 

AgeMont
hs 

Gende
r FSIQ 

GORT 
Pass 

GORT 
Rate 

GORT 
Acc 

CTOPP 
PhonAwa 

CTOPP 
RapNam 

wholebrain 
voxels cc  voxels 

lhem 
voxels 

rhem 
voxels seg 1 seg 2 seg 3 seg 4 seg 5 

AgeMonth Pearson 
Corr 1 -0.114 0.240 0.641 0.669 0.611 -0.247 0.315 -0.271 0.082 -0.061 0.167 0.226 0.197 0.420 0.135 0.429 

Gender Pearson 
Corr -0.114 1 -0.038 -0.139 -0.178 -0.135 -0.025 0.025 0.551 0.303 0.081 0.411 0.199 0.183 0.168 0.172 0.032 

FSIQ Pearson 
Corr 0.240 -0.038 1 0.488 0.509 0.472 0.298 0.282 -0.022 0.119 0.083 0.101 0.079 0.224 0.221 0.095 0.211 

GORT 
Pass 

Pearson 
Corr 0.641 -0.139 0.488 1 0.969 0.967 0.014 0.431 -0.143 -0.011 0.012 -0.039 0.025 0.101 0.245 0.023 0.128 

GORT 
Rate 

Pearson 
Corr 0.669 -0.178 0.509 0.969 1 0.895 -0.065 0.448 -0.189 -0.031 -0.006 -0.054 0.014 0.083 0.259 -0.010 0.136 

GORT 
Acc 

Pearson 
Corr 0.611 -0.135 0.472 0.967 0.895 1 0.089 0.368 -0.130 0.024 0.034 -0.006 0.014 0.139 0.260 0.071 0.160 

CTOPP 
PhonAwa 

Pearson 
Corr -0.247 -0.025 0.298 0.014 -0.065 0.089 1 -0.073 0.048 -0.039 0.032 -0.095 -0.044 0.061 -0.070 -0.003 -0.036 

CTOPP 
RapNam 

Pearson 
Corr 0.315 0.025 0.282 0.431 0.448 0.368 -0.073 1 0.073 -0.020 -0.014 -0.021 -0.051 -0.050 0.099 0.129 0.032 

wholebrai
n voxels 

Pearson 
Corr -0.271 0.551 -0.022 -0.143 -0.189 -0.130 0.048 0.073 1 0.608 0.506 0.487 0.360 0.395 0.356 0.291 0.166 

cc voxels Pearson 
Corr 0.082 0.303 0.119 -0.011 -0.031 0.024 -0.039 -0.020 0.608 1 0.794 0.818 0.704 0.671 0.718 0.704 0.723 

lhem 
voxels 

Pearson 
Corr -0.061 0.081 0.083 0.012 -0.006 0.034 0.032 -0.014 0.506 0.794 1 0.300 0.377 0.388 0.469 0.527 0.471 

rhem 
voxels 

Pearson 
Corr 0.167 0.411 0.101 -0.039 -0.054 -0.006 -0.095 -0.021 0.487 0.818 0.300 1 0.727 0.665 0.660 0.590 0.665 

seg1 Pearson 
Corr 0.226 0.199 0.079 0.025 0.014 0.014 -0.044 -0.051 0.360 0.704 0.377 0.727 1 0.646 0.646 0.516 0.711 

seg2 Pearson 
Corr 0.197 0.183 0.224 0.101 0.083 0.139 0.061 -0.050 0.395 0.671 0.388 0.665 0.646 1 0.725 0.585 0.646 

seg3 Pearson 
Corr 0.420 0.168 0.221 0.245 0.259 0.260 -0.070 0.099 0.356 0.718 0.469 0.660 0.646 0.725 1 0.667 0.771 

seg4 Pearson 
Corr 0.135 0.172 0.095 0.023 -0.010 0.071 -0.003 0.129 0.291 0.704 0.527 0.590 0.516 0.585 0.667 1 0.637 

seg5 Pearson 
Corr 0.429 0.032 0.211 0.128 0.136 0.160 -0.036 0.032 0.166 0.723 0.471 0.665 0.711 0.646 0.771 0.637 1 

  MEANS 355.50 0.5147 108.06 101.15 99.147 103.15 85.35 99.15 1381611.6 11473.26 5258.43 5567.38 205.74 100.03 85.85 75.66 179.69 

  ST DEV 176.99 0.5035 12.41 20.34 19.187 20.88 13.60 16.69 139911.4 1963.59 1150.23 1177.41 34.30 18.31 17.17 21.37 33.33 
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Appendix C 

Demographics. 

Family members by gender and race. 

Family Members * Gender Crosstabulation

Count

9 15 24
0 20 20

24 0 24
33 35 68

Child
Father
Mother

Family
Members

Total

Female Male
Gender

Total

 
Family Members * Race Crosstabulation

Count

22 2 24
19 1 20
21 3 24
62 6 68

Child
Father
Mother

Family
Members

Total

Caucasian Minority
Race

Total

 



 

110 

 

Family members, by family. 

Family Number * Family Members Crosstabulation  
      
    Family Members Total 
  Child Father Mother  
Family Number 1 0 1 1 2
 2 0 1 1 2
 3 1 1 1 3
 4 1 1 1 3
 5 2 1 1 4
 6 1 1 1 3
 7 1 1 1 3
 8 1 1 1 3
 9 1 1 1 3
 10 0 1 1 2
 11 1 1 1 3
 12 0 1 1 2
 13 1 1 1 3
 14 1 1 1 3
 15 1 1 1 3
 16 1 0 1 2
 17 1 0 1 2
 18 2 1 1 4
 19 2 1 1 4
 20 1 0 1 2
 21 2 1 1 4
 22 1 0 1 2
 23 1 1 1 3
 24 1 1 1 3
Total  24 20 24 68
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