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ABSTRACT 

 

 Reading and arithmetic, both foundational skills essential for classroom success, are 

symbolic systems that were invented relatively recently in regard to evolutionary history;  so 

recently that the human brain has not evolved equipped with the ability to visually process, 

comprehend and manipulate these symbols.  However, brain plasticity allows recycling of 

regions designed for object recognition, magnitude processing, and verbal language in order to 

master these skills.  Through a series of functional and structural MRI studies, this dissertation 

examines (1) the neural substrates that are common to reading and arithmetic in typically 

developing children and adults, (2) the brain basis of arithmetic processing in children diagnosed 

with developmental dyslexia, and (3) the neuroanatomical profile of this reading disorder.  In the 

first study, we show that the left inferior frontal gyrus, a region known to support verbal 

language and phonological awareness, is co-activated during specifically in reading and addition 

in adults, but not in children.  Since addition is typically solved through retrieval-based strategies 

(but subtraction through procedural), this overlap suggests that language processing supports the 

acquisition of arithmetic fact retrieval.  In a second study, we show that addition (not 

subtraction) results in hypoactivity in the left superior temporal and inferior frontal gyri in 

dyslexic compared to typical children.  In a third and final study, we show that females with 

dyslexia have a unique neuroanatomical profile characterized by reductions in gray matter 

volume in primary sensory and motor cortices.  This is strikingly different from what we and 
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others see in males: less gray matter volume in regions known to support verbal language 

processing.  Our findings suggest that models of the brain basis of dyslexia, primarily developed 

through the study of males, may not be appropriate for females and suggest a need for more sex-

specific investigations into dyslexia.  This work informs future research in cognitive 

neuroscience, and has implications for both the typical and struggling student. 
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CHAPTER I:   

 

 

OVERALL INTRODUCTION 
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Reading and arithmetic: Cultural inventions 

Reading and arithmetic are both cultural inventions which have come to use relatively 

recently in human history.  The Babylonians invented reading nearly 5400 years ago, and even 

more recently, positional numeration originated in India about 1400 years ago.  The neuronal 

recycling hypothesis (Dehaene and Cohen, 2007) posits that since the cultural inventions of 

reading and arithmetic did not emerge early enough to exert evolutionary pressure in shaping the 

organization of the human brain, these symbolic-based systems force the brain to ‘recycle’ 

evolutionary older brain regions, and are thus subject to the existing constraints of this circuitry.  

In addition to the structure that this imparts, this theory also presumes some flexibility in brain 

organization.  Certain regions must have the plasticity to enable the processing of new 

information from the environment, in this case, entire languages (Dehaene, 2009).  Within the 

ventral visual stream in the fusiform gyrus, regions involved in object processing have been 

‘hijacked’ for visual identification of letters, words, and numbers.  This specificity for letters and 

numbers becomes more refined over the course of development (Libertus et al., 2009; Cantlon et 

al., 2011).  Specificity for whole words is also found in the occipital-temporal lobe, but is 

lateralized to the left hemisphere in a region deemed the ‘visual word form area’ (Dehaene et al., 

2002; Glezer et al., 2009).  In the domain of arithmetic, single unit electrophysiology in non-

human primates has identified neurons tuned to quantity within the fundus of the intraparietal 

sulcus (Nieder and Miller, 2004).  Presumably an evolutionary precursor to higher order 

computation, the horizontal intraparietal sulcus demonstrates invariance to number format (i.e. 3, 

three, .: ) in humans and has been suggested to be a locus for abstract magnitude representation 

(Piazza et al., 2007).   Outside of this core number system in the intraparietal sulcus, it has been 
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suggested that retrieval-based symbolic arithmetic is supported by verbal processing and relies 

on regions associated with language, including the supramarginal and angular gyri, as well as 

inferior frontal cortex (Dehaene and Cohen, 1995). 

 

Neural basis of reading and arithmetic 

Single word reading is supported by a network of regions in the left hemisphere, 

including dorsal (temporal-parietal), ventral (occipital-temporal) and inferior frontal circuits (for 

review see Pugh et al., 2000; Sandak et al., 2004).  The occipital-temporal cortex, as discussed 

above, is home to the visual word form area, and is responsible for visual identification of words.  

Both the temporal-parietal and inferior frontal cortices play a role in sound to word 

correspondence (phonological processing) and identification of word meaning (semantic 

processing).  These superior regions not only support written language but also spoken language, 

which has existed longer and therefore, is thought to have an evolutionary history that the 

occipital-temporal cortex does not.  Arithmetic is supported by a bilateral frontal-parietal 

network including the posterior parietal and prefrontal cortices (Arsalidou and Taylor, 2011; 

Nieder and Dehaene, 2009).  Dissociated signals are observed for arithmetic problems mediated 

by retrieval-based strategies (i.e. small addition and multiplication) and procedure-based 

strategies (i.e. subtraction, division, large problems) in both adults and children.  Much of this 

bilateral frontal-parietal network is associated with solving problems via procedure.  Children 

utilize the hippocampus for retrieval problems (DeSmedt et al., 2011), and adults the inferior 

frontal (Dehaene and Cohen, 1997) and temporal-parietal cortex (Grabner et al., 2009).  This 

lends support for Dehaene’s triple-code model (Dehaene and Cohen, 1995) that posits that these 
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regions allow verbally-mediated access to these fact-based retrieval problems.  The model posits 

that quick access occurs via the more anterior inferior frontal gyrus with its subcortical 

connections to the basal ganglia and other nuclei, and if more semantic elaboration is necessary, 

verbal retrieval is supported by the more posterior temporal-parietal cortex.  One could speculate 

that candidate regions for common neural substrates across reading and arithmetic would be 

within these areas, and some support for this has been found in adults, with specificity for 

multiplication versus subtraction (i.e. the solving retrieval-based versus procedural-based 

problems) seen in inferior frontal and middle temporal gyri (Prado et al., 2011).  Exploring the 

potential overlap of reading and retrieval-based arithmetic from a developmental perspective is 

the main aim of Chapter II of this work. 

 

Neural basis of developmental dyslexia 

Developmental dyslexia, a highly heritable (Olsen et al., 1989) developmental disorder 

which impacts reading skill not otherwise explained by intelligence or access to instruction, is 

found in 7-12% of the English speaking population (Katusik et al., 2001; Rutter et al., 2004), and 

is 2 – 3 times more prevalent in males than in females (Rutter et al., 2004).  Individuals with 

dyslexia consistently present with impairments in phonological processing (Ramus, 2003; 

Vellutino et al., 2004).  This is arguably the core deficit of the disorder, though it may not be 

universal, because a sub-set of dyslexics show deficits in visual attention and motion processing 

(for review see: Valdois et al., 2004).  Neuroimaging studies of individuals with dyslexia have 

found hypoactivity relative to typically reading controls during a variety of language tasks in the 

two posterior regions in the left hemisphere: within the temporal-parietal regions and occipital-
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temporal cortex (Flowers et al., 1991; Brunswick et al., 1999; Temple et al., 2001; Shaywitz et 

al., 2002; Eden et al., 2004; McCrory et al., 2005).  These differences have been attributed to 

weaknesses in phonological decoding and visual word recognition, respectively.  Hyperactivity 

has also been found in dyslexic subjects relative to typical readers during phonological tasks in a 

more anterior region within the left inferior frontal cortex (Shaywitz et al., 1998; Georgiewa et 

al., 1999; Georgiewa et al., 2002).  It has been proposed that this hyperactivity in the left frontal 

cortex is a result of compensatory mechanisms to overcome the deficits in left posterior cortices 

(Pugh et al., 2001).  However, other studies find relative hypoactivation in the left inferior frontal 

cortex in dyslexia (Richlan et al., 2010; Wimmer et al., 2010) compared to controls and a recent 

meta-analysis suggests hyperactivity in the left precentral gyrus in both adults and children with 

dyslexia and hypoactivity in the left inferior frontal gyrus in adults within the left inferior frontal 

cortex (Richlan et al., 2011).  Structural neuroimaging work has converged on these results, 

demonstrating reductions in gray matter volume in bilateral temporal-parietal and left occipital-

temporal cortex (Linkersdorfer et al., 2012).  Most of the work on brain anatomical differences, 

however, has been in entirely male or mostly male samples, raising the question whether these 

neuronal changes are present in both males and females with developmental dyslexia.  We begin 

to answer these questions with a structural study of males and females with dyslexia in Chapter 

IV.  

  

Why should we study reading and arithmetic in parallel? 

Both reading and arithmetic are explicitly taught in the school years during which 

heterogeneity in performance can be seen across individuals.  They are reliant on key skills that 
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facilitate success.  Strong correlations are found between measures of reading and mathematics 

in typically developing children (Bull et al., 2008; Bull and Johnston, 1997; Hecht et al., 2001).  

Specifically, Hecht and colleagues (2001) evaluated multiple measures of phonological 

processing in second graders and its predictive value for computation ability throughout 

elementary school years through three core skills: phonological awareness, phonological 

memory, and the rate of access to phonological codes.  Phonological awareness was found to be 

the best long term predictor of mathematical competency, an outcome measure evaluated by 

untimed computation and timed small digit arithmetic. 

Further, dyslexia and dyscalculia, developmental disorders that are defined by weakness 

in each of these areas, have a high comorbidity of 20-60% (Lewis et al., 1994).  These comorbid 

individuals have a unique behavioral profile, with pronounced deficits in working memory, along 

with the core deficits seen in pure dyslexia and dyscalculia, weaknesses in phonological 

processing and understanding numerosities (Butterworth et al., 2011), respectively.  Although we 

do not explicitly look at this comorbid population in this work, we begin to examine the 

influence that one system has on another by investigating the neural overlap of reading and 

arithmetic in Chapter II.  We extend the work in Chapter III into a group of children that 

struggles with reading, asking how reading impairment affects the neural basis of arithmetic, 

even when these children are characterized as normal in math performance.  The overall 

prediction is that a left-lateralized network of regions typically associated with verbal language 

processing, including the left inferior frontal and temporal-parietal cortices, plays an essential 

role in supporting acquisition of retrieval-based arithmetic via educational experience, which will 
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consequently be impaired and reflect in both the behavior and neural profile of children with 

developmental dyslexia.  

 

Outline of remaining chapters 

 

Chapter II:  Do reading and retrieval-based arithmetic share neural substrates? 

Arithmetic has been linked to reading via phonological awareness skills (Hecht et al., 

2001; DeSmedt et al., 2010) or a more general supportive role of language in the acquisition of 

skills in mathematics.  To directly test the common brain regions subserving reading and 

arithmetic the experiment described in this chapter utilizes closely matched functional MRI 

(fMRI) tasks of both reading and arithmetic.  Further, it has been argued that retrieval-based 

(addition) and procedure-based (subtraction) operands are subserved by different brain regions 

and that retrieval-based arithmetic has commonalities with reading that are not observed for 

procedure-based arithmetic.  We therefore examined both types of operands and predicted 

overlap between reading and retrieval-based arithmetic, positing that this would be most strongly 

observed in experienced adults experienced compared to younger readers.  

Hypothesis:  Based on previous behavioral and neuroimaging literature, we predict 

overlap in both groups in left temporal-parietal and inferior frontal cortices, as these regions 

subserve phonological processing.  We predict this overlap to be specific for retrieval-based 

arithmetic (addition), and hypothesize that the overlap will be greater in adults who have 

accumulated more experience in these skills. 

 



 

8 

 

Chapter III:  Are the neural substrates sub-serving arithmetic altered in developmental dyslexia?  

 If language does play a supportive role in arithmetic processing as chapter II suggests, 

then one might expect that arithmetic processing would be affected in children with a reading 

disorder.  Previous work has shown that the degree of phonological impairment in dyslexia is 

correlated with fluency of retrieval-based arithmetic problems (Boets and DeSmedt, 2010; 

DeSmedt and Boets, 2010; Gobel and Snowling, 2010).  This experiment utilizes an identical 

arithmetic paradigm as in chapter III, but here we examine arithmetic processing in dyslexic 

children compared to a group of typically developing controls.  While the dyslexic subjects 

exhibit typical performance in mathematics, we predict that we they will differ in brain function 

during retrieval-based arithmetic, because this function relies on language-based processes (most 

likely phonological coding), which are impaired in dyslexia. 

Hypothesis:  We predict that dyslexics will exhibit hypoactivity during retrieval-based 

arithmetic processing (addition problems) in left temporal-parietal and inferior frontal cortices. 

 

Chapter IV: What is the neuroanatomical basis of developmental dyslexia?   

Developmental dyslexia, characterized by unexpected reading difficulty, is associated 

with anomalous brain anatomy and function.  Previous structural neuroimaging studies have 

converged in reports of less gray matter volume (GMV) in dyslexics compared to controls within 

left hemisphere regions known to subserve language.  Due to the higher prevalence of dyslexia in 

males, these studies are heavily weighted towards males, raising the question whether using the 

same techniques to study dyslexia in females would generate the same findings.  The study 

presented in this dissertation characterizes the structural neuroanatomy in individuals with 
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developmental dyslexia compared to age and IQ-matched typically reading controls in males and 

females, and by addressing the question in children as well as adults (Evans et al., under review).   

Hypothesis:  The neuroanatomical profile of dyslexia found in men will be replicated in 

female samples.  

Alternative Hypothesis:  The neuroanatomical profile of dyslexia found in females will 

not represent a replication of that observed in male samples, because of the sex-specific 

differences that exist in the normal population in brain anatomy and brain functions subserving 

language.  

 

Chapter V: Overall Discussion 

The last chapter links the results of Chapters II and III, examining the role that the 

inferior frontal gyrus plays in reading and arithmetic in skilled and dyslexic readers.  It then 

provides an overall discussion of the unanswered questions that arise from this work, laying out 

future questions to be addressed in the field, including (1) the potential role of sex in the neural 

overlap of reading and math processing, (2) the roles of working memory and phonological 

awareness, (3) the possibility for reading interventions having carryover into arithmetic skills.  It 

then cites limitations of this work, mostly in regards to how to handle individual differences in 

both behavioral and neuroimaging results.  It concludes by summarizing the key findings from 

this dissertation. 
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CHAPTER II:   

 

 

DO READING AND RETRIEVAL-BASED ARITHMETIC  

SHARE NEURAL SUBSTRATES? 
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INTRODUCTION 

Reading and mathematics are unique in our repertoire of cognitive skills, because they 

are uniquely human and explicitly taught over a protracted period of time via formal schooling.  

Their recent cultural invention means that they are exempt from evolutionary pressures.  It has 

been proposed that reading and arithmetic both rely on a combination of brain mechanisms, 

involving areas that have a long evolutionary history, as well as regions that evolved for another 

purpose that are converted to accommodate these novel tasks through plasticity, in a framework 

that has been described as neuronal recycling (Dehaene and Cohen, 2007).  Specifically, reading 

relies on the left parietal-temporal cortices for aspects that are shared with spoken language, such 

as phonological and semantic processing, while the left occipital-temporal cortex is redirected 

from object processing to word form recognition.  Magnitude processing resides in the bilateral 

intraparietal sulci and has been shown to be used for arithmetic involving procedural-based 

operands, while retrieval-based operands of symbolic representation, such as addition and 

multiplication (for small quantities) have been shown to engage regions that are also utilized for 

language, namely supramarginal gyrus, angular gyrus and inferior frontal cortex.  

This framework suggests that (a) some brain regions used for reading or arithmetic are 

engaged early on whilst others are drawn into the process as a consequence of skill acquisition 

and (b) reading and arithmetic overlap in the brain in left hemisphere inferior parietal and 

inferior frontal cortex, specifically for retrieval-based but not procedural-based operands.  While 

disparate studies have examined brain activity in children and adults during reading (for review 

see: Pugh et al., 2001; Turkeltaub et al., 2003; Schlaggar and McCandliss, 2007) or arithmetic 

(Dehaene et al., 2003; Rivera et al., 2005; Rosenberg-Lee et al., 2011a; for meta-analysis of both 
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see: Houdé et al., 2010), and have investigated the neural basis for different arithmetic operands 

(Lee, 2000; Dehaene and Cohen, 1997; DeSmedt et al., 2011; Rosenberg-Lee et al., 2011b), the 

current study combines all of these aspects to test this theoretical framework by comparing 

typical children to adults, carefully evaluated for their normal reading and arithmetic abilities, 

during similarly designed reading and arithmetic tasks, with the latter being divided between 

procedural-based and retrieval-based operands.  Consistent with the notion of cortical recycling 

utilizing territory that is functionally relevant for newly acquired skills, we anticipate areas 

associated with spoken language to be particularly supportive for the storage and retrieval 

strategies utilized during arithmetic retrieval processing.  We expect to observe overlap between 

reading and math in the left inferior parietal cortex and left inferior frontal cortex, with the 

overlap most pronounced in adults, due to their greater expertise with these skills compared to 

children. 

Mastery in reading and arithmetic are crucial for successful academic achievement.  As 

such, there is an urgent need to understand how both skills become successfully established in 

the brain during the course of education.  The results of this line of inquiry could also inform 

studies of learning disabilities of reading and math.  Further, our results will provide insights into 

the process by which two important, culturally-driven skills are organized in parallel and in 

concert, in the brains of children and adults through the use of existing systems combined with 

ontogenetic construction of new systems. 

 In our first experiment we characterize operation-specific neural activity during 

arithmetic problem solving using the operands of addition and subtraction in adults and children.  

In our second experiment we introduce a closely matched reading task to compare the 
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developmental course of reading to that of operation-specific arithmetic, with the assumption 

that reading and addition will share more neuronal territory than reading and subtraction, due to 

their common uses of language processes.  We test this prediction by performing a conjunction 

analysis in both groups for the addition and reading tasks.  Based on their developmental courses 

and considering models of reading (Pugh et al., 2001) and arithmetic (Dehaene and Cohen, 

1995), we predict greater neural overlap in left inferior frontal and temporal-parietal cortices for 

addition and reading in adults than in children.  We expect this overlap during addition and 

reading because it has been suggested that verbally mediated retrieval of arithmetic facts from 

memory (i.e. small-digit addition and multiplication, but not subtraction, which invokes 

procedural strategies) is correlated with phonological awareness, a skill critical to successful 

reading acquisition (De Smedt et al., 2010). 
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METHODS 

Subjects 

Thirty subjects (15 adults, 15 children) participated in this study.  The Georgetown 

University Institutional Review Board approved all experimental procedures, and written 

informed consent was obtained from each individual and the legal guardian for subjects less than 

18 years of age.  All participants were monolingual English speakers and in good physical 

health.  

 

Neuropsychiatric Battery 

All subjects were evaluated through standardized measures of performance IQ (Wechsler 

Abbreviated Scale of Intelligence: WASI-PIQ; Wechsler, 1999), verbal IQ (WASI V-IQ), 

arithmetic speed (Woodcock Johnson Test of Achievement III: WJ Math Fluency; Woodcock et 

al., 2001), untimed computation (WJ Calculation), and problem solving (WJ Applied Problems).  

Subjects performed in or above the normal range (> 85 points) on all metrics.  Adult and 

pediatric groups did not significantly differ on any of these measures, but were significantly 

different in age (p < 0.05).  See Table IIA for details. 

 

Arithmetic Task 

An arithmetic task was utilized to characterize the networks involved in the operations of 

addition and subtraction, in both adults and children.  In the experimental task, subjects 

performed single-digit calculation verification (addition or subtraction) consisting of a two-

operand equation and a single-digit resultant (e.g. 2 + 3 = 5 or 7 – 4 = 3), indicating via right or 
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left thumb button press whether the resultant was correct or incorrect.  For incorrect 

experimental stimuli, resultants were one digit from the correct answer (e.g. 2 + 3 = 6).  In the 

active control conditions, one of the operands and the resultant were replaced by pseudofont 

characters, and subjects indicated whether these characters on either side of the equal sign were 

the same (e.g.         ) or different (e.g.          ).  Each task (addition and subtraction) had their 

unique control stimuli and addition and subtraction were acquired in alternating blocks within 

experimental runs. Correct and incorrect arithmetic experimental problems (50% correct, 50% 

incorrect), and same and different control problems (50% correct, 50% incorrect) were 

randomized within each block.  Accuracy and reaction time difference scores (experimental tasks 

greater than controls) are reported in Table IIB for both children and adults.  Given that these 

scores are significantly different across groups for both addition and subtraction, reaction time 

difference is added as a regressor of no interest in subsequent analyses. 

 

Reading Task 

We employed a reading task that has been widely used (Price et al., 1996; Turkeltaub et 

al., 2003; Turkeltaub et al., 2004; Olulade et al., 2012) and is well-matched to the arithmetic 

tasks so as to directly compare brain regions involved in addition with those involved in reading.  

In this reading task, subjects indicated by button press the presence of a tall letter (e.g. there is a 

tall letter, ‘t’, in the word ‘stoop’; there is not a tall letter in the word ‘marry’) while viewing 

single real words.  In a control task, words were replaced by strings of pseudofont characters, 

and subjects indicated whether they saw a tall character or not.  The presence of a tall 

letter/character in a word/pseudoword (50% tall, 50% incorrect) was randomized within each 
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block.  Accuracy and reaction time difference scores (experimental reading task greater than 

control) are reported in Table IIB for both children and adults.  Given that these scores are 

significantly different across groups for reading, reaction time difference is added as a regressor 

of no interest in subsequent fMRI analyses. 

 

fMRI Acquisition 

A block-design paradigm was utilized, with two 4.2 minute runs for each task consisting 

of 4 blocks with 10 trials per block for each condition.  Stimuli were presented in black font on a 

white screen for 4.2 seconds per trial, with a 1.2 second inter-stimulus interval during which a 

black fixation cross was presented.  Blocks were interspersed with 18 seconds of rest, with an 

additional 6 seconds coming at the beginning of each run.  This resulted in the collection of a 

total of 28 whole-head EPI volumes for each condition.  Scanning was done on a  3.0 Tesla 

Siemens Tim Trio Magnetom scanner with the following acquisition parameters:  TR = 3000ms, 

TE = 30ms, 64 x 64 matrix, 192 mm FOV, 50 axial slices, 3.0 x 3.0 x 2.8mm voxels.  Structural 

3-D T1 MPRAGES were acquired and used to coregister the functional data. 

 

fMRI Analysis 

Using SPM8 (SPM8, Wellcome Department of Cognitive Neurology, London), we 

modeled the hemodynamic response function using the general linear model during performance 

of [1] the arithmetic operations of (a) addition and (b) subtraction and [2] single word reading, 

regressing out global mean signal and 6 motion parameters (roll, pitch, yaw, x, y, z) as regressors 

of no interest.  Contrast maps were generated for each subject for (1) Both Arithmetic Tasks> 
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Active Control Conditions (2) Addition > Addition Active Control Condition, (3) Subtraction > 

Subtraction Active Control Condition, and (4) Reading > Reading Active Control Condition. 

 

Group Maps 

One sample t-tests were used to generate group maps for the three tasks (Addition, 

Subtraction and Reading), and general arithmetic (All Arithmetic).  The reaction time difference 

score for each respective task was entered for each individual subject as a regressor of no 

interest.  A height threshold of p < 0.005 with a cluster-level FDR corrected extent threshold of 

p<0.05 was implemented. 

 

Conjunction of Reading and Arithmetic 

Conjunction analyses were performed in the pediatric (7 – 15 years old) and adult sample 

(19 - 25 years old) for reading AND addition using the minimum statistic compared to the 

conjunction null (Nichols et al., 2005).  A height threshold of p < 0.001 with a cluster-level FWE 

corrected extent threshold of p < 0.05 was implemented.  We used a Bonferroni correction for 

multiple comparisons to adjust for the two conjunction analyses performed.  The critical p-value 

for corrected extent threshold was then p < 0.025 (p<0.05/2).  
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RESULTS 

Experiment #1:  General vs. Operation Specific Arithmetic in Adults and Children 

All Subjects 

Addition and Subtraction Combined > Active Control Conditions 

First, in all subjects, we identified regions that were involved in general arithmetic 

processing, implementing a one sample t-test for the (addition and subtraction > addition and 

subtraction control) contrast, and identified a bilateral frontal-parietal network, in accordance 

with previous findings (Arsalidou and Taylor, 2011; Nieder and Dehaene, 2009).  Areas of 

activation included bilateral inferior parietal lobe, supplementary motor area and inferior frontal 

gyri (extending into the middle frontal gyrus in the left hemisphere) as well as clusters in the 

right cerebellum.  See Table IIC and Figure IIA panel A for details. 

Addition > Active Control Condition 

We identified regions specific to the operation of addition with a one sample t-test of the 

(addition > addition control) contrast.  Significant clusters emerged in the left supplementary 

motor area and bilateral middle frontal gyri (extending into inferior frontal gyrus in the left and 

superior frontal gyrus in the right hemisphere) in all subjects.  See Table IIC and Figure IIA 

panel B.  Absence parietal lobe activity is indicative of reduced reliance on quantitative strategy 

and a shift toward verbally-mediated fact retrieval, subserved by the frontal lobes. 

Subtraction > Active Control Condition 

As anticipated, the (subtraction > subtraction control) contrast activated clusters in 

bilateral inferior parietal lobes, medial frontal gyri/supplementary motor area, right inferior 

frontal gyrus and left cerebellum.  See Table IIC and Figure IIA panel C.   



 

19 

 

Adults 

Addition and Subtraction Combined > Active Control Conditions 

 In the adults, general arithmetic processing (addition and subtraction combined) activated 

significant clusters in the bilateral inferior frontal gyri, middle frontal gyri, and cerebellum, as 

well as left inferior parietal lobe.  See Table IIC and Figure IIA panel D. 

Addition > Active Control Condition 

In adults, operation-specific activity during addition was identified in bilateral inferior 

frontal gyri, as well as left hemisphere cerebellum, supramarginal and middle frontal gyri, and 

supplemental motor area.  See Table IIC and Figure IIA panel E.  This is consistent with 

previous fMRI studies in adults (Arsalidou and Taylor, 2011) and a left subcortical lesion study 

in an adult patient resulting in impaired rote verbal knowledge including arithmetic problems in 

addition and multiplication (Dehaene and Cohen, 1997).   

Subtraction > Active Control Condition 

The (subtraction > control) contrast activated bilateral cerebellum, insula/inferior frontal 

gyri (extending into the putamen in the right hemisphere), and anterior cingulate as well as the 

expected left inferior parietal lobe in adult subjects.  Activation patterns during computation of 

subtraction problems are consistent with previous adults studies (Arsalidou and Taylor, 2011; 

Rosenberg-Lee et al., 2011b).  See Table IIC and Figure IIA panel F. 

Children 

Addition and Subtraction Combined > Active Control Conditions 

We identified regions involved in general arithmetic in the children by implementing a 

one sample t-test for the (addition and subtraction > addition and subtraction controls) contrast.  
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Significant clusters were identified in bilateral inferior parietal lobes and the left supplementary 

motor area extending into superior/medial frontal gyri.  On visual inspection, the activity was 

more concentrated in parietal cortex compared to the adults, indicative a greater reliance on 

quantity knowledge.  See Table IIC and Figure IIA panel G.  

Addition > Active Control Condition 

In children, operation-specific activity during addition was restricted to a single cluster in 

the left supplementary motor area.  See Table IIC and Figure IIA panel H.  This is notably 

different from the extensive left-lateralized activation seen in the adults during addition in left 

inferior frontal and supramarginal gyri.   

Subtraction > Active Control Condition 

As expected, subtraction in children was mediated by bilateral inferior parietal lobes and 

a cluster in the left supplementary motor area extending into the cingulate cortex.  These bilateral 

parietal findings are consistent with De Smedt et al., 2011, suggesting that children rely on 

quantity-based procedural strategies while solving subtraction problems.  See Table IIC and 

Figure IIA panel I. 

 

Experiment #2: Single Word Reading in Adults and Children 

 

Adults:  Reading > Active Control Condition 

In adults, the reading task activated middle/inferior temporal lobes and middle/inferior 

frontal gyri in the left hemisphere, in agreement with developmental studies of reading 

(Turkeltaub et al., 2003).  See Table IID and Figure IIC panel A (reading activity overlaid with 

addition).  As can be seen in the overlay, there appears to be overlap in the left inferior/middle 
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frontal gyrus between addition and reading, which we statistically interrogate below with a 

conjunction analysis. 

Children: Reading > Active Control Condition 

 

In children, the implicit reading task relative to its control condition activated a single 

cluster in the left inferior frontal gyrus.  See Table IID and Figure IIC panel B (reading activity 

overlaid with addition).   Unlike in the adult sample, there does not appear to be any overlap 

between addition and reading in the children, which we test directly in a conjunction analysis. 

To test whether there are common brain regions subserving the arithmetic operation of 

addition and reading, we performed a conjunction analysis for adults and then also for children.  

A whole brain conjunction analysis of addition > control AND reading > control in adults 

utilizing the conjunction null hypothesis (Nichols et al., 2005) revealed one significant cluster 

(height threshold p < 0.001, extent threshold p < 0.05 FWE cluster corrected) in the left inferior 

frontal gyrus.  This converges with the results of Prado and colleagues (2011), who demonstrate 

specificity for multiplication relative to subtraction in a cluster in the inferior frontal gyrus, 

identified by a phonological processing task.  No significant results emerged for the identical 

conjunction analysis in children.  Although there is activation within the left inferior frontal 

gyrus during the reading task in the children, there is no activity in that region during addition, 

lending support to the notion that language faculties develop earlier and provide support for the 

later acquisition of arithmetic skills.  (Additionally, no significant results were found for 

subtraction > control AND reading > control for either adults or children.)  See Table IID and 

Figure IIC.  This result suggests a neural overlap for arithmetic specific to addition and reading 

in the left inferior frontal gyrus in adults that is not present in children.  
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DISCUSSION 

Here we studied brain activity subserving arithmetic (addition and subtraction) and 

reading, using closely matched tasks, to identify the neural substrates that mediate these 

foundational classroom skills in children and adults.  Further, we searched for co-localization of 

the arithmetic skill of addition and reading at two different age groups.  This was done  to 

address whether common mechanisms for retrieval-based arithmetic and written language are 

influenced by the education/experience and language development that are more pronounced in 

adults than in children.   

Our results confirm theories about these two, relatively new cultural inventions that have 

grown out of disparate studies using behavioral and brain imaging research.  First, we find 

support for the involvement of the left inferior frontal cortex in both reading and arithmetic 

procedure that is retrieval-based.  This finding had been predicted by behavioral studies 

suggesting that skills that promote reading (such as phonological coding) also promote math 

acquisition (Hecht et al., 2001),  and by imaging work suggesting that areas in left inferior 

frontal cortex involved in phonological processing also subserve multiplication (Prado et al., 

2011). Second, our findings demonstrate that it is the process of education/experience that leads 

to this dual involvement of the left inferior frontal cortex in both of these skills, illustrated by 

conjunction seen across tasks in adults (for both addition and reading, but not subtraction), but 

not in children.  This observation is consistent with the idea that education and the development 

of language skills facilitate retrieval-based arithmetic. 
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Fluent mastery in arithmetic and reading are crucial for later successful academic 

achievement.  Although these foundational skills and their neural bases have been studied 

extensively in isolation, their relationship to each other is not as well characterized.  The present 

study investigates developmental changes associated with arithmetic processing specific to the 

operands of addition and subtraction and their relationship to single word reading.  This 

discussion first summarizes previous work in the functional neural development of arithmetic 

processing, then gives an overview of evidence from neuropsychological and brain imaging 

research investigating dissociable bases of the four basic arithmetic operands, discusses the role 

of strategy during arithmetic problem solving, highlights how training studies have been used as 

a model of development, and finally provides brain and behavioral evidence to suggest that 

language development plays an important role in the acquisition of arithmetic proficiency, which 

highlights the importance of studying these two foundational skills in parallel and throughout 

development. 

 

Functional neural development of arithmetic processing 

Arithmetic calculations in adults involve bilateral frontal-parietal networks (Arsalidou 

and Taylor, 2011; Nieder and Dehaene, 2009).  These have been shown to change across the 

course of development (Rivera et al., 2005; Kucian et al., 2008; Davis et al., 2009).  A cross-

sectional study conducted in 8-19 year olds showed that while solving addition and subtraction 

problems, activation in bilateral frontal regions decreased with chronological age, while 

activation in left parietal regions showed increases across development (Rivera et al., 2005).  

This age-related increase in the left parietal lobe has since been replicated (Kucian et al., 2008; 
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Davis et al., 2009; Rosenberg-Lee et al. 2011a).  More recent results from a meta-analysis 

incorporating studies across various numerical tasks in both children and adults supports the idea 

that there is a greater reliance on frontal structures in childhood, and a shift towards posterior 

parietal cortices during adulthood as calculations become more automated (Houdé et al., 2010).   

These results may seem at odds with our findings, but it is important to note that our 

study separated addition and subtraction, whereas the Rivera et al., 2005 study combined these 

operands.  Between-study differences are likely to be attributed to other task and population 

specific discrepancies.  Our participants were carefully evaluated to make sure that their math 

(and reading) skills were in the normal or above normal range.  Our interpretation of these 

findings is that for addition one would expect a shift from parietal cortex to frontal cortex with 

age, as observed in our study.  This is consistent with the notion that the intraparietal sulcus has 

the initial responsibility for this task, due to its historical role in numerosity, but then, through 

the development of language, left frontal regions become the support structure for retrieval-based 

arithmetic function.  By the same account, subtraction does not emerge in the left inferior frontal 

cortex in adults, as it is presumably executed by functions that reside in parietal cortex.  The 

differential use of retrieval (addition) and procedural (subtraction) strategies could be largely due 

to the educational methods employed during early instruction (i.e. addition, and multiplication 

are largely taught via memorization).  If subtraction problems were also taught via 

memorization, their neural signature would likely shift to more closely resemble that of small-

digit addition and multiplication problems. 
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Differential behavior and brain basis of arithmetic operands 

A key focus of our experiments was the use of different arithmetic operations, which 

have been hypothesized to involve different mechanisms based on behavioral studies.  These 

have demonstrated a different strategy and slower reaction times when a quantitative approach is 

involved in solving calculations.  For example, when third grade children are asked to perform 

arithmetic computations and indicate their strategy, they are much less likely to utilize direct 

retrieval when solving subtraction problems relative to addition (Barrouillet et al., 2008).  These 

operation-specific strategy differences are seen across culture (Campbell and Xue, 2001) and age 

(Imbo and Vandierendonck 2008).  Perhaps surprisingly, even educated adults show decreased 

accuracy (Delazer et al., 2003b) and increased reaction times when mentally computing 

subtraction problems compared to addition problems, lending support for these arithmetic 

operations to be studied separately.   

Differential strategy use can also be identified by brain regions uniquely involved in the 

specific operations of arithmetic (addition, subtraction, multiplication and division), which have 

been shown to vary in adults (Lee, 2000; Dehaene and Cohen, 1997; Rosenberg-Lee et al., 

2011b) as well as in children (De Smedt et al., 2011).  Unique patterns within the calculation 

network have been identified in adults, with activation in the left angular gyrus supporting 

multiplication in contrast to a bilateral frontal-parietal network mediating subtraction (Lee, 

2000).  In another study, distinct regions were identified in a group of ten to twelve year old 

children performing arithmetic: addition engaged the right hippocampus compared to subtraction 

which activated a diffuse bilateral network of brain regions (De Smedt et al., 2011).  It is difficult 

to make a direct comparison between our study and the present, because addition and subtraction 
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were contrasted to one-another directly and never to a common baseline.  In a cytoarchitectonic 

mapping study, Rosenberg-Lee and colleagues (2011b) found greater activation for subtraction 

relative to addition in the superior parietal lobe extending into the intraparietal sulcus of the left 

hemisphere in adults.  The authors attributed this to strategy use, where small-digit addition and 

multiplication problems are generally thought to be solved through direct retrieval, but 

subtraction and division problems rely on more quantitative strategies.  This interpretation is 

consistent with our findings in adults, who also use parietal cortex for subtraction and frontal 

regions for addition.  

Further information comes from lesion literature, in which a double dissociation has been 

identified between rote arithmetic facts and quantitative arithmetic knowledge in adult patients 

with lesions to left subcortical and right inferior parietal cortex, respectively (Dehaene and 

Cohen, 1997).   

 

The role of strategy during calculation 

During arithmetic processing, the strategy an individual implements changes extensively 

throughout development.  In a beginning learner, finger counting is common, then reconstructive 

strategies (e.g. counting to/from larger number), followed by more complex procedural 

calculation strategies which seem to be retained through adulthood in some operations (e.g. 

subtraction, division, all large problems) but in other operations (e.g. small addition and 

multiplication problems), a shift from calculation to verbally mediated fact-retrieval mechanisms 

with age occurs (Ansari, 2008; Ashcraft, 1992; Butterworth, 2005; Menon, 2010).  This process 

becomes increasingly automated, and in adults, the recall of addition facts occurs even 
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neglecting explicit instruction, where just seeing two numbers causes a subject to automatically 

think of its sum (LeFevre et al., 1988).  In these experiments, subjects see two numbers presented 

simultaneously and are asked to memorize them.  Then, after a second, they determine if the 

third digit matched either of the first two; when the correct sum of the first two numbers is 

presented, this significantly decreases the time it takes to respond correctly.  The particular 

strategy implemented during calculation has also been shown to mediate the brain regions 

implicated in those tasks.  In one fMRI study, subjects were asked to indicate after each trial 

whether they utilized a retrieval-based or a calculation strategy (Grabner et al., 2009).  

Calculation problems activated a diffuse bilateral frontal-parietal network, but retrieval problems 

activated a focal cluster in the left angular gyrus.  Self-reported verbalization strategy during 

arithmetic has also been correlated with neural activity within the posterior parietal cortex, 

localized to bilateral supramarginal gyri (Zarnhofer et al., 2012).  Our results indicate that adults 

rely on left supramarginal gyri during addition problem solving, and although a candidate region 

for overlapping processing with reading, we instead see co-localization in inferior frontal gyrus.  

This confers with Dehaene’s triple-code model of number processing (Dehaene and Cohen, 

1995), suggesting that in adults, simple arithmetic fact retrieval in small addition problems is 

supported by the verbal system housed in the inferior frontal lobe, and does not necessarily 

require the semantic elaboration required in more complex arithmetic tasks that rely on precise 

magnitude knowledge housed in the posterior parietal cortex (Dehaene et al., 2003). 
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Learning how to calculate 

Researchers have investigated the neural mechanism of learning new arithmetic facts 

outside of the context of development through several training studies in adults.  Subjects trained 

on ‘two-digit x one-digit’ multiplication problems display unique neural activity when solving 

those problems compared to solving those that haven’t been trained (Delazer et al., 2003a).  

Mentally computing untrained, compared to trained, multiplication elicited significantly greater 

activity in the intraparietal sulcus, inferior parietal lobe and inferior frontal gyrus of the left 

hemisphere.  Computing trained multiplication problems, compared to untrained, revealed 

greater activity in the left angular gyrus.  These results were not replicated using the same 

protocol in ‘two-digit – two-digit’ subtraction problems (Ischebeck et al., 2006), indicating that 

these two operations are mediated by unique mechanisms.  It is suggested that trained subtraction 

problems simply become more efficiently solved, where trained multiplication problems shift 

from reliance on quantitative substrates to fact-retrieval circuitry housed in the left angular gyrus.   

Our results here highlight the important role of left inferior frontal cortex (in addition to the left 

angular gyrus) in this fact-retrieval circuitry.  Further work in this domain should be conducted 

in pediatric populations to elucidate the process by which arithmetic facts are learned in the 

developing brain, and when and how this process may be supported by language faculties. 

 

Behavioral links between arithmetic and reading 

Several striking behavioral links have been made between skills within the domains of 

language and arithmetic.  For instance, phonological coding measured via a phoneme elision test, 

a key skill in predicting reading success (Bradley and Bryant, 1978), has been shown to directly 
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predict speed and accuracy of retrieval-based (i.e. addition and multiplication) arithmetic 

problem solving (De Smedt et al., 2010).  This finding is not surprising because phonological 

awareness goes beyond the parsing of sounds and words; it is closely tied with working memory 

and the mental manipulation of information.  In a pioneering study in Science, bilingual subjects 

exhibited better performance (measured via decreased reaction time) for trained exact addition 

problems when they were presented in the language a subject was trained in, which did not 

extend to the untrained language.  This resultant ‘cost’ for language switching held for both their 

native and second language, suggesting that exact calculation is indeed language dependent 

(Dehaene et al., 1999).  Further support lies in the realm of developmental disorders, where a 

high degree of comorbidity is observed between dyslexia and dyscalculia (Lewis et al., 1994).  

The reason for this overlap, however, is not well understood.  The exact role that language plays 

on arithmetic processing and crucially, at what stage during a cascade of cognitive skill 

attainment in the developing brain, is still unclear and is discussed further in Chapter III. 

 

Evidence for common neural correlates of retrieval-based arithmetic and reading 

The neural basis of single word reading has been studied extensively, with a triad of 

regions within the left hemisphere consistently involved in word processing: the left inferior 

occipital temporal cortex, which is responsible for visual word identification (often deemed the 

‘Visual Word Form Area), the temporal-parietal cortex involved in both phonological mapping 

and semantic processing specific to word assembly, and the inferior frontal gyrus, which is also 

implicated in phonology and semantics but supports retrieval for the purpose of articulation.  

Depending on the word that is being processed, differential regions will be activated (Pugh et al, 
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2001; Turkeltaub et al., 2003).  This raises the question of how this system supports arithmetic.  

Dehaene and colleagues have localized neural activity for exact compared to approximate 

addition problems to the left inferior frontal gyrus in adults, and conclude that this region may be 

supporting language-dependent arithmetic coding (Dehaene et al., 1999).  This language-

dependent arithmetic coding is most likely the same as that responsible for our observed overlap 

across closely matched addition and reading tasks in the same subjects.  Also relevant to this 

work is a large (n = 209) cohort study, in which the same researchers examined the relationship 

between hemispheric dominance during arithmetic and language tasks via a laterality index (i.e. 

they asked: do the same individuals who show left-lateralized activation during language tasks 

demonstrate similar lateralization in numerical tasks?).  They identified joint lateralization to the 

left hemisphere for both arithmetic and language: a cluster in the left posterior parietal cortex 

during numerical tasks correlated significantly with a cluster in the left middle temporal cortex 

during language tasks (Pinel and Dehaene, 2010).  Further evidence comes from more recent 

work showing specificity for multiplication compared to subtraction in the left inferior frontal 

and middle temporal gyri (Prado et al., 2011).  All of these studies, as well as our own, lend 

support for the left inferior frontal gyrus being called upon for tasks supporting both retrieval-

based arithmetic and reading in adults.  For the first time, however, we show that this system is 

not one that is necessarily mature in a group of children who, although equipped with the 

proficiency in arithmetic processing, still lack the experience held by their adult counterparts. 

 

  



 

31 

 

The need to study common mechanisms of arithmetic and reading from a developmental 

perspective 

Our finding of a neural overlap of reading in experience-rich adults that does not manifest 

in children highlights the importance of developmental studies.  Proficiency in reading and 

arithmetic is correlated in typically developing children (Hecht et al., 2001).  Further, 

neuroimaging research conducted independently in these domains in children and adults 

indicates involvement of similar brain structures, specifically in left inferior frontal and 

temporal-parietal cortices (De Smedt et al., 2011; Dehaene et al., 2003; Houde et al., 2010; 

Turkeltaub et al., 2003).  A brain-based connection between language and arithmetic has been 

suggested via joint left hemisphere lateralization in adults (Pinel and Dehaene, 2010).  Prado and 

colleagues (2011) demonstrated specificity to multiplication relative to subtraction in adults 

within left inferior frontal and middle temporal clusters identified through a reading functional 

localizer.  A functional extension of Dehaene’s triple-code model of number processing suggests 

that the verbal processing underlying arithmetic fact retrieval is only accessible in the left 

hemisphere, speculating that cortical-striatal loops mediate rote fact retrieval  (Delazer et al., 

2004) whereas the temporal-parietal cortex allows for semantic elaboration (Dehaene and Cohen, 

1995).  Although previous work has suggested that there are common behavioral (De Smedt et 

al., 2010) and neural substrates recruited during verbally mediated recall of arithmetic facts and 

language processing in adults (Dehaene et al., 1999; Prado et al., 2011), little is known about 

how or when this occurs during development.  We shed some light on this issue, by 

demonstrating that the same overlap seen in adults during addition and reading in the inferior 

frontal gyrus is not yet seen in a group of children.  We propose that an intact language network 
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including strong phonological skills and semantic knowledge provide the foundational 

framework for the acquisition of fluent arithmetic fact retrieval.  Given the importance of 

arithmetic and reading skills in the classroom, the high rate of incidence of comorbidity of 

dyscalculia and dyslexia (Lewis et al., 1994), which impede success in these domains, and the 

specific deficits seen in arithmetic in children and adults that struggle with language (De Smedt 

and Boets, 2010; Gobel and Snowling, 2009; Nys et al., 2012), continued research in this arena is 

imperative.   
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Figure IIA. Group Maps of Arithmetic, Addition and Subtraction in All Subjects, Adults 

and Children 

 

 

 

      

 

 

 

 

        

                    
 

                                                                    

 

 

 

 

 

Figure IIA displays statistical within-group whole-brain maps rendered onto a structural MRI 

scan for the (addition and subtraction tasks > addition and subtraction active control tasks), the 

(addition task  > addition active control task) and (subtraction task > subtraction active control 

task) contrasts in both adults and children on the left, adults only in the middle and children only 

on the right (p<0.005 height threshold, p<0.05 FDR cluster-level corrected extent threshold).  

Arithmetic (addition and subtraction) is on the top row in yellow, addition in the middle row in 

blue, and subtraction the bottom row in green.  Details on the anatomical location and 

significance of these  results can be found in Table IIC. 
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Figure IIB.  Overlays of Group Maps of Addition and Reading in Adults and Children 

 

              

 

  

  
 

Figure IIB displays statistical within-group whole-brain maps rendered onto a structural MRI 

scan for the (addition task > addition active control task) and the (reading task > reading active 

control task) contrasts in adults (left) and children (right). Addition is in blue, reading is in red 

and overlap is in purple (p<0.005 height threshold, p<0.05 FDR cluster-level corrected extent 

threshold).  Detailed results can be found in Tables IIB and IIC. 
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Figure IIC.  Conjunction Analysis:  Reading and Addition in Adults  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IIC displays a rendering of the whole-brain conjunction analysis performed across the 

(addition task > addition active control task) and (reading task > reading active control task) 

contrasts in adults (p<0.001 height threshold, p<0.05 FWE cluster-level corrected extent 

threshold, conjunction null hypothesis).  Detailed results can be found in Table IID. 

 

 

 

 

 

  

 
Addition  

AND 
Reading 

 

x = -42 y = 8 

z = 26 

 

Adults 
 



 

36 

 

Table IIA. Behavioral/Demographic Profile of All Subjects 

 

 

 
 

 

All Subjects 

 (n=30, 12F) 

Adults  

(n=15, 6F) 

Children 

(n=15, 6F)  

 Mean SD Mean SD Mean SD Sig 

Age 15.8 6.2 21.2 3.0 10.3 2.6 * 

Verbal IQ 120 11 123 7.1 116 14  

Performance IQ 115 9.6 118 7.3 113 11  

Pseudoword Reading 107 9.0 104 7.1 111 9.6  

Real Word Reading 114 9.1 114 8.6 115 10  

Calculation 118 8.8 122 9.4 114 6.4  

Math Fluency 109 12 110 10 107 14  

 

 

 

Behavioral scores for all subjects, and broken down into adult and pediatric groups.  Adults and 

children differ significantly in age, and are matched in Verbal IQ, Performance IQ, Pseudoword 

Reading, Real Word Reading, Calculation and Math Fluency.  All scores are standardized scores. 

SD = standard deviation, Sig = significance of t-test, *p < 0.01 
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Table IIB. In-Scanner Behavioral Data on Arithmetic and Reading Tasks 

 
 

 Adults Children  

 Mean SD Mean SD p-value 

Addition           Accuracy 99.0% 0.03 94.8% .05 0.0092 

  RT Difference 68.2 ms 51.5 446 ms 371 0.0005 

Subtraction       Accuracy 99.0% 0.01 87.2% 0.13 0.0019 

                   RT Difference 246 ms 86.7 965 ms 692 0.0004 

Reading           Accuracy 98.3% 0.02 88.8% 0.12 0.0048 

  RT Difference 31.2 ms 29.6 -10.7 ms 69.1 0.0395 

 

Behavioral data for in-scanner task performance during addition, subtraction and reading in 

adults and children.  Accuracy reflects the average scores across respective tasks.  Reaction time 

is reported as a difference score (experimental minus control condition).  
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Table IIC. Group Maps for All Subjects for General and Operation-Specific Arithmetic 

 
Anatomical Region Peak MNI Coordinates Peak t Score Volume 

  x y z  (voxels) 

 

All Subjects      

 

Addition and Subtraction > Control           

Right cerebellum 42 -66 -26 5.87 886 

Right inferior parietal lobe 56 -34 54 5.38 410 

Right inferior frontal gyrus 42 14 4 5.26 687 

Left inferior parietal lobe -58 -46 38 5.51 835 

Left supplementary motor area/bilateral superior frontal gyri -6 16 56 5.75 1955 

Left inferior/middle frontal gyri -38 10 32 5.50 1789 

 

Addition > Control      

Right middle/superior frontal gyri 30 50 20 5.06 320 

Left inferior/middle frontal gyri -30 2 8 5.44 846 

Left supplementary motor area -8 14 56 6.39 581 

 

Subtraction > Control 

     

Right inferior parietal lobe 50 -42 38 5.44 795 

Right inferior frontal gyrus 40 14 0 5.32 588 

Left cerebellum -30 -58 -40 4.87 407 

Left inferior parietal lobe -50 -48 46 5.95 635 

Left medial frontal gyrus/supplementary motor area -4 12 50 5.17 1064 

 

Adults           

 

Addition and Subtraction > Control 
     

Right inferior frontal gyrus, insula, thalamus, basal ganglia 30 22 2 7.87 1217 

Right middle/superior frontal gyri 34 34 28 7.89 344 

Left/right cerebellum -6 -60 -34 6.04 1779 

Left inferior parietal lobe -60 -48 38 5.71 558 

Left middle frontal gyrus -40 -4 52 8.47 610 

Left inferior frontal gyrus/insula -42 12 -2 6.43 861 

 0 14 54 5.53 751 

 

Addition > Control 
     

Right inferior frontal gyrus 32 24 2 6.43 195 

Left cerebellum -6 -58 -36 6.94 203 

Left supramarginal gyrus -60 -42 26 5.29 118 

Left middle frontal gyrus -40 -4 52 6.70 196 

Left middle frontal gyrus -38 12 32 5.77 201 

Left supplemental motor area -4 14 56 4.92 263 

Left inferior frontal gyrus -50 20 0 5.73 1099 

Left superior/middle frontal gyri -22 52 18 6.89 174 

 

Subtraction > Control 
     

Right cerebellum 18 -68 -40 6.14 569 

Right inferior frontal gyrus/insula/putamen 38 14 0 6.02 531 

Right cingulate 8 26 34 4.78 162 

Left cerebellum -10 -66 -38 5.18 491 

Left inferior parietal lobe -34 -58 46 4.74 149 

Left insula/inferior frontal gyrus -44 12 -4 7.06 150 
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Children 
     

 

Addition and Subtraction > Control 
     

Right inferior parietal lobe 54 -36 56 5.69 254 

Left inferior parietal lobe -50 -44 48 4.36 259 

Left supplementary motor area, superior/medial frontal gyri -24 -2 62 6.43 406 

 

Addition > Control 
     

Left supplementary motor area -10 12 56 6.05 345 

 

Subtraction > Control 
     

Right inferior parietal lobe 56 -34 54 6.78 552 

Left inferior parietal lobe -44 -46 52 8.19 401 

Left supplemental motor area/cingulate -6 20 34 4.19 284 

 

 

 

 

     

Table IID. Group Maps of Reading in Adults and Children 
 

 

Anatomical Region Peak MNI Coordinates Peak t Score Volume 

  x y z  (voxels) 

 

Adults 
     

 

Reading > Control 
     

Left middle/inferior temporal lobes -46 -58 2 5.54 182 

Left middle/inferior frontal gyri -36 28 32 5.37 291 

 

Children 
     

 

Reading > Control 
     

Left inferior frontal gyrus -60 4 10 4.90 363 

 

Tables IIB and IIC list anatomical regions, peak coordinates in MNI space, t scores of peak voxel 

and cluster volumes for group maps of the (addition and subtraction tasks > active control tasks), 

(addition task > addition active control task), (subtraction task > subtraction active control tasks) 

and (reading task > reading active control task) conditions in adults and children.  Clusters are 

reported in posterior to anterior order with left hemisphere regions preceding right.   
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Table IIE. Conjunction Analyses of Addition and Reading 

Anatomical Region Peak MNI Coordinates Peak t Score Volume 

  x y z  (voxels) 

 

Adults           

 

Addition and Reading 
     

Left inferior frontal gyrus -42 8 26 4.59 159 

 

Children 
     

 

Addition and Reading 
     

n.s.      

 

Anatomical region, peak coordinate in MNI space, t score of peak voxel and cluster volume for 

the result of the whole-brain conjunction analyses of the (addition task > addition active control 

task) and (reading task > reading active control task) contrasts in adults and children.     
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CHAPTER III:   

 

 

ARE THE NEURAL SUBSTRATES SUBSERVING ARITHMETIC  

ALTERED IN DEVELOPMENTAL DYSLEXIA? 
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INTRODUCTION 

Developmental dyslexia is a reading disorder, neurobiological in origin, characterized by 

poor reading that cannot be accounted for by low intelligence (Lyon et al., 2003; Peterson and 

Pennington, 2012).  A hallmark phenotype in dyslexic individuals is poor phonemic awareness, 

the ability to parse and manipulate phonemes.  This metric is also predictive of future reading 

performance in typical readers (Wagner and Torgesen, 1987).  Secondary consequences of 

dyslexia including decreased reading comprehension and poor vocabulary growth are not 

surprisingly within the domain of language (International Dyslexia Association/NICHD 

Research Definition of Dyslexia, 2002; see Lyon et al., 2003). 

Recent work has indicated that the same impairments in language observed in dyslexia 

may extend into numerical processing (Boets and DeSmedt, 2010; DeSmedt and Boets, 2010; 

Nys et al., 2012; Pimperton and Nation, 2010; Simmons and Singleton 2006, 2008), specifically 

to the computation of arithmetic problems that are typically solved through verbal fact retrieval 

(e.g. small addition and multiplication but not subtraction and division problems).  This is 

consistent with studies in typical readers, where language-based skills such as phonological skills 

are predictive of math performance (Hecht et al., 2001). Specifically, work in typically 

developing children has identified a relationship between phonological awareness and 

mathematical skill development.  In one study, phonological processing and its ability to predict 

basic computation ability throughout elementary school years was evaluated through three core 

skills: phonological awareness, phonological memory, and the rate of access to phonological 

codes (Hecht et al., 2001).  Phonological awareness was found to be the best long-term predictor 

of mathematical competency measured by untimed computation and timed small digit arithmetic.  
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These results were recently replicated (DeSmedt et al., 2010) and together demonstrate that even 

after controlling for variability in general reading ability, there is a positive correlation in fifth 

grade children between phonological awareness skills (measured by a phoneme elision task) and 

speed and accuracy on an arithmetic verification task.  This relationship was also found to be 

specific to problems more likely to be solved through retrieval mechanisms, which suggests that 

the quality of phonological representations supports efficient arithmetic fact retrieval (DeSmedt 

et al., 2010). 

Children with dyslexia who exhibit normal achievement in mathematics measured via 

standardized tests show subtle differences in mathematics when examined more closely, 

particularly on timed measures.  They show decreased accuracy and reaction times compared to 

controls on multiplication problems typically solved via verbal fact retrieval strategy (Boets and 

DeSmedt, 2010).  Also, the characteristic ‘operation effect’ seen in typically developing children 

and adults (Barrouillet et al. 2008; Delazer et al. 2003b), in which addition and multiplication 

problems are solved more quickly than subtraction and division problems, is absent in these 

struggling readers (Boets and DeSmedt, 2010).  This suggests that the dyslexic children are 

unable to implement the same time saving strategies in verbally retrieving arithmetic facts from 

memory that is characteristic in typically developing children. 

 Similar to the results in children, differences in arithmetic fact retrieval compared to 

typical readers have also been found in adults with developmental dyslexia.  Dyslexic college 

students exhibit slower reaction times compared to age-matched controls in solving small 

addition and multiplication problems, with intact performance on multiplication and measures of 

basic numerical processing including symbolic number comparison and mental rotation (Gobel 
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and Snowling, 2010).  Another study of dyslexia in this age range reported lower reaction times 

compared to controls when solving single-digit arithmetic problems (DeSmedt and Boets, 2010).   

The researchers extended this work to examine the relationship to their language deficit, and a 

correlation was found between phonological awareness skills and the frequency of retrieval 

strategy use during arithmetic (DeSmedt and Boets, 2010).  This provides support that adults 

with developmental dyslexia, despite normal skills in mathematics and years of experience, have 

subtle isolated behavioral deficits in simple arithmetic processing that may be attributed to their 

weaknesses in language-based skills. 

Given these behavioral findings suggesting a connection between reading and retrieval-

based arithmetic via phonological awareness, one would anticipate that brain areas involved in 

retrieval-based arithmetic would be compromised in dyslexic children, due to their characteristic 

weakness in phonological awareness.  Candidate brain regions would be those involved in 

retrieval-based mathematical tasks, and also associated with phonological processing, i.e. left 

temporal-parietal and inferior frontal cortices (Pugh et al., 2000; Turkeltaub et al., 2003).  These 

areas have been shown to differ in previous studies of dyslexia (Flowers et al., 1991; Brunswick 

et al., 1999; Temple et al., 2001; Shaywitz et al., 2002; Eden et al., 2004; McCrory et al., 2005; 

for meta-analysis see Richlan et al., 2012).  Here, we examine the neural basis of single-digit 

addition and subtraction in children with pure developmental dyslexia and typical performance 

on standardized measures of mathematics achievement, to determine whether the neural 

substrates subserving retrieval-based (addition of small numbers) but not procedural-based 

(subtraction of small numbers) arithmetic are altered.  Such dissociation would provide a neural 

correlate of the behavioral differences reported in the literature and suggest that despite a 
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clinically normal profile in math performance, developmental dyslexics demonstrate a different 

neurological profile to solve arithmetic tasks as a consequence of their language-based 

impediments.  
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METHODS 

Subjects 

Subjects with developmental dyslexia represented a subgroup of children with dyslexia 

from a large study on reading.  They were identified by a history of dyslexia and a low (< 92) 

score on either real word or pseudoword reading, and most attended a school that specializes in 

the teaching of children with learning disabilities.  Control subjects were recruited from within 

the same geographic area in Washington, DC.  Five subjects (3 controls, 2 dyslexics) were 

excluded due to excessive head motion in the scanner.  One dyslexic child was excluded because 

of low performance (83, 38 points below performance IQ) on the Woodcock Johnson Math 

Fluency Test.  Twenty-eight children (14 typically developing, 14 with developmental dyslexia) 

were included in the final analysis for this study.  The Georgetown University Institutional 

Review Board approved all experimental procedures, and informed consent was obtained from 

the legal guardian for all pediatric subjects, who themselves verbally assented.  They received 

toy prizes and pictures of their brain for participation.  All participants were monolingual English 

speakers and in good physical health. 

 

Neuropsychiatric Battery 

All subjects were evaluated through standardized measures of performance IQ (Wechsler 

Abbreviated Scale of Intelligence: WASI-PIQ; Wechsler, 1999), verbal IQ (WASI V-IQ), single 

word reading (Woodcock Johnson Test of Achievement III: Word Identification subtest; 

Woodcock et al., 2001), pseudoword reading (WJ Word Attack), phonemic awareness 

(Lindamood Auditory Conceptualization Test 3; Lindamood and Lindamood, 2004) and untimed 
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computation (WJ Calculation).  Control subjects performed above 80 points in all metrics.  

Children with developmental dyslexia and controls were matched to the dyslexic children on age, 

verbal IQ and the Calculation subtest of the Woodcock Johnson Test of Achievement III.  

Although it is more typical to match dyslexics and controls on performance IQ (measured here 

with the Block Design and Matrix Reasoning subtests), we use verbal IQ (Vocabulary and 

Similarities subtests) to ensure intelligence match and at the same time, giving us confidence that 

between-group differences during our retrieval-based arithmetic task were not attributed to gross 

differences in verbal abilities between dyslexics and controls.  The children with developmental 

dyslexia scored significantly lower (p < 0.05) on measures of performance IQ, single word 

reading, and pseudoword reading.  See Table IIIA for details. 

 

fMRI Task 

The task utilized here is the same arithmetic task used in Chapter II (see arithmetic task 

heading in methods section for detailed description).  Accuracy and reaction time difference 

scores in dyslexic and typical children for addition and subtraction can be found in Table IIIB.  

Though no significant differences were observed across groups, as a conservative measure, 

reaction time difference was entered as a regressor of no interest in subsequent fMRI analysis.   

 

fMRI Acquisition 

A block-design paradigm was utilized, with two 4.2 minute runs for each task consisting 

of 4 blocks with 10 trials per block for each condition.  Stimuli was presented in black font on a 

white screen for 4.2 seconds per trial, with a 1.2 second inter-stimulus interval during which a 
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black fixation cross was presented.  Blocks were interspersed with 18 seconds of rest, with an 

additional 6 seconds coming at the beginning of each run.  This resulted in the collection of a 

total of 28 whole-head EPI volumes for each condition.  Scanning was done on a  3.0 Tesla 

Siemens Tim Trio Magnetom scanner with the following acquisition parameters:  TR = 3000ms, 

TE = 30ms, 64 x 64 matrix, 192 mm FOV, 50 axial slices, 3.0 x 3.0 x 2.8mm voxels.  Structural 

3-D T1 MPRAGES were acquired and used to coregister the functional data. 

 

fMRI Analysis 

Using SPM8 (SPM8, Wellcome Department of Cognitive Neurology, London), we 

modeled the hemodynamic response function using the general linear model during performance 

of the arithmetic operations of (1) addition and (2) subtraction , regressing out global mean 

signal and 6 motion parameters (roll, pitch, yaw, x, y, z) as regressors of no interest.  Contrast 

maps were generated for each subject for (1) Addition > Addition Control Condition and (2) 

Subtraction > Subtraction Control Condition. 

 

Group Maps 

One sample t-tests were used to generate group maps for each the two tasks (Addition 

and Subtraction).  The mean reaction time for each respective task was entered for each 

individual subject as a regressor of no interest.  A height threshold of p < 0.005 with a cluster-

level FDR corrected extent threshold of p < 0.05 was implemented. 
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Group Difference Maps 

Two sample t-tests were used to generate group difference maps between dyslexic and 

control subjects for the arithmetic operations of addition and subtraction.  A height threshold of p 

< 0.01 with a cluster-level FDR corrected extent threshold of p < 0.05 was implemented.  
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RESULTS 

Controls 

Addition Task > Active Control Condition  

In typical readers, the addition relative to control contrast activated a single cluster with 

the maxima located in the left supplementary motor area, and expanding into the superior and 

medial frontal gyri, as well as cingulate gyrus bilaterally.  See Figure IIIA and Table IIIC for 

details. 

Subtraction Task > Active Control Condition  

Subtraction relative to control condition activated left inferior parietal lobe, right inferior 

parietal lobe, and right cingulate (expanding into supplementary motor area and superior frontal 

gyrus).  See Figure IIIA and Table IIIC for details.  

 

Dyslexics 

Addition Task > Active Control Condition  

In the dyslexic children, the addition contrast activated clusters in the medial/superior 

frontal gyri (supplementary motor area extending into the cingulate bilaterally), the right 

cuneus/precuneus, and right superior/inferior parietal lobes.  See Figure IIIA and Table IIIC for 

details.   

Subtraction Task > Active Control Condition  

The subtraction condition activated regions in the right inferior/superior parietal lobes, 

the right superior frontal gyrus (supplementary motor area) and the left supplementary motor 
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area (superior/medial frontal gyri extending into the cingulate) in dyslexic children.  See Figure 

IIIA and Table IIIC for details. 

 

Group Differences: Addition 

Controls > Dyslexics 

A two sample t-test across groups for the addition condition indicates significantly higher 

activity in the controls relative to the dyslexics in a cluster including the left superior temporal 

and inferior frontal gyri.  While the activation maximum was located in the superior temporal 

gyrus, about half of the voxels were located in the inferior frontal gyrus.  Since this region did 

not emerge in the within-group analysis of the control group discussed above, we looked at the 

activity and found signal increase during the addition condition in relationship to its active 

control condition and a resting fixation baseline in the control group.  However, in the dyslexic 

group, both the task and the active control group showed less signal change than the resting 

fixation baseline, suggesting that the between group difference observed here was in part due to a 

relative signal decrease during the addition task in the dyslexics.   See Figure IIIB and Table IIID 

for details.   

Dyslexics > Controls 

Consistent with the within-group analyses, dyslexics relative to controls exhibited more 

activity during addition within a cluster in the cuneus and precuneus of the right hemisphere.  

This may suggest that the dyslexics are utilizing visual imagery strategies during addition 

problem solving (Delazer et al., 2005), and not shifting to the verbal retrieval strategies as their 

typically reading counterparts are.   See Figure IIIB and Table IIID for details. 
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Subtraction 

There were no significant differences that emerged between dyslexic and control subjects 

in the arithmetic operation of subtraction.    
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DISCUSSION 

 In this study we examine the neural substrates subserving single-digit arithmetic in 

children with impaired reading yet normal mathematics skills.  We demonstrate that children 

with dyslexia exhibit hypoactivity in a region spanning the left inferior frontal and superior 

temporal gyri during performance of an addition task when directly compared to an age- and 

verbal IQ-matched typically reading control group.  Importantly, this difference is specific to 

retrieval-based arithmetic as it was not replicated during the procedural-based subtraction task 

(which did not yield between-group differences in any brain area).  This result confirms our 

prediction of less activity in brain areas that subserve language skills (most likely phonological 

processing) that are integral to retrieval-based arithmetic and are impaired in children with 

dyslexia.  

Also of note is that typically reading children exhibit a differentiation for retrieval-based 

(addition) and procedural-based (subtraction) arithmetic, utilizing medial frontal regions for the 

former and bilateral inferior parietal cortices for the latter.  This bilateral frontal-parietal activity 

is characteristic of subtraction problem solving in children (DeSmedt et al., 2010) and reflects 

reliance on quantitative networks.  These results are consistent with the notion that parietal 

cortex (specifically the intraparietal sulcus) is critical for subtraction tasks (Chochon et al., 1999; 

Fehr et al., 2007; Kawashima et al., 2004; Lee, 2000; Piazza et al., 2007; Schmithorst and 

Brown, 2004; Simon et al., 2002), while addition is more reliant on areas outside of this region 

that subserve verbally mediated retrieval of previously learned information.  In dyslexic subjects, 

however, activation maps looked very similar for both addition and subtraction.  It should also be 

noted that between-group differences did not emerge for the subtraction task and the differences 
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that emerged from the addition task were confined to the left inferior frontal gyrus extending into 

the superior temporal gyrus, as discussed above. 

 

In behavioral studies, children with developmental dyslexia do not exhibit the operation effect 

seen in typically developing children and adults. 

In typically developing adults and children, there is a dissociable difference between the 

accuracy and reaction time of solving small addition and subtraction problems (Barrouillet et al, 

2008; Delazer et al., 2003b).  Addition facts are quickly and more accurately retrieved, where 

subtraction problems take longer to calculate because they are less likely to be solved through 

retrieval strategies (Campbell and Xue, 2008).  This effect is absent in children and adults with 

developmental dyslexia (Boets and DeSmedt, 2010); individuals take equally as long to solve 

both problems.  This suggests that the time saving fact retrieval strategies that are implemented 

in typical readers are not available to individuals with developmental dyslexia, so they utilize 

more time-consuming quantitative means.  We observed a similar pattern in our in-scanner 

behavioral data (Table IIIB).  Children with dyslexia were comparable to typically-reading 

controls on both accuracy and reaction time during subtraction as well as accuracy for addition.  

However, we observe a trend towards significance (p = 0.0507) in the reaction time for addition, 

suggesting that the dyslexic children successfully solved these addition problems, but it took 

them longer to do so.   
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Children with developmental dyslexia show an abnormal neural profile subserving addition. 

For the first time, we examine the neural substrates subserving arithmetic in children 

developmental dyslexia.  Mirroring behavioral results seen in previous studies, the differences 

seen in dyslexics compared to typically reading controls is specific to retrieval-based addition 

problems.  During addition, activation in the dyslexic children is seen in the supplementary 

motor area, as in controls, but also in the inferior parietal lobe of the right hemisphere.  Unlike 

typical readers, who show a dissociable neural signature during addition and subtraction 

(DeSmedt et al., 2010), dyslexic children do not.  However, a direct between-group comparison 

revealed that the controls elicit greater activity in the left superior temporal and inferior frontal 

gyrus, compared to the dyslexics.  Although this is not a region that we see on the addition group 

map in our typical readers, left inferior frontal cortex is consistently recruited in adults during 

addition and other retrieval-based arithmetic tasks (Chochon et al., 1999; Delazer et al., 2003b; 

Ischebeck et al., 2006; Jost et al., 2009; Lee, 2000; Prado et al., 2011; Schmithorst and Brown, 

2004; Zhou et al., 2007), suggesting that the controls are beginning to utilize these retrieval 

networks but the dyslexics are not.  Previous work has also consistently implicated the inferior 

frontal gyrus in phonological tasks (Poldrack et al., 1999; Pugh et al., 2012; for meta-analysis 

and review see Liakakis et al., 2011).  Less inferior frontal gyrus activity is not surprising since 

dyslexics struggle with both of these skills.  At the same time, greater activity was observed in 

the dyslexic group in the right cuneus, perhaps because they are utilizing a mental imagery 

strategy.  This notion is supported by previous neuroimaging work in which learning by back up 

strategies (a sequence of operations) versus learning by drill results in precuneus activity 

(Delazer et al., 2005). 
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Neural profile of arithmetic in dyslexia is not analogous to what is seen in dyscalculia. 

 Children with developmental dyscalculia show a core deficit in comprehending 

numerosities (for review, see: Butterworth et al., 2011), and have impairments in basic number 

processing tasks (Landerl et al., 2004).  Neuroimaging research of this disorder indicates that 

children with dyscalculia show less activation than typically developing controls in bilateral 

intraparietal sulci during tasks of magnitude comparison (Price et al., 2007; Mussolin et al., 

2010), and approximate calculation (Kucian et al., 2006).  Interestingly, however, no group 

differences emerge during exact calculation of simple addition problems (Kucian et al., 2006), 

though a lack of modulation by task complexity is found (Ashkenazi et al, 2012).  These bilateral 

parietal findings have extended into structural analyses, with gray matter volume reductions in 

bilateral intraparietal sulcus found in dyscalculia (Isaacs et al., 2001; Rotzer et al., 2008; 

Rykhlevskaia et al., 2009).  Our findings here in dyslexic children show a different behavioral 

and neural profile.  Dyslexics appear to have an intact calculation network subserving procedural 

–based arithmetic.  Although the dyslexics did not activate left parietal cortex during the 

subtraction task, the between-group comparison did not reveal this to be a statistically significant 

difference compared to controls.  Our results suggest that an impaired language system that 

specifically impedes the development of retrieval strategy typically associated with addition 

characterizes dyslexia and is distinct from what has been found in dyscalculia.  Perhaps 

somewhat surprisingly is the fact that despite these differences at the neuronal level, the children 

with dyslexia do not exhibit a weakness in arithmetic.  The most likely explanation is that 

standardized measures such as the Calculation subtest of the Woodcock Johnson used here to 

assess math ability are not sensitive enough to detect subtle difficulties.  As discussed in the 
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introduction, timed measures have been more successful at identifying subtle but significant 

weaknesses in math in dyslexic children. 

 

Phonological awareness plays a role in arithmetic processing. 

Here we show that children with developmental dyslexia with normal skills in 

standardized measures of math performance demonstrate a unique behavioral and neural profile 

during the solving of arithmetic problems specific to addition.  These anomalies are 

characterized by slower response times and less activity in the inferior frontal gyrus/superior 

temporal gyrus.  Given the key role of this region in phonological processing and retrieval of 

arithmetic facts, our results provide further evidence that language, most likely phonological 

awareness plays a key role in arithmetic processing.  Of note is that when creating a region of 

interest for the area that differed between dyslexics and controls during the addition condition, 

signal change here in the two groups combined was positively correlated with Word 

Identification from the WJ (R = 0.56, p < 0.05) and phonemic awareness measured with the LAC 

(R = 0.37, p < 0.05).  These were both measures that differed between the two groups.  Also, 

Digit Span from the WISC, which did not differ between the groups (p > 0.05), also exhibited a 

positive correlation with addition-related activity in the inferior frontal/superior temporal region 

(R = 0.43, p < 0.05).  Both phoneme manipulation (as measured by the LAC) and working 

memory (online manipulation of phonologically coded information and measured by the Digit 

Span) have been considered two of several measures that are considered to be involved in 

phonological processing (Wagner and Torgesen, 1987).  Future studies will need to focus on 

specifying the relationships of these constructs in dyslexia.  
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In sum, this study provides a neural account for the deficits observed in retrieval-based 

arithmetic in children with reading disability.  This work has implications for the diagnosis and 

remediation of learning disabilities in reading and mathematics.
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Figure IIIA. Group Maps of Addition and Subtraction in Controls and Dyslexics 

 

 

 

 

 

 

 

 

       

      

 

 

 

 

 

 

Figure IIIA displays group statistical map renderings of whole-brain analyses for the (addition 

task > addition active control task) and (subtraction task > subtraction active control task) 

contrasts in the typically reading control children on the left and the children with dyslexia on the 

right.  Addition is on the top row in blue, and subtraction the bottom row in green (height 

threshold p < 0.005, FDR corrected for multiple comparisons p < 0.05).  Anatomical locations 

and other detailed of the results can be found in Table IIIC. 
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Controls > Dyslexia 
Dyslexia > Controls 

 

Figure IIIB.  Dyslexics vs. Controls: Between-Group Comparison for Addition 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IIIB displays renderings of whole-brain between-group statistical comparisons for the 

(addition task > addition active control task) contrast.  Red shows the areas where dyslexics were 

less active compared to typically-reading controls (left superior temporal/inferior frontal gyri), 

and yellow shows the areas where the dyslexics were more active (right precuneus/cuneus).   A 

height threshold of p < 0.01 with a cluster-level FDR corrected extent threshold of p < 0.05 was 

implemented.  Further information on these results can be found in Table IIID.  
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Table IIIA. Behavioral/Demographic Profile of All Subjects 

 
 

 

Dyslexics 

n=14(7M) 

Controls 

n=14(9M)  

 Mean SD Mean SD Sig 

Age            10.4 1.32 10.2 2.76  

Verbal IQ 112 10.8 119 14.5  

Performance IQ 98.9 8.70 113 11.4 * 

Real Word Reading 81.9 6.81 118 11.0 * 

Pseudo Word Reading 95.9 5.42 113 10.7 * 

Phonemic Awareness 99.4 8.50 114 11.3 * 

Calculation 107 13.4 115 7.03  

 

 

Behavioral scores for dyslexic and control children.  Groups are matched for age, Verbal IQ 

(WASI) and Calculation (Woodcock Johnson).  Dyslexics and controls differed significantly in 

Performance IQ, Pseudoword Reading (WJ Word Attack), Real Word Reading (WJ Word ID) 

and phonemic awareness (LAC-3).  All scores are standardized scores. 

SD = standard deviation, Sig = significance of t-test, *p < 0.01 
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Table IIIB. In-Scanner Behavioral Data on Arithmetic Tasks 

 
 

 Dyslexia Controls  

 Mean SD Mean SD p-value 

Addition           Accuracy 95.2% 0.05 95.8% .05 0.7635 

  RT Difference 695 ms 342 422 ms 364 0.0507 

Subtraction       Accuracy 87.0% 0.11 89.2% 0.12 0.6107 

                   RT Difference 941 ms 319 879 ms 533 0.7120 

 

Behavioral data for in-scanner task performance during addition and subtraction.  Accuracy 

reflects the average scores across respective tasks.  Reaction time is reported as a difference 

score (experimental minus control condition).  
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Table IIIC. Group Maps of Addition and Subtraction in Controls and Dyslexics 
 

 

 

Anatomical Region Peak MNI Coordinates Peak t Score Volume 

  x y z  (voxels) 

 

Controls 
     

 

Addition > Control 
     

Left SMA, superior/medial frontal gyri, cingulate -2 4 56 4.23 562 

 

Subtraction > Control 
     

Right inferior parietal lobe 46 -44 52 3.72 401 

Right cingulate, SMA, superior frontal gyrus 2 22 40 4.95 569 

Left inferior parietal lobe -46 -50 48 4.60 388 

      

 

Dyslexics 
     

 

Addition > Control 
     

Medial/superior frontal gyri, SMA, cingulate 0 18 50 5.36 833 

Right Cuneus/precuneus 12 -84 18 4.25 524 

Right superior/inferior parietal lobes 48 -40 54 3.57 212 

 

Subtraction > Control 
     

Right inferior/superior parietal lobes  40 -42 56 4.05 295 

Right superior frontal gyrus, SMA 20 14 58 5.04 268 

Left SMA, superior/medial frontal gyri, cingulate  -6 12 56 4.77 609 

 

Anatomical regions, peak coordinates in MNI space, t scores of peak voxels and cluster volumes 

for group maps of (addition > addition control) and (subtraction > subtraction control) conditions 

in dyslexic and typically reading control children.  Clusters are reported in posterior to anterior 

order with left hemisphere regions preceding right.   
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Table IIID. Group Comparisons  
 

 

 

Anatomical Region Peak MNI Coordinates Peak  

t Score 

Volume 

  x y z (voxels) 

 

Addition 
     

 

Controls > Dyslexics 
     

Left Superior temporal/inferior frontal gyri -60 -4 -2 3.54 150 

 

Dyslexics > Controls 
     

Right Cuneus/precuneus 30 -74 22 4.13 360 

 

Subtraction 
     

 

Controls > Dyslexics 
     

n.s.      

 

Dyslexics > Controls 
     

n.s.      

 

Anatomical regions, peak coordinates in MNI space, t scores of peak voxels and cluster volumes 

for group difference maps (dyslexics > controls, controls > dyslexics) for the (addition > addition 

control) and (subtraction > subtraction control).     
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CHAPTER IV:   

 

 

WHAT IS THE NEUROANATOMICAL BASIS OF  

DEVELOPMENTAL DYSLEXIA? 
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INTRODUCTION 

Developmental dyslexia is a specific learning disability affecting five to twenty-two 

percent of the English-speaking population (Katusic et al., 2001; Rutter et al., 2004).  It is 

characterized by reading deficits, specifically in word decoding, which cannot be explained by 

lack of intellectual ability or limited access to instruction (Lyon et al., 2003; Peterson and 

Pennington, 2012).  Dyslexia is highly heritable (Olson et al., 1989), and two to three times more 

prevalent in males compared to females (Flannery et al., 2000; Katusic et al., 2001; Rutter et al., 

2004; Liederman et al., 2005).  This imbalance is poorly understood, and discovering the factors 

causing a higher incidence in males could help to elucidate the etiology of this common reading 

disability.  Importantly, the predominance of males with dyslexia frequently results in studies 

conducted in male-only or male-dominated samples, yet the interpretation of results are often 

generalized to dyslexia in both sexes. 

Single word reading is supported by a network of regions in the left hemisphere, 

including dorsal (temporal-parietal), ventral (occipital-temporal) and inferior frontal circuits, 

which are altered in developmental dyslexia (for review see Pugh et al., 2000; Sandak et al., 

2004; Gabrieli, 2009).  Historically, a biological basis for dyslexia was first investigated by 

Geschwind and colleagues who found upon postmortem examination of healthy brains that the 

left planum temporale was larger than its right hemisphere homologue (Geschwind and Levitsky, 

1968); this asymmetry was found to be absent in a male case with a history of dyslexia during his 

lifetime (Galaburda and Kemper, 1979).  Further, investigations of four male dyslexics reported 

cytoarchitectonic anomalies (ectopias), especially in the left hemisphere perisylvian region, 

attributed to anomalies in neuronal migration (Galaburda et al., 1985).  A follow-up in three 
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female dyslexics also reported these ectopias, however there were fewer and their distribution 

was wider and not constrained to the perisylvian region (Humphreys et al., 1990).   

Non-invasive anatomical in vivo studies using Magnetic Resonance Imaging (MRI) have 

given some support to these original findings through identification of gross structural anomalies 

in left perisylvian cortex in dyslexic individuals.  Earlier MRI studies followed up on 

postmortem results, examining the planum temporale in vivo (e.g. Hynd and Semrud-Clikeman, 

1989).  Later research expanded the scope, reporting differences in dyslexia in a variety of 

aspects of temporal, inferior parietal and inferior frontal regions primarily in the left hemisphere, 

as well as in the cerebellum (for review see Eckert, 2004).  In addition to structural findings, 

functional neuroimaging studies have identified physiological anomalies in dyslexic readers, 

revealing hypoactivity compared to typical readers within the language network during reading 

or phonological processing tasks (Flowers et al., 1991; Démonet et al., 1992; Ingvar, 1993; 

Paulesu et al., 1996; Rumsey et al., 1997; Shaywitz et al., 1998; Brunswick et al., 1999; 

Shaywitz et al., 1998; Eden et al., 2004).  More recent work has combined these techniques, 

explicitly linking this hypoactivation with atypical brain morphology in similar regions (Hoeft et 

al., 2007; Siok et al., 2008; Linkersdörfer et al., 2012). 

While earlier studies examining brain anatomy with MRI relied on manual tracing 

techniques, standardization of analysis tools has provided more methodological consistency for 

recent studies.  Specifically, Voxel-Based Morphometry (VBM), employing fully- or semi-

automated algorithms (Ashburner and Friston, 2000), has been used in approximately ten studies 

of dyslexia.  We next review the findings of less gray matter volume (GMV) in dyslexia, 

focusing on investigations implementing whole-brain VBM analysis (rather than those that 
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limited analysis to regions of interest) in adults (Brown et al., 2001; Brambati et al., 2004; 

Vinckenbosch et al., 2005; Steinbrink et al., 2008) and children (Eckert et al., 2005; Hoeft et al., 

2007). 

Beginning with studies in adults, Brown et al. (2001) found less GMV in 16 male 

dyslexics relative to 14 male controls in left temporal lobe (inferior, middle and superior gyri) 

and bilateral temporal-parietal-occipital junction, frontal lobe, caudate, thalamus and cerebellum.  

Similarly, Vinckenbosch et al. (2005) reported less GMV in left middle and inferior temporal 

gyri in their sample (10 male dyslexics, 14 male controls).  Steinbrink et al. (2008) studied 

mostly male participants (8 dyslexics: 6 male, 8 controls: 6 male), again revealing less GMV in 

left middle/superior temporal gyrus, and right superior temporal gyrus.  The only VBM study to 

include nearly equal numbers across gender (10 dyslexics: 5 male, 11 controls: 5 male) was 

conducted by Brambati et al. (2004).  While this investigation offers convergence with Brown et 

al.’s and Steinbrink et al.’s reporting of less GMV in left superior temporal gyrus, and Brown et 

al.’s and Vinckenbosch et al.’s findings in left inferior temporal gyrus, they also reveal right 

hemisphere GMV differences in middle temporal gyrus, bilateral planum temporale, fusiform 

and cerebellar nuclei.  Together, these findings suggest the most reliable differences in dyslexia 

are in bilateral temporal lobe structures (inferior, middle and superior gyri), confirmed by recent 

meta-analyses (Linkersdörfer et al., 2012; Richlan et al., 2012), a logical finding given the roles 

of left temporal lobe in spoken and written language.  

To date, only two whole-brain investigations employing VBM have been conducted on 

pediatric samples: one with males, the second with a mixed group.  Eckert et al. (2005) identified 

less GMV in dyslexics in left supramarginal gyrus, lentiform nucleus and posterior cerebellum, 
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as well as bilateral lingual gyri in a group of boys (13 dyslexics, 13 controls).  Consistent with 

this, Hoeft et al. (2007) reported reduced GMV in left inferior parietal lobe and lentiform nucleus 

in a mixed group of male and female adolescents with dyslexia compared to controls (19 

dyslexics: 10 male, 19 controls: 10 male).  In addition, Hoeft et al. reported less GMV in left 

inferior frontal gyri and anterior cingulate, bilateral insula, precentral, postcentral and superior 

temporal gyri, as well as right inferior parietal lobe and middle temporal gyrus.  The number of 

pediatric studies is limited, but even so, there are noticeably more regions reported outside of the 

temporal lobe and instead in frontal and parietal regions (i.e. insula, precentral, postcentral gyri 

and inferior parietal lobe) in the mixed group (Hoeft et al., 2007), suggesting that introducing 

females may change the nature of findings in studies of brain morphometry in dyslexia. 

Considering the prevalence of dyslexia is two to three times higher in males than females 

(Flannery et al., 2000; Katusic et al., 2001; Rutter et al., 2004; Liederman et al., 2005; however 

see Shaywitz et al., 1990), it may not be surprising that the VBM studies discussed above are 

heavily weighted towards males.  However, this means that the results obtained cannot be 

generalized to females with dyslexia.  Further, any inconsistencies in the results reported, may in 

part depend on the number of females included in any given sample (Schultz et al., 1994).  

Importantly, in the typical population there are male/female differences in anatomy (Good et al., 

2001; Peper et al., 2009; Witte et al., 2010), as well as in brain activity during language tasks 

(Shaywitz et al., 1995; Jaeger et al., 1998).  This raises the possibility that when only females 

with dyslexia are studied in comparison to female controls, the neuroanatomical findings 

characterizing dyslexia may be different from those reported to date in the male-dominated 

studies.  The importance of sex-specific differences in research on dyslexia was noted over three 
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decades ago when Norman Geschwind drew attention to the fact that the higher incidence of 

dyslexia in males suggests either the etiology for dyslexia is different for males and females, or 

that the etiology is the same, but females are “protected” from manifesting a reading disability 

because of unknown sex-specific mechanisms (Geschwind, 1981).  Here we address the question 

of sex-specific differences in brain anatomy of dyslexia by comparing GMV between dyslexic 

and non-dyslexic males as has been done numerous times in the published literature, and then, 

using the same methodology, for the first time test for GMV differences in female dyslexics 

compared to female controls.  This approach offers consistency with previously employed 

methods and also avoids any ambiguity as to whether any between-group differences should be 

attributed to dyslexia or sex (as would be the case if male dyslexics were directly contrasted to 

female dyslexics).  Finally, we extended the study to children, allowing us to draw conclusions 

about morphometric differences in dyslexia for each sex at different stages of development.   
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METHODS 

Participants 
 

Anatomical MRI data were drawn from different studies on developmental dyslexia and 

typical readers within our laboratory involving functional MRI, where structural scan acquisition 

constituted part of the study protocol.  Subjects with dyslexia had a documented childhood 

record of developmental dyslexia.  Control subjects had no history of a learning disability, did 

not have a first degree relative with a learning disability and were within normal range on 

standardized measures of reading (see below). 

Our adult dyslexic subjects were drawn from either a cohort of a longitudinal study of 

dyslexia at Wake Forest University North Carolina (Meyer et al., 1998) or a cohort of dyslexic 

adults who grew up and reside in North Carolina and whose childhood records on reading and 

cognitive skills were available through a historical archive accessed by investigators at Wake 

Forest University (Flowers et al., 1991; Eden et al., 2004).  For subjects drawn from either 

source, reading problems during childhood were documented in each subjects’ childhood testing 

records.  Adult non-dyslexic controls were recruited from North Carolina and the Washington, 

DC area.  Scans of 27 adult dyslexic subjects and 27 typical adult readers were available and we 

conducted comparisons of male adults with and without dyslexia (n=14 per group) as well as 

female adults with and without dyslexia (n=13 per group). 

 The dyslexic children were recruited from a Maryland private school specializing in 

learning disabilities, and the control children were recruited from the general population within 

the same geographical region, including the DC metropolitan area.  Scans of 32 dyslexic children 
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and 32 typical readers were available and we conducted comparisons of boys with and without 

dyslexia (n=15 per group) as well as girls with and without dyslexia (n=17 per group). 

All participants in the study were monolingual English speakers and in good physical 

health.  All participants had a Full Scale IQ score above 80 based on the Wechsler Abbreviated 

Scale of Intelligence (WASI; Wechsler, 1999).  None had neurologic, severe language or 

psychiatric disorders, a history of traumatic brain injury with loss of consciousness, or clinical 

abnormality on MRI.  Other exclusion criteria included any use of medications that could affect 

brain function or cerebral blood flow at the time of scanning, pregnancy, or history of substance 

use.  Individuals who had cardiac or neural pacemakers, surgical clips in the brain or blood 

vessels, implanted metal objects in their body, or other contraindications for MRI were not 

eligible for the study.  All studies were approved by the Institutional Review Board of 

Georgetown University Medical Center.  Written informed consent was obtained.  All adult 

participants were paid for their participation and children were given toy prizes or bookstore gift 

cards. 

All subjects underwent testing to specifically characterize their reading skills and their 

phonological coding ability (these measures are presented in Table IVA).  For all subjects, 

pseudoword reading was measured with the Word Attack subtest of the Woodcock Johnson III 

Tests of Achievement (Woodcock et al., 2001).  Pseudoword reading requires reading of non-

words that follow English pronunciation rules and assess a person’s decoding skills (i.e., how 

good subjects are in applying knowledge of letter-sound relationships and letter patterns to the 

correct pronunciation of written words).  Pseudoword reading skills are often used in assessing 

dyslexia.  Single real word reading was also measured.  The Letter-Word Identification subtest of 
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the Woodcock Johnson III Tests of Achievement (Woodcock et al., 2001) was used in all 

children and for 22 of the 54 adults to gauge real word reading.  For the other 32 adults, real 

word reading was evaluated using the Wide Range Achievement Test-3 Reading subtest 

(Wilkinson, 1993).  Both tests are normed measures of untimed, single real word reading and 

provide an age-referenced standardized score with a mean of 100 and a standard deviation of 15.  

For the adults, the group means presented in Table IVA was derived from using single real word 

reading scores obtained from either test.  Finally, we administered tests to determine phonemic 

awareness, a skill known to support reading (Wagner and Torgesen, 1987) and thought to be the 

primary impediment to dyslexics’ ability to acquire reading skills (Stanovich, 1988).  Phonemic 

awareness (the ability to understand and manipulate the sound structure of language at the 

phoneme level) was measured with the Test of Auditory Analysis Skills (TAAS; Rosner, 1975) 

in adults.  The Lindamood Auditory Conceptualization Test-3 (LAC-3; Lindamood and 

Lindamood, 2004) was used in 51 of the pediatric subjects, while the remaining 13 pediatric 

subjects’ phonemic awareness was evaluated using the Comprehensive Test of Phonological 

Processing (CTOPP; Wagner et al. 1999).  As both measures used for the children are 

standardized, Table IVA combines these two measures into one mean.  Handedness was 

determined by the Edinburgh Handedness Scale in all subjects (Oldfield et al., 1971). 

 

Acquisition of Magnetic Resonance Images 

MRIs were acquired on a Siemens Vision Magnetom 1.5-Tesla scanner (14 male adult 

dyslexics, 14 male adult controls, 5 female adult dyslexics and 5 female adult controls) and a 

3.0-Tesla Siemens Tim Trio Magnetom scanner (8 female adult dyslexics, 8 female adult 
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controls, 15 male pediatric dyslexics, 15 male pediatric controls, 17 female pediatric dyslexics, 

and 17 female pediatric controls).  The number of subjects who received MRI scans with the 

higher field strength did not differ between the dyslexic and their respective control groups.  To 

be conservative, however, we added field strength (1.5 or 3.0) as a covariate of no interest in the 

data analysis (Pernet et al. 2009).  We used a circularly polarized head coil equipped with foam 

padding to restrict head motion.  Multiple high-resolution T1-weighted 3D sagittal MPRAGE 

images (FOV read: 256; phase: 256; Slices: 173 on 1.5T, 160 on 3.0T; Slice Resolution: 1 mm) 

were acquired for each participant yielding images with a voxel size of 1 x 1 x 1 mm.  A blind, 

independent two-rater system was used to select one of the structural images acquired from each 

subject.  This system allowed us to identify images of sufficient quality for data analysis, 

especially in the pediatric sample where an anatomical scan is often compromised by a single, 

large head movement that occurred during the scan.   

 

 Voxel-Based Morphometry (VBM) Analysis 

Statistical Parametric Mapping (SPM8, Wellcome Trust Centre for Neuroimaging, 

London) was used for preprocessing and analysis.  Specifically, MRI data was processed 

according to the optimized protocol described by Good et al. (2001).  Non-brain tissue (skull, 

scalp, etc.) was removed, and initial gray matter, white matter, and cerebral spinal fluid 

segmentations were spatially normalized with the DARTEL toolbox and resampled to the 

Montreal Neurologic Institute (MNI) space.  These deformation parameters were applied to the 

original images, which were subsequently segmented.  Finally, Jacobian modulation was applied 

to gray matter to restore the original absolute volume altered by the normalization process, and 
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images were smoothed using an 8mm, full-width, half-maximum isotropic Gaussian kernel.  FSL 

4.1 (FMRIB Software Library, Oxford, UK) was used to set an absolute intensity threshold of 

0.2 to remove voxels of low gray matter intensity. 

To determine clusters that significantly differed across groups with and without dyslexia, 

we applied a two-sample t-test.  Scanner field strength was included as a regressor of no interest.  

We also calculated total brain volume (gray and white matter) for each group, and ensured no 

significant differences between each sample of individuals with dyslexia compared to their 

respective control group.  For statistical map generation, a height threshold of p < .001 

uncorrected was utilized.  We used the VBM toolbox for SPM to implement a p < 0.05 extent 

threshold utilizing a non-stationary correction (Hayasaka et al., 2004) that allows for cluster-

level statistics on VBM data and has been previously implemented in studies in the lab (Krafnick 

et al., 2011).  Those clusters that also survived a more conservative FWE correction (p < 0.05) 

are indicated via asterisks in Table IVB.  Clusters of less than 5 voxels are not reported.  

Coordinates were converted from MNI to Talairach coordinate space utilizing the Brett 

transform mni2tal  

(http://imaging.mrc-cbu.cam.ac.uk/downloads/MNI2tal/mni2tal.m).   

 

  

http://imaging.mrc-cbu.cam.ac.uk/downloads/MNI2tal/mni2tal.m
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RESULTS 

Profile of Participants 

As can be seen in Table IVA, all four of the dyslexic groups (adult males, adult females, 

pediatric males, and pediatric females) were matched for age and Performance IQ to their 

respective non-dyslexic control groups of the same sex.  As would be expected based on their 

diagnostic history of a reading disability, each dyslexic group demonstrated significantly lower 

scores on measures of pseudoword reading, real word reading and phonemic awareness than 

their respective control groups.   

Subjects were right handed, except two adult dyslexic participants (1 male, 1 female), 

four pediatric dyslexic (3 male, 1 female) and two pediatric control (1 male, 1 female) 

participants, who were determined to be not strongly right-handed.   

 

Gray Matter Volume Between-Group Differences: Adults 

Male Adults 

As shown in Table IVB and Figure IVA, men with dyslexia demonstrated less GMV than 

their non-dyslexic male controls in the left middle temporal gyrus (BA 21) extending into 

inferior temporal gyrus (BA 20).  This result survived a more stringent statistical threshold (FWE 

correction p < 0.05) and is consistent with previous studies reporting differences in left temporal 

cortex.  The adult dyslexic males also showed less GMV in the right postcentral sulcus (BA 2) 

with the cluster extending posteriorly into the supramarginal gyrus of the parietal lobe (BA 40).   
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Female Adults 

As can also be seen in Table IVB and Figure IVA, women with dyslexia demonstrated 

significantly less GMV than the non-dyslexic female adults in the precuneus of the right parietal 

lobe (BA 7) and in the paracentral lobule of the right frontal lobe (BA 4), extending into the 

medial frontal gyrus portion of the supplementary motor cortex (BA 6).  Surprisingly, this 

analysis revealed no differences in the temporal lobe of females with dyslexia. 

 

Gray Matter Volume Between-Group Differences: Children 

Male Children 

Boys with dyslexia compared to their matched controls demonstrated relatively less 

GMV in a cluster located in left supramarginal gyrus (BA 40) extending into angular gyrus (BA 

39) (see Table IVB and Figure IVA).  These results are consistent with earlier reports on GMV 

differences in dyslexic children and once again support the idea of anatomical aberrations in left 

hemisphere brain regions that support language. 

Female Children 

Girls with dyslexia showed less GMV in multiple right hemisphere regions: the central 

sulcus extending into the adjacent postcentral gyrus (BA 3) and precentral gyrus (BA 4).  An 

additional cluster was located in the right precentral gyrus (BA 4/6) and survived a more 

stringent statistical threshold (FWE correction p < 0.05).  Girls with dyslexia also had less GMV 

in the cuneus (BA 17) of the left occipital lobe (see Table IVB and Figure IVA).   

Figure IVB provides a brain rendering for visualization of the results of these four 

between-group comparisons (Controls > Dyslexics).  To summarize, men (blue), and boys 
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(green) with dyslexia exhibit less GMV than their respective male control groups in the lateral 

aspects of the bilateral middle temporal and inferior parietal cortices.  However, findings for the 

females are located in bilateral sensory and motor cortices in frontal, parietal and occipital lobes.  

A single focus in the left hemisphere in the medial occipital cortex (BA 17) emerged from the 

pediatric comparison (yellow).  Other differences observed for females with dyslexia are in the 

right hemisphere, notably posterior parietal cortex (BA 7) and medial aspects of the frontal lobe 

(BA 4/6) in women (red) and lateral aspects of the frontal lobe (BA 3/4/6) in girls (yellow). 
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DISCUSSION 

Our study reports the first direct investigation into neuroanatomical differences in 

dyslexia in females.  Critically, we conducted parallel studies in females and males, comparing 

groups of dyslexics with age and IQ matched controls for each sex separately, yet using the same 

methods as those employed in publications on male only and male dominated samples that have 

led to the field’s current understanding of the differences in GMV in dyslexia.  Our findings in 

adult males were consistent with the anomalies reported in previous studies within the left 

hemisphere language network and homologous regions in the right hemisphere.  While findings 

based on male dyslexics are accounted for through theories of left hemisphere, language-based 

dysfunction, our findings in females represent a notable departure from this framework.  Adult 

females with dyslexia did not differ from their female controls within the left temporal-parietal 

cortex.  Instead, between-group differences are located primarily in sensory and motor cortices 

of the frontal and parietal lobes (precuneus and paracentral lobule extending into medial frontal 

gyrus, inclusive of SMA) and primarily in the right hemisphere.  Our investigation also included 

children, allowing us to ask the same questions specific to dyslexia in females at a younger age.  

Boys with dyslexia compared to their male pediatric control group had relatively less GMV in 

left supramarginal/angular gyri, again replicating prior work in male children (Eckert et al., 

2005) and in support of the language-based learning problems encountered by dyslexic children.  

However, our findings in female children once again departed from prior published reports and 

from the observations in our own male children: Girls with dyslexia had less GMV than the 

controls in right precentral gyrus and left cuneus, again regions involved not in language but in 

sensory and motor processing.   
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Our results demonstrate that anatomical differences observed in adult dyslexics to date 

may largely be unique to males, and that females with dyslexia exhibit distinct anatomical 

variants compared to typical readers.  Further, the sexual dimorphism for GMV in dyslexia in 

our pediatric sample suggests sex-specific differences exist across the lifespan.  These results 

raise important questions about the yet unknown etiology of dyslexia.  They also have important 

implications for practice and research.  For example, current studies on GMV in dyslexia 

evaluated via meta-analytical methods (Richlan et al., 2012; Linkersdörfer et al., 2012) are based 

on dyslexic participants that contain less than 20% females, yet conclusions are typically 

generalized to all dyslexics.  Our findings suggest that new brain-based models may have to be 

adopted to best characterize female dyslexia.  Perhaps even diagnosis and treatment approaches 

may have to take sex into consideration.   

Our findings raise the question whether differences in brain morphology in males and 

females with dyslexia are the end product of two entirely different etiologies, or rather that they 

represent a sex-specific variation at the end of a complex biological cascade that has at its core a 

common etiology.  We discuss this here in the context of prior work.  First, we examine studies 

in typically-developing populations reporting sex-based differences in brain anatomy.  It might 

be that sex-specific findings in dyslexia are related to the anatomical differences that exist 

between males and females in the normal population.  Neuroimaging studies contrasting males 

and females have also examined brain function through positron emission tomography (PET) and 

functional MRI (fMRI), making it possible to relate our anatomical findings to sex-specific 

activity underlying language processing in typical subjects.  We also discuss research examining 

the role of sex hormones in early brain maturation, considering the possibility that our findings 
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represent the end product of a sex-specific divergence beginning prenatally, rendering the brains 

of males more vulnerable to dyslexia.  We then examine behavioral studies suggesting 

differentiation between males and females with dyslexia, and genetic work in dyslexia focused 

on gender differences.  Finally, we consider our findings in light of competing theoretical 

frameworks put forth to explain dyslexia.  We entertain the possibility that the more prevalent 

theory, a language-based deficit attributed to the left hemisphere, explains dyslexia in males, 

while dyslexia in females might be better accounted for by dysfunction and in domains 

subserving sensory processing.   

 

Sex-specific differences in GMV in the normal population 

Several studies have explored sex-specific differences in brain anatomy of typical 

subjects using the same methodological approach employed in the present study and have 

revealed striking sex-specific differences (Good et al., 2001; Peper et al., 2009; Witte et al., 

2010; Takahashi et al., 2011; Lombardo et al., 2012).  Most relevant to our findings are results 

from a large (n=465) study of typical adults conducted by Good et al. (2001), who identified, 

among other things, greater GMV in females compared to males in regions adjacent to the depths 

of left and right central sulci.  A related study by Amunts and colleagues (2000) using a non-

VBM-based approach found that females exhibit symmetry in the depth of the central sulci, 

while males show leftward asymmetry.  In our study, we observed dyslexia-specific reduced 

GMV in the posterior aspects of the right postcentral sulcus in men, suggesting that whatever 

mechanism leads to relatively smaller GMV around this region in typical males may be 

accentuated in dyslexic males.  Similarly, reduced GMV in right pre- and postcentral gyri in our 
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girls suggests dyslexic females do not attain the same GMV in a region typically associated with 

higher volumes for females.  This is somewhat speculative since the study by Good and 

colleagues was conducted in adults, and neuroanatomical profiles are known to vary across the 

lifespan (Giedd et al., 1997).  Nevertheless, it is clear from our results that the organization of 

right sensory and motor cortices may vary for individuals with dyslexia.  Further support comes 

from a third finding in the present study, in right hemisphere motor cortex in women, albeit more 

medial (BA 4/6), suggesting again that right hemisphere motor systems might play a role in 

dyslexia among females. 

Females display symmetry not only in anatomy of a variety of brain regions (see Amunts 

et al., 2000), but also in functional organization of language, while males, again, appear to be 

asymmetric.  During a rhyme-judgment task, typically-reading men revealed left-lateralized 

activation in IFG, while women activated bilateral IFG (Shaywitz et al., 1995).  Similarly, Jaeger 

and colleagues (Jaeger et al., 1998) found that women activated a bilateral network of perisylvian 

regions during past tense verb generation, in contrast to left-lateralized findings in men.  These 

studies clearly demonstrate sexual dimorphism for the functional specialization of language 

(however see Sommer et al., 2004; Sommer et al., 2008; Kaiser et al., 2009), and explain why the 

incidence of aphasia in males may be higher than in females following insult to the left 

hemisphere (McGlone et al., 1977; for discussion see Tallal et al., 2012).  Recent animal work in 

bats demonstrates sex-dependent hemispheric asymmetries for processing frequency-modulated 

sounds, suggesting that this sexual dimorphism is not unique to humans (Washington and 

Kanwal, 2012).  Given these biological constraints, it is easy to see how perturbations caused by 

dyslexia would affect brain function differently in males and females.  In fact, it has been 
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proposed that a bilateral distribution of language function across two hemispheres in females 

may be one reason that dyslexia is less prevalent, because females effectively have a “reserve” in 

the right hemisphere that is called upon when aberrations underlying language function occur in 

the left hemisphere.  Our results provide a different and simpler explanation, instead suggesting 

that women with dyslexia do not have the severe temporal-parietal anomalies that disrupt 

language-related skills.  Whether this means they have a milder form of the reading disability or 

a different form (e.g. due to sensory/motor dysfunction) remains to be investigated.   

These sex-specific differences in anatomy also emphasize the importance of our 

methodological approach: not only does the comparison of female dyslexics with age and IQ 

matched controls provide consistency with the studies published to date on male or male 

dominated samples for both the adult and pediatric work, but it also avoids the ambiguity that 

would be present if dyslexic males were directly contrasted to dyslexic females, making it 

impossible to attribute differences to sex versus dyslexia.  While not the primary objective of this 

work, it is obvious that our results in children with dyslexia look quite different than those in 

adults, even though our analysis protocols were identical.  The shifts in GMV differences in both 

males and females with dyslexia suggest age-dependent anatomical differences in individuals 

with dyslexia, serving as a reminder that the phenotype of dyslexia changes throughout the 

lifespan.   

 

Male and female sex hormones and development  

A significant limitation of MRI based in vivo studies is that the cellular mechanisms 

underlying these differences remain elusive.  Interestingly, founding neuroanatomical work by 
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Galaburda and colleagues in individuals with dyslexia at postmortem describing first gross 

(Galaburda and Kemper, 1979) and then fine-grained cortical abnormalities such as neuronal 

ectopias and architectonic dysplasias (Galaburda et al., 1985) have led these investigators to 

advance a theory of improper migration of neurons during cortical development.  To test this 

model, rodents are subjected to conditions (application of a freezing probe to the cortex) that 

result in cortical ectopias much like those observed in the tissue of humans with dyslexia at 

postmortem (Humphreys et al., 1991).  Male animals showed more anatomical change in 

response to this interference than did females, as did androgenized (testosterone treated) females, 

suggesting that the hormonal disposition of males may make them more vulnerable to 

perturbations during early neuronal development (Rosen et al., 1999).  This theory is consistent 

with the neuroprotective properties of estrogen (Brann et al., 2007) and other accounts of a 

female advantage in recovery to cerebral insult (Goldman et al., 1974; Loy and Milner, 1980; 

Raz et al., 1995).  Improper migration of cortical neurons during development may produce these 

ectopias in the human, and (directly or indirectly) may be the source of interference for skills that 

support reading (Ramus, 2004).  While the above research suggests that disruption of typical 

cortical migration may have sex-specific responses, it is unknown whether the patterns of 

ectopias among males and females with dyslexia diverge.  Future studies could test this 

prediction.  Further investigation is also needed into the relationship between macro- and 

microstructural anatomical findings that have been described above (using MRI in humans and 

microscope in the animal) to determine if there is a link between observations at these two levels 

of inquiry. 
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The sex hormones estrogen and progesterone have noteworthy neuroprotective and 

cognitive effects (see Dumitriu et al., 2010 for review).  Monthly fluctuation in estrogen 

positively correlates with CA1 spine density in rodent hippocampus (Woolley et al., 1990).  

Decreases in spine density following ovariectomy are reversible with immediate estrogen 

treatment (Gould et al., 1990), and accompanied by new synapse formation (Woolley and 

McEwen, 1992).  In humans, verbal memory varies with the ovarian cycle, and timely estrogen 

replacement protects against post-menopausal decline (see Sherwin, 2012 for review).  

Interestingly, for the present study, oral reading and verbal memory skills are significantly 

stronger in post-menopausal women taking estrogen supplements compared to controls 

(Shaywitz et al., 2003).  Further, estrogen intake (compared to a placebo) results in greater brain 

activity during the verbal storage component of a verbal working memory task in bilateral frontal 

and inferior parietal lobes, and right occipital cortex (Shaywitz et al., 1999).  While these regions 

do not overlap directly with brain areas reported here, hormonally driven effects may 

nevertheless impact anatomy and function elsewhere in the female brain and in ways that result 

in dyslexia manifesting differently than it does in males. 

Sex hormones have also been linked to neuroanatomical differences.  Peper et al. (2009) 

found a positive correlation between global GMV and testosterone levels in boys, and a negative 

correlation between global GMV and estradiol level in girls.  Witte et al. (2010) examined young 

men and women, finding positive correlations between GMV estradiol levels in left IFG, and 

negative correlations between GMV and testosterone levels in left IFG.  The left IFG is involved 

in reading and GMV in this region has been correlated with phonological awareness (Lu et al., 

2007).  Lombardo and colleagues (2012) recently identified a direct link between fetal 
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testosterone levels and subsequent gray matter volume in pediatric boys (ages 8-11): Greater 

testosterone levels predicted greater GMV in bilateral somatosensory, motor and premotor 

cortices, and less GMV in bilateral planum temporale and left middle/superior temporal cortex.  

These observations are especially interesting in light of our results of less GMV in dyslexic 

males in bilateral temporal-parietal cortex, and less GMV in dyslexic females in sensory and 

motor cortices.  This suggests that brain regions regulated by sex hormones in typical individuals 

could be vulnerable to fluctuations in these hormones with the resulting effect of atypical neural 

development and cognitive function (e.g. high fetal testosterone might be a cause of dyslexia in 

males).  These studies provide interesting connections between sex, hormones and brain anatomy 

and potential differences between males and females with dyslexia on the grounds of anatomical 

and hormonal differences and their interaction, a prediction that was made by Norman 

Geschwind over three decades ago (Geschwind, 1981).   

 

Sex-specific behavioral performance of dyslexics 

One might also expect sex differences in behavioral performance of dyslexics on 

measures of spoken and written language.  Divergence in behavior does not necessarily mean a 

different etiology for dyslexic males and females (for review see Vogel, 1990); however, 

researchers have been interested in sex-specific differences, especially since they too are 

expressed in typical readers.  Among normal readers there is the tendency for girls to acquire 

reading more rapidly than boys due to their advantage in rate of linguistic processing and basic 

word recognition (Wolf and Gow, 1986).  School-identified female students with learning 

disabilities (LDs), including but not specific to reading disability, demonstrate lower intelligence 
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than males (Bradbury et al., 1975; Holowinsky and Pascale, 1972; Lawson et al., 1987) and 

Vogel and Walsh (1987) found the same in college-aged students.  They also reported that 

relative to males with LD, females with LD displayed strengths in verbal conceptualizations.  

Consistent with the observed strength in language skills in females is another study (Berninger et 

al., 2008) examining children with dyslexia, finding boys to have lower scores in working 

memory and orthographic coding compared to the girls.  These results all indicate a more typical 

language-based dyslexic phenotype in males, going hand in hand with GMV differences 

observed in left hemisphere language areas of males.   

 

Genetics 

 Dyslexia is a highly heritable and genetically heterogeneous condition (for review see 

Paracchini et al., 2007).  Candidate genes have roles in brain development, axonal growth and 

neural migration, providing further evidence in support of the model of anomalous neuronal 

migration discussed above (Galaburda et al., 2006).  The higher incidence of dyslexia has 

prompted genetic studies to address whether the same genetic mechanisms are at work for males 

and females with dyslexia.  Qualitative sex differences in genetic studies would imply that the 

two sexes are influenced by different environmental and genetic factors.  For example, Harlaar 

and colleagues (2005) found evidence for qualitative sex differences in almost four thousand 

twins, concluding that reading problems may occur as a function of sex.  However, another study 

could not replicate these results (Hawke et al., 2007).  Quantitative sex differences have also 

been entertained, whereby genetic and environmental factors are the same for both sexes, but the 

impact is thought to be stronger in males.  A sex-influenced polygenic threshold model was put 
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forward by DeFries (1989) based on data indicating that the presence of dyslexia is higher in 

relatives of female dyslexics compared to male dyslexics (Vogler et al., 1985).  This model 

posits that females have a higher risk threshold for dyslexia than males and explains both the 

lower rate in prevalence of dyslexia in females and the higher number of relatives with reading 

disability found for female dyslexics compared to male dyslexics (DeFries, 1989).  

Unfortunately, studies to date investigating these various models have not converged, possibly 

due to varying methodological approaches and limited sample sizes.  Future research combining 

neurogenetics and cognitive neuroscience will help expand on observations like the one 

demonstrating that GMV in Broca's and Wernicke's language areas are genetically influenced 

(Thompson et al., 2001) and help address questions about sex-specific differences in the 

relationship between genes, brain and behavior (Ramus, 2006). 

 

Language versus non-language based theories about dyslexia 

There is strong consensus that dyslexia is the consequence of temporal-parietal speech-

sound processing (e.g. phonemic awareness) deficits (for review see Gabrieli, 2009; Peterson and 

Pennington, 2012).  Interventions targeting this weakness successfully remediate dyslexia (for 

review see Alexander et al., 2004).  In parallel, the notion of right hemisphere dysfunction in 

dyslexia, specifically involving parietal cortex, has emerged and needs to be considered in light 

of our findings of less GMV in dyslexic women in right parietal cortex.  Dyslexics have deficits 

in visual-spatial tasks subserved by right parietal cortex such as mental rotation (Rüsseler et al., 

2005; Karádi et al., 2001; however see Corballis et al., 1985; Lachmann et al., 2009).  These and 

other parietal functions, including visual attention (Facoetti et al., 2000; Facoetti et al., 2003) and 
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visuospatial judgment (Eden et al., 1996) might contribute to dyslexia, prompting investigators 

to draw analogies between these weaknesses and those exhibited by patients with lesions to 

posterior parietal cortex (Stein and Walsh, 1997), such as left neglect syndrome (Facoetti and 

Turatto, 2000; Facoetti and Molteni, 2001; Hari et al., 2001; Eden et al., 2003).  Our findings of 

less GMV in right parietal cortex in women with dyslexia would predict differences in brain 

function in female dyslexics for visuospatial tasks, a hypothesis that has not yet been tested. 

Our adult female dyslexics also showed less GMV in right SMA; together with the right 

parietal cortex finding, this replicates a report by Menghini et al. in primarily female dyslexic 

adults (10 dyslexics: 9 female; 2008).  This GMV analysis was constrained by regions of interest 

derived from between-group differences (dyslexics versus controls) from an implicit learning 

fMRI study (Menghini et al., 2006), thus not included in the review of existing GMV studies of 

dyslexia in the introduction confined to whole-brain analyses.  Of note is that this report 

(Menghini et al., 2008) contains the largest number of women to date, and is highly consistent 

with those regions reported for our female adult dyslexics (for example, the right parietal 

lobe/precuneus is within one cm of the one reported here).  In their study, Menghini and 

colleagues also showed implicit learning deficits on a serial reaction time task in dyslexia and 

less brain activity during this task in SMA, inferior parietal areas and cerebellum.  This work, 

along with ours, lends support to the notion that visuomotor learning, integration of visual 

information with motor commands, plays a role in females with dyslexia.  In girls with dyslexia, 

right hemisphere findings were closer to primary motor cortex (BA 4), suggesting that in 

younger females the differences are more prominently aligned with earlier sensorimotor cortex.  

Interestingly, it has also been pointed out that motor and cognitive development may be 
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fundamentally intertwined (Diamond, 2000), suggesting perhaps that aberrations in motor system 

development may affect cognition.  Early sensory system differences were also seen in left 

primary visual cortex in the girls with dyslexia.  Of note here is that neurons in primary visual 

cortex have been shown to differ between dyslexics and non-dyslexics at postmortem, where the 

normal asymmetry seen in controls in favor of the left hemisphere is absent in dyslexics (Jenner 

et al., 1999).  While these are early sensory regions, they do relate to higher linguistic function 

related to reading.  That is, left visual cortex GMV correlates positively with spelling of irregular 

words in dyslexic adults but negatively in controls, and positively with pseudoword reading 

performance for both groups (Pernet et al., 2009).  However, the debate about the relationship 

between sensorimotor performance and reading in dyslexia has been contentious.  While some 

propose a variety of sensorimotor impairments in dyslexia (e.g. Nicolson et al., 2001), others 

argue these impairments are only found in a subset of dyslexics and are not the cause of reading 

disability per se, but nonspecific markers of dyslexia (White et al., 2006).  Investigating the role 

of sex in this matter might go a long way to resolve this issue since existing work has again been 

largely performed in groups of dyslexics containing more males than females.   

 

Conclusion 

This is the first investigation of gray matter volume in females with dyslexia, conducted 

in both adults and children.  In pure male samples, we replicated previous findings of relatively 

less GMV in left middle/inferior temporal gyri and right postcentral gyrus in men with dyslexia 

and in left supramarginal/angular gyri in boys with dyslexia compared to age and IQ matched 

typically reading controls of the same sex.  In females however, our findings did not conform to 
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the left-hemisphere deficit model of dyslexia.  Women with dyslexia had less GMV in the right 

precuneus and paracentral lobule/medial frontal gyrus and girls with dyslexia had less GMV in 

the right central sulcus and adjacent gyri as well as left cuneus relative to non-dyslexic controls.  

Results in our pure female samples stand in stark contrast to previous reports in the literature for 

all-male or male dominated samples, and suggest a different pathophysiology for dyslexia in 

females.  Given the disproportionately higher prevalence of dyslexia in males (Flannery et al., 

2000; Katusic et al., 2001; Rutter et al., 2004; Liederman et al., 2005), sex differences and 

hormone involvement reported in anatomical studies of typically developing individuals (Good 

et al., 2001; Peper et al., 2009; Witte et al., 2010; Lombardo et al., 2012), and functional imaging 

studies of typical language processing (Shaywitz et al., 1995; Burman et al., 2008), sex is likely 

to play a critical role in furthering our understanding of the etiology of dyslexia.  Future studies 

need to include and isolate female dyslexics and their respective control groups when examining 

behavior, brain structure and brain function in dyslexia.   
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Figure IVA: Reduced Gray Matter Volume in Dyslexia 

 

 

 

 

 

 

 

 

 

 

Figure IVA shows between-group statistical maps (Controls > Dyslexics) from the whole-brain 

gray matter VBM analysis in adults and children of both sexes, demonstrating reduced GMV for 

dyslexics relative to typical reading controls.  In the men, clusters were found in left 

middle/inferior temporal gyri (BA 21/20) and right postcentral sulcus extending into 

supramarginal gyrus (BA 2/40). In the women, clusters were found in right precuneus (BA 7) 

and paracentral lobule/medial frontal gyrus (BA 4/6). In the boys, a cluster was found in left 

supramarginal/angular gyri (BA 40/39). In the girls, two adjacent clusters are found in right 

precentral gyrus (BA 4/6) and central sulcus extending into precentral and postcentral gyri (BA 

3/4). Another was found in left cuneus (BA 17). Horizontal slices are shown for these peak 

coordinates.   
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Figure IVB: Overlay of Results in All Subjects 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IVB shows an overlay of results reported in Table IVB rendered on a brain for 

visualization purposes: Men (blue), Women (red), Boys (green) and Girls (yellow) with 

dyslexia showed less GMV in these regions compared to their respective control groups of 

the same sex.  While males demonstrated differences in left hemisphere regions associated 

with language, females show differences in right hemisphere regions within primary motor 

cortex and posterior parietal cortex, as well as left hemisphere primary visual cortex. More 

medial (x ≤ |10|) clusters are indicated by black horizontal hash lines. 
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Table IVA: Behavioral/Demographic Profile of All Subjects 
 

 Men Women 

 Dyslexia (n=14) Typical (n=14)  Dyslexia (n = 13) Typical (n = 13)  

 Mean SD Mean SD Sig Mean SD Mean SD Sig 

Age 42.9 10.4 41.1 9.0  34.0 11.6 27.9 9.7  

Performance IQ 108.0 14.7 114.1 7.3  99.6 13.9 109.2 9.2  

Pseudoword Reading 92.0 10.1 111.8 11.4 ** 84.5 7.4 109.5 10.0 ** 

Real Word Reading 89.1 10.0 111.8 5.6 ** 83.5 10.4 111.7 7.0 ** 

Phonemic Awareness 9.9 3.3 12.7 1.1 * 8.9 4.6 13.0 0.0 * 

 Boys Girls 

 Dyslexia (n=15) Typical (n=15)  Dyslexia (n=17) Typical (n=17)  

 Mean SD Mean SD Sig Mean SD Mean SD Sig 

Age 9.6 1.3 8.3 2.1  10.1 2.1 9.1 3.0  

Performance IQ 101.7 9.5 110.9 14.7  101.9 11.1 107.2 10.4  

Pseudoword Reading 92.2 7.4 116.8 11.1 ** 90.1 5.5 115.3 11.9 ** 

Real Word Reading 76.9 8.1 119.8 11.6 ** 78.8 9.3 121.7 12.9 ** 

Phonemic Awareness 98.7 8.5 114.9 11.2 ** 96.8 8.7 111.7 14.2  * 

 

Behavioral scores for the male and female adult and pediatric groups: All four dyslexics groups 

were matched to their respective control groups on age and Performance IQ; all dyslexic groups 

differed significantly from their control groups in their performance on measures of Real Word 

Reading, Pseudoword Reading and Phonemic Awareness. All scores are standardized scores 

with the exception of the measure of Phonemic Awareness in the adults. See text for further 

details. 

SD = standard deviation, Sig = significance of t-test, *p < 0.01, **p < 0.001. 
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Table IVB: Gray Matter Volume: Controls > Dyslexics 
 

Hemisphere  Lobe Anatomical Region Talairach Coordinates Z-score Volume 

     x y z   (voxels) 

        

  Adults      

 

  

 

Men           

L temporal middle (BA 21)/  

inferior temporal (BA 20) gyri * 

-50 -30 -11 4.23 91 

R parietal postcentral sulcus (BA 2)/ 38 -27 35 3.74 23 

supramarginal gyrus (BA 40)      

        

  Women           

R parietal precuneus (BA 7) 20 -48 50 4.3 12 

R frontal paracentral lobule (BA 4)/ 

medial frontal gyrus (BA 4/6) 

8 -27 62 3.7 16 

        

  Children      

        

  Boys      

L parietal supramarginal (BA 40)/ 

angular gyri (BA 39) 

-44 -46 30 3.59 11 

        

  Girls      

L occipital cuneus (BA 17) -10 -91 5 3.61 68 

R frontal precentral gyrus (BA 4/6)* 36 -16  40 4.07 20 

R frontal-

parietal 

central sulcus/ 

precentral/postcentral gyri (BA 3/4) 

 33         -15      46       3.57 20 

 

Location of peak Talairach coordinates, Z-scores, and volumes identified by two-sample t-

tests (Control > Dyslexic) for Men (14 Controls, 14 Dyslexics), Women (13 Controls, 13 

Dyslexic), Boys (15 Controls, 15 Dyslexic), and Girls (17 Controls, 17 Dyslexic).  p < 0.001 

height and p < 0.05 non-stationary cluster extent thresholds, *FWE correction p < 0.05. 
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CHAPTER V:   

 

 

OVERALL DISCUSSION 
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Overview of Findings  

 This dissertation asked three experimental questions with regards to the neural correlates 

of reading and arithmetic and their typical and atypical development, the results of which will be 

summarized in turn. 

 

Chapter II:  Do reading and retrieval-based arithmetic share neural substrates? 

We find neural overlap for reading and arithmetic in the left inferior frontal gyrus.  This 

is found for addition (not subtraction) in adults (not children), suggesting that the shared basis for 

reading and arithmetic is (1) specific to retrieval-based arithmetic and (2) experience/age 

dependent. 

 

Chapter III: Are the neural substrates sub-serving arithmetic altered in developmental dyslexia? 

We find less activity in dyslexic children in the left superior temporal and inferior frontal 

gyri during addition (not subtraction), again lending support for language playing a supportive 

role in retrieval-based arithmetic. 

 

Chapter IV: What is the neuroanatomical basis of developmental dyslexia? 

The results confirm decreases in gray matter volume in the brains of males with dyslexia 

in the temporal-parietal cortex.  Females, in contrast, have less gray matter volume in primary 

sensory and motor cortices, providing evidence for a sex-dependent neuroanatomical profile of 

developmental dyslexia. 
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It has been proposed that left hemisphere regions associated with spoken language, 

specifically temporal-parietal and inferior frontal cortices, aid in the fluent mastery of retrieval-

based arithmetic.  Findings described in Chapter II support this contention.  Dyslexia has been 

associated with anomalies in these same, left hemisphere perisylvian brain areas, including the 

inferior frontal cortex, and in Chapter III we show that dysfunction of the inferior frontal cortex 

manifests in differences in brain function during an arithmetic task that depends on retrieval-

based strategies.  Brain structure has also been shown to be different in dyslexia in left 

perisylvian cortex.  We investigated this in Chapter IV, and while we find evidence in support of 

altered gray matter volume in boys in inferior parietal cortex, we also show that this finding and 

others in the prior literature may have been specific to males with dyslexia. We report that 

females with dyslexia manifest a different neuroanatomical profile.  Together these studies have 

provided insight into sex and age in the context of the brain anatomy and reading disability, as 

well as age in the context of the neural bases of reading and math. 

This discussion chapter will pull together the results from Chapters II, III, and IV 

highlighting the role of the inferior frontal gyrus in both reading and retrieval-based arithmetic, 

which suggests a supportive role of language processing skills.  It then highlights the sex 

differences seen in dyslexia presented in our results, and suggests how the sex of participants 

could affect the role of reading and arithmetic more generally.  It discusses the role of working 

memory and phonological awareness in reading and math, and finally points out some limitations 

and overall conclusions of the work presented here. 

 



 

99 

 

Arithmetic and Reading: The relationship between the locations of the Inferior Frontal Gyrus 

regions reported in Chapters II and III 

The results from both Chapters II and III provide evidence for the inferior frontal gyrus 

of the left hemisphere as a region of convergence across reading and math processing.  In 

Chapter II, the data show co-localization of activity in the inferior frontal gyrus during tasks of 

implicit single word reading and explicit addition verification in adults.  This conjunction is 

specific to adults (and not children) and is not replicated during the subtraction condition, 

providing support for retrieval-based (and not procedural-based) arithmetic processing being 

integrated into the language network with age, likely due to increased experience.  In Chapter III, 

the results indicate that children with developmental dyslexia rely less on the left inferior frontal 

gyrus/superior temporal gyrus when performing the identical addition task.  This provides further 

evidence that despite normal performance in mathematics, individuals with dyslexia show brain-

based differences in retrieval-based arithmetic processing as a result of their language-based 

learning disability.   

The question arises whether these two regions are the same.  Although these clusters in 

the inferior frontal gyrus across studies are close, projections of the maps to a common brain 

surface for the purpose of visualization demonstrate that they are not the same.  Figure VA 

depicts the two statistical maps, combined for visualization, and demonstrates no continuity 

between the spatial locations of these two findings.  It should be noted that in the Chapter II 

analysis a height threshold of p < 0.001 was used to generate the conjunction. Here, a more 

liberal height threshold of p < 0.01 was used for the reading and addition conjunction analysis in 

adults to allow for potential overlap with the results from the study presented in Chapter III.  The 
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coordinates of the two foci that emerged from this more liberal revision of the conjunction 

analysis of the data presented in Chapter II are in Table VA below.    

An interesting future addition to this series of studies would be to study adults with 

dyslexia performing the arithmetic task.  This would provide a better comparison to the adult 

typical readers who show overlap in the inferior frontal gyrus for addition and reading, since 

typically reading children do not yet display that overlap. 

A related question is the nature of activity that is observed in these regions of interest in 

children and adults who are typical readers as well as dyslexic readers.  Our results from 

Chapters II and III suggest that the inferior frontal cortex (a) is engaged in both reading and 

addition in adults, (b) is more engaged during addition in adults compared to children, and (c) is 

less engaged in children with dyslexia compared typical children during addition.  Even though 

our findings were within discrete locations of the inferior frontal cortex, we nevertheless wanted 

to bring together these observations for further interrogation on the signal underlying math in all 

of our participants.  We used the regions of interest described above (the outcome of a more 

lenient conjunction between reading and math in adults) and examined it for percent signal 

change in all groups during the math task.  Figure VB shows this data in two bar charts.  

Although trends can be seen where adults elicit greater activity compared to children in the 

superior region of interest of the left inferior gyrus cluster and the more inferior regions of 

interest of the left inferior frontal gyrus/insula cluster, no significant differences were found 

between groups, probably due to the large variance within each of the groups. 
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Left Inferior Frontal Gyrus activity during addition correlates with phonological awareness 

and real word reading 

Due to the role that has been assigned to phonological awareness in mediation retrieval-

based arithmetic, we performed regression analyses to examine the relationship between activity 

during the addition task and standard scores in phonological awareness (LAC-3).  The same two 

regions of interest in the left inferior frontal cortex were used as described above (the outcome of 

a more lenient conjunction between reading and math in adults).  Percent signal change was 

extracted in typical adults and children (from Chapter II) and dyslexic children (from Chapter 

III).  No significant results were found in the more lateral inferior frontal gyrus cluster.  

However, a significant correlation was found in the more inferior left inferior frontal gyrus/insula 

cluster (p < 0.01), where greater percent signal change (addition > control) correlated positively 

with higher phonological awareness scores.  A similar relationship was found between activity 

during the addition task and real word reading (Woodcock Johnson Word Identification).  A 

similar analysis with working memory (Digit Span) produced no significant results, supporting 

the notion that phonological awareness skills and reading proficiency provide support for 

acquisition of fluency in retrieval-based arithmetic that is not driven specifically by working 

memory performance (DeSmedt et al., 2010).  See Figure VC for scatter plots.    

 

Lack of a finding in parietal cortex 

Previous work has highlighted the role of the angular gyrus within the left parietal cortex for 

specificity in retrieval-based arithmetic problem solving in adults (Grabner et al., 2009; Grabner 

et al., 2013, and has suggested a developmental shift from frontal to parietal cortices for 
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arithmetic processing (Rivera et al., 2005). In light of this, and the known role of parietal cortex 

in language processing, one might expect our resulting overlap of retrieval-based addition 

problem solving and reading in adults to converge within left parietal cortex.  Instead, in a whole 

brain conjunction approach, we saw overlap only in the left inferior frontal gyrus.  Our result 

confers with other work in adults indicating that left subcortical lesions result in specific deficits 

for retrieval-based problems (Dehaene and Cohen, 1997), and that typical adults exhibit greater 

activity for multiplication versus subtraction problems within the left inferior frontal gyrus 

(Prado et al. 2011). However, it is nevertheless surprising that we did not see overlap in the 

inferior parietal cortex. The answer may lie with the differences in experimental design amongst 

these studies.  For instance, Rivera et al. combine addition and subtraction problems while others 

(Prado et al., 2011; our study) dissociate by operation, and others (Grabner et al., 2009) utilize 

trial by trial strategy self-report.  Further, our data set is amenable to a factorial design  analysis, 

and such an analysis approach may provide better power and help to better elucidate the 

respective roles of development and operation in our work, potentially revealing a role of regions 

outside of the left IFG (such as inferior parietal cortex) would be to utilize.  Another analysis 

approach to consider is to utilize the reading data obtained in adults as a “localizer” (which 

would be left hemisphere clusters in both the left inferior frontal and supramarginal gyri – 

proximal to the angular gyrus), and extract percent signal change for addition and subtraction 

within this language. This approach is similar to that taken by Prado and colleagues (2010).  This 

future work can aid in further differentiating the role of left inferior frontal and temporal-parietal 

cortices in the development of retrieval-based arithmetic processing within the context of 

language. 
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Role of sex of participants 

As discussed in detail in Chapter IV, there is a much higher rate of diagnosis of 

developmental dyslexia in males compared to females, and, as our data shows, a unique 

neuroanatomical signature for each sex.  A theory put forth within the autism literature on the 

‘extreme male brain’ (Baron-Cohen, 2002), which has recently been extended to relate fetal 

testosterone levels with adolescent gray matter volume (Lombardo et al., 2012), provides some 

interesting context to the results we present here.  These researchers identified a direct link 

between fetal testosterone levels and subsequent gray matter volume in pediatric boys (ages 8-

11): Greater testosterone levels in utero predicted greater GMV in bilateral somatosensory, 

motor and premotor cortices, and less GMV in bilateral planum temporale and left 

middle/superior temporal cortex.  Crucially, the group also extended their findings and found 

overlap in the same regions that were sexually dimorphic in a large cohort of males and females 

(Lombardo et al., 2012).  Given the knowledge that typical males and females already differ in 

these regions, one could speculate that a similar mechanism is at work in dyslexia, and that 

regions of the brain that already have less gray matter in typical males compared to typical 

females within the ‘language network’ (e.g temporal-parietal and inferior frontal cortices) are 

particularly susceptible to increased levels of fetal testosterone.  On the other side of that coin, 

regions within the ‘sensory/motor network’  (e.g. pre/post central gyri and posterior parietal 

cortex extending into occipital lobe) that show relatively less gray matter volume in typical 

females compared to typical males could be particularly susceptible to decreased levels of fetal 

testosterone.  This explanation could account in part for the disparities in diagnosis and 

neuroanatomy across males and females in this developmental disorder.  See Figure VD for a 
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visual depiction of the proposed relationship between gray matter volume and fetal testosterone 

within the ‘language’ (e.g temporal-parietal and inferior frontal cortices) and ‘sensory motor’ 

(e.g. pre/post central gyri and posterior parietal cortex extending into occipital lobe) networks in 

typical males and females and those with dyslexia.  If this is the case, then one may also expect 

to see a difference across males and females in the degree to which retrieval-based arithmetic 

processing (supported by inferior frontal and temporal-parietal cortices of the left hemisphere) is 

affected by the reading deficits seen in developmental dyslexia (i.e. there may be more of an 

effect in males whose structural anomalies are more focal to these regions).  Future research 

should address this possibility by comparing the neural substrates of retrieval-based arithmetic 

separately in males and females in typically developing controls as well as people with 

developmental dyslexia.   

 

Role of working memory and phonological awareness 

Early scores in executive function predict various measures of learning across a variety of 

ages (for review see: Diamond, 2013).  In terms of school readiness (i.e. skills that gauge a 

students’ preparedness for the classroom when they enter kindergarten), measures of effortful 

control, false belief understanding, and the inhibitory control and attention-shifting aspects of 

executive function predict both math and reading competence (Blair and Razza, 2007).  These 

executive function metrics are more predictive for school readiness than are general measure of 

intelligence, socioeconomic status, or even entry-level reading and math scores (Diamond, 

2013).  In terms of school success in later years, early working memory scores predict both math 

and reading competence at seven years old, but this relationship is specific to math performance 
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at age fourteen (Gathercole et al., 2004).  Even later milestones like verbal and math SAT scores 

in adolescents are correlated with delay time of gratification (forgoing immediate reward for a 

later more valuable reward) in preschool (Mischel et al., 1989).  These relationships may support 

domain general learning across academic subjects, and could for instance be an early behavioral 

marker for those students who eventually struggle with both reading and mathematics skills (i.e. 

individuals who are comorbid with developmental dyslexia and dyscalculia).  This comorbid 

population has a distinct behavioral phenotype, which includes weaknesses in working memory, 

processing speed and verbal comprehension.  This is distinct in comparison to the characteristic 

deficits in individuals with ‘pure’ dyslexia or dyscalculia (Willcutt et al., 2013).  It is interesting 

to note that Wagner and Torgesen (1987) have argued that reading is predicted in part by 

working memory, measured via digit span, and that dyslexics underperform on this task 

compared to controls.  There is also evidence for unique heritability associated with comorbidity 

of dyslexia and dyscalculia, above and beyond the likelihood of familial transmission in either 

developmental disorder alone (Knopik et al., 1997; Landerl and Moll, 2010; Light and DeFries, 

1995).  This relationship to executive function and working memory does not seem to be a 

defining characteristic of the participants in our studies (the dyslexic and control children in 

Chapter III did not significantly differ in working memory measured via digit span).  In fact, the 

work linking phonological awareness skills to fluency of arithmetic fact retrieval (DeSmedt et 

al., 2010), and corresponding deficits across the two in dyslexics (Boets and DeSmedt, 2010; 

DeSmedt and Boets 2010; Gobel and Snowling, 2010), has taken this potential confound of 

working memory into account by adding working memory scores as a regressor of no interest in 

their analysis.  We find similar results in our data, and show that left inferior frontal gyrus 
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activity is related to phonological awareness and real word reading (Figure VC), but not working 

memory in adults and children with and without dyslexia.  However, in a posterior superior 

temporal gyrus cluster extending into inferior frontal gyrus identified in Chapter III, working 

memory is correlated with percent signal change in dyslexic and typically reading children only, 

suggesting dissociable roles of the inferior frontal cortex that might change with age.   

 

Do interventions in reading transfer to arithmetic?  Is there a critical period for transfer? 

In the realm of more applications-based research in developmental dyslexia, a number of 

reading intervention approaches have demonstrated successful behavioral remediation (for 

review see: Alexander and Slinger-Constant, 2004).  This work has also been complemented 

with neuroimaging data, and pre-/post-intervention investigations have demonstrated that 

significant changes in neural function (Jucla et al., 2010; Meyler et al., 2008; Shaywitz et al., 

2004; Eden et al., 2004) and structure (Keller and Just, 2009; Krafnick et al., 2011) accompany 

gains in reading proficiency.  Of note is that brain changes following reading intervention are 

observed in the inferior frontal gyrus (Eden et al., 2004; Shaywitz et al., 2004; Temple et al., 

2003).  An interesting future line of inquiry would be to look carefully at the arithmetic 

behavioral performance (and neural underpinnings) before and after such reading interventions, 

particularly if these interventions were focused on increasing phonological awareness skills.  

One could predict that an intervention in phonological awareness would have carry over effects 

and improve not only reading performance but fluency in arithmetic fact retrieval.  In accordance 

with the results seen in the work described here, one may also predict seeing increases in neural 
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activity during the solving of such problems within the left inferior frontal gyrus of the left 

hemisphere.   

Previous intervention work has suggested that age at intervention plays a crucial role, and 

that older children see gains in accuracy post-remediation, but still fall behind when it comes to 

fluency (Alexander and Slinger-Constant, 2004).  In light of this, it is also possible that a critical 

period exists for the transfer of the supportive role of verbal language to the domain of arithmetic 

skill, and that any such transfer effects would only be seen in young struggling readers.  Future 

investigations should pay particular attention to timing, both in terms of the age of intervention, 

and the design of remediation programs with a focus on fluency in both reading and arithmetic. 

 

Limitations 

As with any scientific study, the work presented here has its limitations.  In chapter II, we 

are assuming that the conjunction analysis means the same neural circuitry is involved.   An 

adaptation design would be suited to test this directly, but this presents challenges experimentally 

with regard to task design and length when working with pediatric subjects.  Another limitation 

arises from the nature of the group comparison design.  As is seen in the extended analysis 

presented in this discussion, these groups (i.e. typical children, dyslexic children, adults) vary in 

both their behavioral and neural profiles.  Although for this work it is useful to average across 

groups of well characterized subjects, this ignores individual differences that exist across 

subjects.  These individual differences should be more extensively characterized, and future 

work should focus on building models characterizing the typical variation that one can expect to 

see in neural activity in the typically and atypically developing population.  This can be done not 
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just in terms of averaging the BOLD signal, but looking at the pattern of activation across 

subjects utilizing multivariate techniques.  Moving in this direction will better equip researchers 

in the future to look at single subject data of children at risk for disorder, and more accurately 

predict their likely outcome, thus allowing for early intervention and remediation.  Crucially, it 

will also be important to study males and females separately. 

 

Conclusions 

 This dissertation presents multiple lines of inquiry suggesting that development of 

language may provide a supportive role in retrieval-based arithmetic.  If language skills are 

weak, as in the developmental disorder dyslexia, arithmetic processing can be impacted in terms 

of brain function, even if no clinical weaknesses are observed on standardized behavioral 

measures of math skills.  In another vein of inquiry, this work highlights the possibility of unique 

anatomical profiles in males and females with dyslexia, suggesting that existing sexually-

dimorphic brain differences may make each sex prone to particular developmental disorders. 
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Figure VA: Summary of Findings in Left Inferior Frontal Cortex for Data Presented in 

Chapters II and III 

 

 

Figure VA displays (a) the results of the conjunction analysis in reading and addition in adults 

from Chapter II (in purple) and (b) the group contrast (controls > dyslexics) during the same 

addition task from Chapter III (in blue) for the purpose of visualization. It should be noted that 

the conjunction analysis (a) was revised, this time using a lower threshold (p < 0.01) than in 

Chapter 2.  Further details on these results can be found in Tables VA and IIID. 
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Figure VB:  Left Inferior Frontal Cortex Activity During Addition in Typically Reading 

Adults, Typically Reading Children and Dyslexic Children 

 

 
 

 
 

Figure VB displays average and standard error of percent signal change during the (addition > 

control) contrast extracted from the clusters found in the conjunction analysis of reading and 

addition in adults (Figure VB, Table VA) in dyslexic children (green), typically reading children 

(blue) and adults (red). 
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Figure VC.  Correlations of Addition-Related fMRI Signal with Phonological Awareness 

and Real Word Reading in Left Inferior Frontal Cortex: IFG/Insula (-36 10 -2) 

 

 
 

 
 

Figure VC graphs percent signal change (y-axis) during the (addition > control) contrast 

extracted from the left IFG/insula cluster found in the conjunction analysis of reading and 

addition in adults (Figure VB, Table VA) in all subjects (typically reading adults and children 

and dyslexic children). On the z-axes are each individual’s phonological awareness (LAC-3) and 

real word reading score (WJ-Word ID) measured outside of the scanner. 
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Figure VD.  Proposed Mechanism for Fetal Testosterone and Grey Matter Volume 

 

 

Figure VD displays a graph of the proposed relationship between gray matter volume and fetal 

testosterone within the ‘language’ (e.g. temporal-parietal and inferior frontal cortices) and 

‘sensory motor’ (e.g. pre/post central gyri and posterior parietal cortex extending into occipital 

lobe) networks in typical males and females and those with dyslexia. 
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Table VA. Conjunction of Reading and Addition in Adults 

 
Anatomical Region Peak MNI Coordinates Peak t Score Volume 

  x y z  (voxels) 

 

Inferior/Middle Frontal Gyri -42 8 26 4.59 369 

Inferior Frontal Gyrus/Insula -30 19 8 3.73 146 

 

Anatomical regions, peak coordinates in MNI space, t scores of peak voxels and cluster volumes 

for results of the whole-brain conjunction analysis of the (addition > addition control) and 

(reading > reading control) contrasts in adults, but at a more liberal threshold than in chapter II (p 

< 0.01 vs. p < 0.001).     

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

114 

 

BIBLIOGRAPHY 
  



 

115 

 

Alexander, A.W., and Slinger-Constant, A.M. (2004). Current status of treatments for dyslexia: 

critical review. J. Child Neurol. 19, 744–758. 

Amunts, K., Jäncke, L., Mohlberg, H., Steinmetz, H., and Zilles, K. (2000). Interhemispheric 

asymmetry of the human motor cortex related to handedness and gender. 

Neuropsychologia 38, 304–312. 

Ansari, D. (2008). Effects of development and enculturation on number representation in the 

brain. Nat. Rev. Neurosci. 9, 278–291. 

Arsalidou, M., and Taylor, M.J. (2011). Is 2 + 2 = 4? Meta-analyses of brain areas needed for 

numbers and calculations. NeuroImage 54, 2382–2393. 

Ashburner, J., and Friston, K.J. (2000). Voxel-Based Morphometry—The Methods. NeuroImage 

11, 805–821. 

Ashcraft, M.H. (1992). Cognitive arithmetic: A review of data and theory. Cognition 44, 75–106. 

Ashkenazi, S., Rosenberg-Lee, M., Tenison, C., and Menon, V. (2012). Weak task-related 

modulation and stimulus representations during arithmetic problem solving in children 

with developmental dyscalculia. Dev Cogn Neurosci 2 Suppl 1, S152–166. 

Baron-Cohen, S. (2002). The extreme male brain theory of autism. Trends Cogn. Sci. (Regul. 

Ed.) 6, 248–254. 

Barrouillet, P., Mignon, M., and Thevenot, C. (2008). Strategies in subtraction problem solving 

in children. J Exp Child Psychol 99, 233–251. 

Berninger, V.W., Nielsen, K.H., Abbott, R.D., Wijsman, E., and Raskind, W. (2008). Gender 

differences in severity of writing and reading disabilities. Journal of School Psychology 

46, 151–172. 



 

116 

 

Blair, C., and Razza, R.P. (2007). Relating effortful control, executive function, and false belief 

understanding to emerging math and literacy ability in kindergarten. Child Dev 78, 647–

663. 

Boets, B., and De Smedt, B. (2010). Single-digit arithmetic in children with dyslexia. Dyslexia 

16, 183–191. 

Bradbury, P.J., Wright, S.D., Walker, C.E., and Ross, J.M. (1975). Performance on the Wisc as a 

Function of Sex of E, Sex of S, and Age of S. The Journal of Psychology 90, 51–55. 

Bradley, L., and Bryant, P.E. (1978). Difficulties in auditory organisation as a possible cause of 

reading backwardness. Nature 271, 746–747. 

Brambati, S.M., Termine, C., Ruffino, M., Stella, G., Fazio, F., Cappa, S.F., and Perani, D. 

(2004). Regional reductions of gray matter volume in familial dyslexia. Neurology 63, 

742–745. 

Brann, D.W., Dhandapani, K., Wakade, C., Mahesh, V.B., and Khan, M.M. (2007). 

Neurotrophic and neuroprotective actions of estrogen: Basic mechanisms and clinical 

implications. Steroids 72, 381–405. 

Brown, W.E., Eliez, S., Menon, V., Rumsey, J.M., White, C.D., and Reiss, A.L. (2001). 

Preliminary evidence of widespread morphological variations of the brain in dyslexia. 

Neurology 56, 781–783. 

Brunswick, N., McCrory, E., Price, C.J., Frith, C.D., and Frith, U. (1999). Explicit and implicit 

processing of words and pseudowords by adult developmental dyslexics: A search for 

Wernicke’s Wortschatz? Brain 122 ( Pt 10), 1901–1917. 



 

117 

 

Bull, R., and Johnston, R.S. (1997). Children’s arithmetical difficulties: contributions from 

processing speed, item identification, and short-term memory. J Exp Child Psychol 65, 1–

24. 

Bull, R., Espy, K.A., and Wiebe, S.A. (2008). Short-term memory, working memory, and 

executive functioning in preschoolers: longitudinal predictors of mathematical 

achievement at age 7 years. Dev Neuropsychol 33, 205–228. 

Burman, D.D., Bitan, T., and Booth, J.R. (2008). Sex differences in neural processing of 

language among children. Neuropsychologia 46, 1349–1362. 

Butterworth, B. (2005). The development of arithmetical abilities. J Child Psychol Psychiatry 46, 

3–18. 

Butterworth, B., Varma, S., and Laurillard, D. (2011). Dyscalculia: from brain to education. 

Science 332, 1049–1053. 

Campbell, J.I., and Xue, Q. (2001). Cognitive arithmetic across cultures. J Exp Psychol Gen 130, 

299–315. 

Cantlon, J.F., Pinel, P., Dehaene, S., and Pelphrey, K.A. (2011). Cortical representations of 

symbols, objects, and faces are pruned back during early childhood. Cereb. Cortex 21, 

191–199. 

Chochon, F., Cohen, L., van de Moortele, P.F., and Dehaene, S. (1999). Differential 

contributions of the left and right inferior parietal lobules to number processing. J Cogn 

Neurosci 11, 617–630. 



 

118 

 

Corballis, M.C., Macadie, L., and Beale, I.L. (1985). Mental rotation and visual laterality in 

normal and reading disabled children. Cortex: A Journal Devoted to the Study of the 

Nervous System and Behavior 21, 225–236. 

Davis, N., Cannistraci, C.J., Rogers, B.P., Gatenby, J.C., Fuchs, L.S., Anderson, A.W., and Gore, 

J.C. (2009). The neural correlates of calculation ability in children: an fMRI study. Magn 

Reson Imaging 27, 1187–1197. 

DeFries, J.C. (1989). Gender ratios in children with reading disability and their affected 

relatives: A commentary. Journal of Learning Disabilities 22, 544–545. 

De Smedt, B., and Boets, B. (2010). Phonological processing and arithmetic fact retrieval: 

evidence from developmental dyslexia. Neuropsychologia 48, 3973–3981. 

De Smedt, B., Taylor, J., Archibald, L., and Ansari, D. (2010). How is phonological processing 

related to individual differences in children’s arithmetic skills? Developmental Science 

13, 508–520. 

De Smedt, B., Holloway, I.D., and Ansari, D. (2011). Effects of problem size and arithmetic 

operation on brain activation during calculation in children with varying levels of 

arithmetical fluency. Neuroimage 57, 771–781. 

Dehaene, S. (2009). Reading in the Brain: The New Science of How We Read (Penguin). 

Dehaene, S., and Cohen, L. (1995).  Towards an Anatomical and Functional Model of Number 

Processing.  Mathematical Cognition 1, 83-120.  In: Cipolotti, Lisa. Mathematical 

Cognition: Vol. 1 Psychology Press, 1996. 

Dehaene, S., and Cohen, L. (1997). Cerebral pathways for calculation: double dissociation 

between rote verbal and quantitative knowledge of arithmetic. Cortex 33, 219–250. 



 

119 

 

Dehaene, S., and Cohen, L. (2007). Cultural recycling of cortical maps. Neuron 56, 384–398. 

Dehaene, S., Spelke, E., Pinel, P., Stanescu, R., and Tsivkin, S. (1999). Sources of Mathematical 

Thinking: Behavioral and Brain-Imaging Evidence. Science 284, 970–974. 

Dehaene, S., Le Clec’H, G., Poline, J.-B., Le Bihan, D., and Cohen, L. (2002). The visual word 

form area: a prelexical representation of visual words in the fusiform gyrus. Neuroreport 

13, 321–325. 

Dehaene, S., Piazza, M., Pinel, P., and Cohen, L. (2003). Three parietal circuits for number 

processing. Cogn Neuropsychol 20, 487–506. 

Delazer, M., Domahs, F., Bartha, L., Brenneis, C., Lochy, A., Trieb, T., and Benke, T. (2003a). 

Learning complex arithmetic--an fMRI study. Brain Res Cogn Brain Res 18, 76–88. 

Delazer, M., Girelli, L., Granà, A., and Domahs, F. (2003b). Number processing and calculation-

-normative data from healthy adults. Clin Neuropsychol 17, 331–350. 

Delazer, M., Domahs, F., Lochy, A., Karner, E., Benke, T., and Poewe, W. (2004). Number 

processing and basal ganglia dysfunction: a single case study. Neuropsychologia 42, 

1050–1062. 

Delazer, M., Ischebeck, A., Domahs, F., Zamarian, L., Koppelstaetter, F., Siedentopf, C.M., 

Kaufmann, L., Benke, T., and Felber, S. (2005). Learning by strategies and learning by 

drill--evidence from an fMRI study. Neuroimage 25, 838–849. 

Démonet, J.-F., Chollet, F., Ramsay, S., Cardebat, D., Nespoulous, J.-L., Wise, R., Rascol, A., 

and Frackowiak, R. (1992). The Anatomy of Phonological and Semantic Processing in 

Normal Subjects. Brain 115, 1753–1768. 



 

120 

 

Diamond, A. (2000). Close Interrelation of Motor Development and Cognitive Development and 

of the Cerebellum and Prefrontal Cortex. Child Development 71, 44–56. 

Diamond, A. (2013). Executive functions. Annu Rev Psychol 64, 135–168. 

Dumitriu, D., Rapp, P.R., McEwen, B.S., and Morrison, J.H. (2010). Estrogen and the aging 

brain: an elixir for the weary cortical network. Annals of the New York Academy of 

Sciences 1204, 104–112. 

Eckert, M. (2004). Neuroanatomical Markers for Dyslexia: A Review of Dyslexia Structural 

Imaging Studies. Neuroscientist 10, 362–371. 

Eckert, M.A., Leonard, C.M., Wilke, M., Eckert, M., Richards, T., Richards, A., and Berninger, 

V. (2005). Anatomical Signatures of Dyslexia in Children: Unique Information from 

Manual and Voxel Based Morphometry Brain Measures. Cortex 41, 304–315. 

Eden, G.F., Stein, J.F., Wood, H.M., and Wood, F.B. (1996). Differences in visuospatial 

judgment in reading-disabled and normal children. Perceptual and Motor Skills 82, 155–

177. 

Eden, G.F., Wood, F.B., and Stein, J.F. (2003). Clock Drawing in Developmental Dyslexia. J 

Learn Disabil 36, 216–228. 

Eden, G.F., Jones, K.M., Cappell, K., Gareau, L., Wood, F.B., Zeffiro, T.A., Dietz, N.A.E., 

Agnew, J.A., and Flowers, D.L. (2004). Neural changes following remediation in adult 

developmental dyslexia. Neuron 44, 411–422. 

Facoetti, A., and Molteni, M. (2001). The gradient of visual attention in developmental dyslexia. 

Neuropsychologia 39, 352–357. 



 

121 

 

Facoetti, A., and Turatto, M. (2000). Asymmetrical visual fields distribution of attention in 

dyslexic children: a neuropsychological study. Neuroscience Letters 290, 216–218. 

Facoetti, A., Paganoni, P., Turatto, M., Marzola, V., and Mascetti, G.G. (2000). Visual-spatial 

attention in developmental dyslexia. Cortex 36, 109–123. 

Facoetti, A., Lorusso, M.L., Paganoni, P., Cattaneo, C., Galli, R., Umiltà, C., and Mascetti, G.G. 

(2003). Auditory and visual automatic attention deficits in developmental dyslexia. 

Cognitive Brain Research 16, 185–191. 

Fehr, T., Code, C., and Herrmann, M. (2007). Common brain regions underlying different 

arithmetic operations as revealed by conjunct fMRI-BOLD activation. Brain Res. 1172, 

93–102. 

Flannery, K.A., Liederman, J., Daly, L., and Schultz, J. (2000). Male prevalence for reading 

disability is found in a large sample of black and white children free from ascertainment 

bias. J Int Neuropsychol Soc 6, 433–442. 

Flowers, D.L., Wood, F.B., and Naylor, C.E. (1991). Regional cerebral blood flow correlates of 

language processes in reading disability. Arch. Neurol. 48, 637–643. 

Gabrieli, J.D.E. (2009). Dyslexia: a new synergy between education and cognitive neuroscience. 

Science 325, 280–283. 

Galaburda, A.M., and Kemper, T.L. (1979). Cytoarchitectonic abnormalities in developmental 

dyslexia: a case study. Ann. Neurol. 6, 94–100. 

Galaburda, A.M., Sherman, G.F., Rosen, G.D., Aboitiz, F., and Geschwind, N. (1985). 

Developmental dyslexia: four consecutive patients with cortical anomalies. Ann. Neurol. 

18, 222–233. 



 

122 

 

Galaburda, A.M., LoTurco, J., Ramus, F., Fitch, R.H., and Rosen, G.D. (2006). From genes to 

behavior in developmental dyslexia. Nat. Neurosci. 9, 1213–1217. 

Gathercole, S.E., Pickering, S.J., Knight, C., and Stegmann, Z. (2004). Working memory skills 

and educational attainment: evidence from national curriculum assessments at 7 and 14 

years of age. Applied Cognitive Psychology 18, 1–16. 

Georgiewa, P., Rzanny, R., Hopf, J.M., Knab, R., Glauche, V., Kaiser, W.A., and Blanz, B. 

(1999). fMRI during word processing in dyslexic and normal reading children. 

Neuroreport 10, 3459–3465. 

Georgiewa, P., Rzanny, R., Gaser, C., Gerhard, U.J., Vieweg, U., Freesmeyer, D., Mentzel, H.J., 

Kaiser, W.A., and Blanz, B. (2002). Phonological processing in dyslexic children: a study 

combining functional imaging and event related potentials. Neurosci. Lett. 318, 5–8. 

Geschwind N. (1981). A reaction of conference. In: Ansara A., Geschwind N., Galaburda A., 

Albert M., Gartrell N. Sex differences in dyslexia. Orton Dyslexia Society, Baltimore, 

pp13-18.  

Geschwind, N., and Levitsky, W. (1968). Human brain: left-right asymmetries in temporal 

speech region. Science 161, 186–187. 

Giedd, J.N., Castellanos, F.X., Rajapakse, J.C., Vaituzis, A.C., and Rapoport, J.L. (1997). Sexual 

dimorphism of the developing human brain. Prog. Neuropsychopharmacol. Biol. 

Psychiatry 21, 1185–1201. 

Glezer, L.S., Jiang, X., and Riesenhuber, M. (2009). Evidence for highly selective neuronal 

tuning to whole words in the “visual word form area.”Neuron 62, 199–204. 



 

123 

 

Göbel, S.M., and Snowling, M.J. (2010). Number-processing skills in adults with dyslexia. The 

Quarterly Journal of Experimental Psychology 63, 1361–1373. 

Goldman, P.S., Crawford, H.T., Stokes, L.P., Galkin, T.W., and Rosvold, H.E. (1974). Sex-

dependent behavioral effects of cerebral cortical lesions in the developing rhesus 

monkey. Science 186, 540–542.  

Good, C.D., Johnsrude, I.S., Ashburner, J., Henson, R.N., Friston, K.J., and Frackowiak, R.S. 

(2001). A voxel-based morphometric study of ageing in 465 normal adult human brains. 

Neuroimage 14, 21–36. 

Gould, E., Woolley, C.S., Frankfurt, M., and McEwen, B.S. (1990). Gonadal steroids regulate 

dendritic spine density in hippocampal pyramidal cells in adulthood. J. Neurosci. 10, 

1286–1291. 

Grabner, R.H., Ansari, D., Koschutnig, K., Reishofer, G., Ebner, F., and Neuper, C. (2009). To 

retrieve or to calculate? Left angular gyrus mediates the retrieval of arithmetic facts 

during problem solving. Neuropsychologia 47, 604–608. 

Grabner, R.H., Ansari, D., Koschutnig, K., Reishofer, G., and Ebner, F. (2013). The function of 

the left angular gyrus in mental arithmetic: Evidence from the associative confusion 

effect. Hum Brain Mapp 34, 1013–1024. 

Hari, R., Renvall, H., and Tanskanen, T. (2001). Left minineglect in dyslexic adults. Brain 124, 

1373–1380. 

Harlaar, N., Spinath, F.M., Dale, P.S., and Plomin, R. (2005). Genetic influences on early word 

recognition abilities and disabilities: a study of 7-year-old twins. J Child Psychol 

Psychiatry 46, 373–384. 



 

124 

 

Hawke, J., Wadsworth, S., Olson, R., and DeFries, J. (2007). Etiology of reading difficulties as a 

function of gender and severity. Reading and Writing 20, 13–25. 

Hayasaka, S., Phan, K.L., Liberzon, I., Worsley, K.J., and Nichols, T.E. (2004). Nonstationary 

cluster-size inference with random field and permutation methods. NeuroImage 22, 676–

687. 

Hecht, S.A., Torgesen, J.K., Wagner, R.K., and Rashotte, C.A. (2001). The relations between 

phonological processing abilities and emerging individual differences in mathematical 

computation skills: a longitudinal study from second to fifth grades. J Exp Child Psychol 

79, 192–227. 

Hoeft, F., Meyler, A., Hernandez, A., Juel, C., Taylor-Hill, H., Martindale, J.L., McMillon, G., 

Kolchugina, G., Black, J.M., Faizi, A., et al. (2007). Functional and morphometric brain 

dissociation between dyslexia and reading ability. PNAS 104, 4234–4239. 

Holowinsky, I.Z., and Pascale, P.J. (1972). Performance on Selected WISC Subtests of Subjects 

Referred for Psychological Evaluation Because of Educational Difficulties. 

Houdé, O., Rossi, S., Lubin, A., and Joliot, M. (2010). Mapping numerical processing, reading, 

and executive functions in the developing brain: an fMRI meta-analysis of 52 studies 

including 842 children. Developmental Science 13, 876–885. 

Humphreys, P., Kaufmann, W.E., and Galaburda, A.M. (1990). Developmental dyslexia in 

women: Neuropathological findings in three patients. Ann Neurol 28, 727–38.  

Humphreys, P., Rosen, G.D., Press, D.M., Sherman, G.F., and Galaburda, A.M. (1991). Freezing 

lesions of the developing rat brain: a model for cerebrocortical microgyria. J. 

Neuropathol. Exp. Neurol. 50, 145–160. 



 

125 

 

Hynd, G.W., and Semrud-Clikeman, M. (1989). Dyslexia and brain morphology. Psychological 

Bulletin 106, 447–482. 

Imbo, I., and Vandierendonck, A. (2008). Effects of problem size, operation, and working-

memory span on simple-arithmetic strategies: differences between children and adults? 

Psychol Res 72, 331–346. 

Ingvar, D.H. (1993). Language Functions Related to Prefrontal Cortical Activity: Neurolinguistic 

Implications a. Annals of the New York Academy of Sciences 682, 240–247. 

Isaacs, E.B., Edmonds, C.J., Lucas, A., and Gadian, D.G. (2001). Calculation difficulties in 

children of very low birthweight: a neural correlate. Brain 124, 1701–1707. 

Ischebeck, A., Zamarian, L., Siedentopf, C., Koppelstätter, F., Benke, T., Felber, S., and Delazer, 

M. (2006). How specifically do we learn? Imaging the learning of multiplication and 

subtraction. Neuroimage 30, 1365–1375. 

Jaeger, J.J., Lockwood, A.H., Van Valin, R.D., Kemmerer, D.L., Murphy, B.W., and Wack, D.S. 

(1998). Sex differences in brain regions activated by grammatical and reading tasks. 

Neuroreport 9, 2803-2807.  

Jenner, A.R., Rosen, G.D., and Galaburda, A.M. (1999). Neuronal asymmetries in primary visual 

cortex of dyslexic and nondyslexic brains. Ann. Neurol. 46, 189–196. 

Jost, K., Khader, P., Burke, M., Bien, S., and Rösler, F. (2009). Dissociating the solution 

processes of small, large, and zero multiplications by means of fMRI. Neuroimage 46, 

308–318. 

Jucla, M., Nenert, R., Chaix, Y., and Demonet, J.-F. (2010). Remediation effects on N170 and 

P300 in children with developmental dyslexia. Behav Neurol 22, 121–129. 



 

126 

 

Kaiser A., Haller S., Schmitz S., and Nitsch C. (2009). On sex/gender related similarities and 

differences in fMRI language research. Brain Res Rev 61, 49–59. 

Karádi, K., Kovács, B., Szepesi, T., Szabó, I., and Kállai, J. (2001). Egocentric mental rotation in 

Hungarian dyslexic children. Dyslexia 7, 3–11. 

Katusic, S.K., Colligan, R.C., Barbaresi, W.J., Schaid, D.J., and Jacobsen, S.J. (2001). Incidence 

of reading disability in a population-based birth cohort, 1976-1982, Rochester, Minn. 

Mayo Clin. Proc. 76, 1081–1092. 

Kawashima, R., Taira, M., Okita, K., Inoue, K., Tajima, N., Yoshida, H., Sasaki, T., Sugiura, M., 

Watanabe, J., and Fukuda, H. (2004). A functional MRI study of simple arithmetic--a 

comparison between children and adults. Brain Res Cogn Brain Res 18, 227–233. 

Keller, T.A., and Just, M.A. (2009). Altering cortical connectivity: remediation-induced changes 

in the white matter of poor readers. Neuron 64, 624–631. 

Knopik, V.S., Alarcón, M., and DeFries, J.C. (1997). Comorbidity of mathematics and reading 

deficits: evidence for a genetic etiology. Behav. Genet. 27, 447–453. 

Krafnick, A.J., Flowers, D.L., Napoliello, E.M., and Eden, G.F. (2011). Gray matter volume 

changes following reading intervention in dyslexic children. Neuroimage 57, 733–741. 

Kucian, K., Loenneker, T., Dietrich, T., Dosch, M., Martin, E., and von Aster, M. (2006). 

Impaired neural networks for approximate calculation in dyscalculic children: a 

functional MRI study. Behav Brain Funct 2, 31. 

Kucian, K., von Aster, M., Loenneker, T., Dietrich, T., and Martin, E. (2008). Development of 

neural networks for exact and approximate calculation: a FMRI study. Dev Neuropsychol 

33, 447–473. 



 

127 

 

Lachmann, T., Schumacher, B., and van Leeuwen, C. (2009). Controlled but independent: effects 

of mental rotation and developmental dyslexia in dual-task settings. Perception 38, 1019–

1034. 

Landerl, K., and Moll, K. (2010). Comorbidity of learning disorders: prevalence and familial 

transmission. J Child Psychol Psychiatry 51, 287–294. 

Landerl, K., Bevan, A., and Butterworth, B. (2004). Developmental dyscalculia and basic 

numerical capacities: a study of 8-9-year-old students. Cognition 93, 99–125. 

Lawson, J.S., Inglis, J., and Tittemore, J.A. (1987). Factorially defined verbal and performance 

IQs derived from the WISC-R: Patterns of cognitive ability in normal and learning 

disabled children. Personality and Individual Differences 8, 331–341. 

Lee, K.M. (2000). Cortical areas differentially involved in multiplication and subtraction: a 

functional magnetic resonance imaging study and correlation with a case of selective 

acalculia. Ann. Neurol. 48, 657–661. 

Lefevre, J.-A., Bisanz, J., and Mrkonjic, L. (1988). Cognitive arithmetic: Evidence for obligatory 

activation of arithmetic facts. Memory & Cognition 16, 45–53. 

Lewis, C., Hitch, G.J., and Walker, P. (1994). The prevalence of specific arithmetic difficulties 

and specific reading difficulties in 9- to 10-year-old boys and girls. J Child Psychol 

Psychiatry 35, 283–292. 

Liakakis, G., Nickel, J., and Seitz, R.J. (2011). Diversity of the inferior frontal gyrus--a meta-

analysis of neuroimaging studies. Behav. Brain Res. 225, 341–347. 



 

128 

 

Libertus, M.E., Brannon, E.M., and Pelphrey, K.A. (2009). Developmental changes in category-

specific brain responses to numbers and letters in a working memory task. Neuroimage 

44, 1404–1414. 

Liederman J., Kantrowitz L., and Flannery K. (2005). Male vulnerability to reading disability is 

not likely to be a myth: A call for new data. J Learn Disabil 38, 109–29.  

Light, J.G., and DeFries, J.C. (1995). Comorbidity of reading and mathematics disabilities: 

genetic and environmental etiologies. J Learn Disabil 28, 96–106. 

Lindamood, P.C., and Lindamood, P. (2004). Lindamood-Bell auditory conceptualization test. 

Pro-Ed Inc, Austin TX. 

Linkersdörfer, J., Lonnemann, J., Lindberg, S., Hasselhorn, M., and Fiebach, C.J. (2012). Grey 

Matter Alterations Co-Localize with Functional Abnormalities in Developmental 

Dyslexia: An ALE Meta-Analysis. PLoS ONE 7. 

Lombardo, M.V., Ashwin, E., Auyeung, B. et al. (2012). Fetal testosterone influences sexually 

dimorphic gray matter in the human brain. J. Neurosci 32, 674–80. 

Loy, R., and Milner, T.A. (1980). Sexual dimorphism in extent of axonal sprouting in rat 

hippocampus. Science 208, 1282–1284. 

Lu, L., Leonard, C., Thompson, P., Kan, E., Jolley, J., Welcome, S., Toga, A., and Sowell, E. 

(2007). Normal developmental changes in inferior frontal gray matter are associated with 

improvement in phonological processing: a longitudinal MRI analysis. Cereb. Cortex 17, 

1092–1099. 

Lyon, G., Shaywitz, S., and Shaywitz, B. (2003). A definition of dyslexia. Annals of Dyslexia 

53, 1–14. 



 

129 

 

McCrory, E.J., Mechelli, A., Frith, U., and Price, C.J. (2005). More than words: a common 

neural basis for reading and naming deficits in developmental dyslexia? Brain 128, 261–

267. 

McGlone, J. (1977). Sex Differences in the Cerebral Organization of Verbal Functions in 

Patients with Unilateral Brain Lesions. Brain 100, 775–793. 

Menghini, D., Hagberg, G.E., Caltagirone, C., Petrosini, L., and Vicari, S. (2006). Implicit 

learning deficits in dyslexic adults: An fMRI study. NeuroImage 33, 1218–1226. 

Menghini, D., Hagberg, G.E., Petrosini, L., Bozzali, M., Macaluso, E., Caltagirone, C., and 

Vicari, S. (2008). Structural Correlates of Implicit Learning Deficits in Subjects with 

Developmental Dyslexia. Annals of the New York Academy of Sciences 1145, 212–221. 

Menon, V. (2010). Developmental cognitive neuroscience of arithmetic: implications for 

learning and education. ZDM 42, 515–525. 

Meyer, M.S., Wood, F.B., Hart, L.A., and Felton, R.H. (1998). Selective Predictive Value of 

Rapid Automatized Naming in Poor Readers. J Learn Disabil 31, 106–117. 

Meyler, A., Keller, T.A., Cherkassky, V.L., Gabrieli, J.D.E., and Just, M.A. (2008). Modifying 

the brain activation of poor readers during sentence comprehension with extended 

remedial instruction: a longitudinal study of neuroplasticity. Neuropsychologia 46, 2580–

2592. 

Mischel, W., Shoda, Y., and Rodriguez, M.I. (1989). Delay of gratification in children. Science 

244, 933–938. 



 

130 

 

Mussolin, C., De Volder, A., Grandin, C., Schlögel, X., Nassogne, M.-C., and Noël, M.-P. 

(2010). Neural correlates of symbolic number comparison in developmental dyscalculia. 

J Cogn Neurosci 22, 860–874. 

Nichols, T., Brett, M., Andersson, J., Wager, T., and Poline, J.-B. (2005). Valid conjunction 

inference with the minimum statistic. Neuroimage 25, 653–660. 

Nicolson, R.I., Fawcett, A.J., and Dean, P. (2001). Developmental dyslexia: the cerebellar deficit 

hypothesis. Trends in Neurosciences 24, 508–511. 

Nieder, A., and Dehaene, S. (2009). Representation of number in the brain. Annu. Rev. Neurosci. 

32, 185–208. 

Nieder, A., and Miller, E.K. (2004). A parieto-frontal network for visual numerical information 

in the monkey. Proc. Natl. Acad. Sci. U.S.A. 101, 7457–7462. 

Nys, J., Content, A., and Leybaert, J. (2012). Impact of Language Abilities on Exact and 

Approximate Number Skills Development: Evidence from Children with Specific 

Language Impairment. J. Speech Lang. Hear. Res. 

Oldfield, R.C. (1971). The assessment and analysis of handedness: The Edinburgh inventory. 

Neuropsychologia 9, 97–113. 

Olson, R., Wise, B., Conners, F., Rack, J., and Fulker, D. (1989). Specific Deficits in Component 

Reading and Language Skills Genetic and Environmental Influences. J Learn Disabil 22, 

339–348. 

Olulade, O.A., Flowers, D.L., Napoliello, E.M., and Eden, G.F. (2012). Developmental 

differences for word processing in the ventral stream. Brain Lang. 



 

131 

 

Paracchini, S., Scerri, T., and Monaco, A.P. (2007). The Genetic Lexicon of Dyslexia. Annual 

Review of Genomics and Human Genetics 8, 57–79. 

Paulesu, E., Frith, U., Snowling, M., Gallagher, A., Morton, J., Frackowiak, R.S.J., and Frith, 

C.D. (1996). Is developmental dyslexia a disconnection syndrome? Evidence from PET 

scanning. Brain 119, 143–157. 

Peper, J.S., Brouwer, R.M., Schnack, H.G., van Baal, G.C., van Leeuwen, M., van den Berg, 

S.M., Delemarre-Van de Waal, H.A., Boomsma, D.I., Kahn, R.S., and Hulshoff Pol, H.E. 

(2009). Sex steroids and brain structure in pubertal boys and girls. 

Psychoneuroendocrinology 34, 332–342. 

Pernet, C., Andersson, J., Paulesu, E., and Demonet, J.F. (2009). When all hypotheses are right: 

A multifocal account of dyslexia. Human Brain Mapping 30, 2278–2292. 

Peterson, R.L., and Pennington, B.F. (2012). Developmental dyslexia. Lancet 379, 1997–2007 

Piazza, M., Pinel, P., Le Bihan, D., and Dehaene, S. (2007). A magnitude code common to 

numerosities and number symbols in human intraparietal cortex. Neuron 53, 293–305. 

Pimperton, H., and Nation, K. (2010). Understanding words, understanding numbers: An 

exploration of the mathematical profiles of poor comprehenders. British Journal of 

Educational Psychology 80, 255–268. 

Pinel, P., and Dehaene, S. (2010). Beyond hemispheric dominance: brain regions underlying the 

joint lateralization of language and arithmetic to the left hemisphere. J Cogn Neurosci 22, 

48–66. 



 

132 

 

Poldrack, R.A., Wagner, A.D., Prull, M.W., Desmond, J.E., Glover, G.H., and Gabrieli, J.D. 

(1999). Functional specialization for semantic and phonological processing in the left 

inferior prefrontal cortex. Neuroimage 10, 15–35. 

Prado, J., Mutreja, R., Zhang, H., Mehta, R., Desroches, A.S., Minas, J.E., and Booth, J.R. 

(2011). Distinct representations of subtraction and multiplication in the neural systems 

for numerosity and language. Hum Brain Mapp 32, 1932–1947. 

Price, C.J., Wise, R.J., and Frackowiak, R.S. (1996). Demonstrating the implicit processing of 

visually presented words and pseudowords. Cereb. Cortex 6, 62–70. 

Price, G.R., Holloway, I., Räsänen, P., Vesterinen, M., and Ansari, D. (2007). Impaired parietal 

magnitude processing in developmental dyscalculia. Curr. Biol. 17, R1042–1043. 

Pugh, K.R., Mencl, W.E., Jenner, A.R., Katz, L., Frost, S.J., Lee, J.R., Shaywitz, S.E., and 

Shaywitz, B.A. (2000). Functional neuroimaging studies of reading and reading disability 

(developmental dyslexia). Ment Retard Dev Disabil Res Rev 6, 207–213. 

Pugh, K.R., Mencl, W.E., Jenner, A.R., Katz, L., Frost, S.J., Lee, J.R., Shaywitz, S.E., and 

Shaywitz, B.A. (2001). Neurobiological studies of reading and reading disability. J 

Commun Disord 34, 479–492. 

Pugh, K.R., Landi, N., Preston, J.L., Mencl, W.E., Austin, A.C., Sibley, D., Fulbright, R.K., 

Seidenberg, M.S., Grigorenko, E.L., Constable, R.T., et al. (2012). The relationship 

between phonological and auditory processing and brain organization in beginning 

readers. Brain Lang. 

Ramus, F. (2003). Developmental dyslexia: specific phonological deficit or general sensorimotor 

dysfunction? Curr. Opin. Neurobiol. 13, 212–218. 



 

133 

 

Ramus, F. (2004). Neurobiology of dyslexia: a reinterpretation of the data. Trends Neurosci. 27, 

720–726. 

Ramus, F. (2006). Genes, brain, and cognition: a roadmap for the cognitive scientist. Cognition 

101, 247–269. 

Raz, S., Lauterbach, M.D., Hopkins, T.L., Glogowski, B.K., Porter, C.L., Riggs, W.W., and 

Sander, C.J. (1995). A female advantage in cognitive recovery from early cerebral insult. 

Developmental Psychology 31, 958–966. 

Richlan, F., Sturm, D., Schurz, M., Kronbichler, M., Ladurner, G., and Wimmer, H. (2010). A 

common left occipito-temporal dysfunction in developmental dyslexia and acquired 

letter-by-letter reading? PLoS ONE 5, e12073. 

Richlan, F., Kronbichler, M., and Wimmer, H. (2011). Meta-analyzing brain dysfunctions in 

dyslexic children and adults. Neuroimage 56, 1735–1742. 

Richlan, F., Kronbichler, M., and Wimmer, H. (2012). Structural abnormalities in the dyslexic 

brain: A meta-analysis of voxel-based morphometry studies. Human Brain Mapping. 

Rivera, S.M., Reiss, A.L., Eckert, M.A., and Menon, V. (2005). Developmental changes in 

mental arithmetic: evidence for increased functional specialization in the left inferior 

parietal cortex. Cereb. Cortex 15, 1779–1790. 

Rosen, G.D., Herman, A.E., and Galaburda, A.M. (1999). Sex Differences in the Effects of Early 

Neocortical Injury on Neuronal Size Distribution of the Medial Geniculate Nucleus in the 

Rat Are Mediated by Perinatal Gonadal Steroids. Cereb. Cortex 9, 27–34. 



 

134 

 

Rosenberg-Lee, M., Barth, M., and Menon, V. (2011a). What difference does a year of schooling 

make? Maturation of brain response and connectivity between 2nd and 3rd grades during 

arithmetic problem solving. Neuroimage 57, 796–808. 

Rosenberg-Lee, M., Chang, T.T., Young, C.B., Wu, S., and Menon, V. (2011b). Functional 

dissociations between four basic arithmetic operations in the human posterior parietal 

cortex: a cytoarchitectonic mapping study. Neuropsychologia 49, 2592–2608. 

Rosner, J. (1975). Helping children overcome learning difficulties: A step-by-step guide for 

parents and teachers (Oxford,  England: Walker). 

Rotzer, S., Kucian, K., Martin, E., von Aster, M., Klaver, P., and Loenneker, T. (2008). 

Optimized voxel-based morphometry in children with developmental dyscalculia. 

Neuroimage 39, 417–422. 

Rumsey, J.M., Donohue, B.C., Brady, D.R., Nace, K., Giedd, J.N., and Andreason, P. (1997). A 

magnetic resonance imaging study of planum temporale asymmetry in men with 

developmental dyslexia. Arch. Neurol. 54, 1481–1489. 

Rüsseler, J., Scholz, J., Jordan, K., and Quaiser-Pohl, C. (2005). Mental rotation of letters, 

pictures, and three-dimensional objects in German dyslexic children. Child 

Neuropsychology 11, 497–512. 

Rutter, M., Caspi, A., Fergusson, D., Horwood, L.J., Goodman, R., Maughan, B., Moffitt, T.E., 

Meltzer, H., and Carroll, J. (2004). Sex differences in developmental reading disability: 

new findings from 4 epidemiological studies. JAMA 291, 2007–2012. 



 

135 

 

Rykhlevskaia, E., Uddin, L.Q., Kondos, L., and Menon, V. (2009). Neuroanatomical correlates 

of developmental dyscalculia: combined evidence from morphometry and tractography. 

Front Hum Neurosci 3, 51. 

Sandak, R., Mencl, W.E., Frost, S.J., and Pugh, K.R. (2004). The Neurobiological Basis of 

Skilled and Impaired Reading: Recent Findings and New Directions. Scientific Studies of 

Reading 8, 273–292. 

Schlaggar, B.L., and McCandliss, B.D. (2007). Development of neural systems for reading. 

Annu. Rev. Neurosci. 30, 475–503. 

Schmithorst, V.J., and Brown, R.D. (2004). Empirical validation of the triple-code model of 

numerical processing for complex math operations using functional MRI and group 

Independent Component Analysis of the mental addition and subtraction of fractions. 

Neuroimage 22, 1414–1420. 

Schultz, R.T., Cho, N.K., Staib, L.H., Kier, L.E., Fletcher, J.M., Shaywitz, S.E., Shankweiler, 

D.P., Katz, L., Gore, J.C., Duncan, J.S., et al. (1994). Brain morphology in normal and 

dyslexic children: The influence of sex and age. Annals of Neurology 35, 732–742. 

Shaywitz, B.A., Shaywltz, S.E., Pugh, K.R., Constable, R.T., Skudlarski, P., Fulbright, R.K., 

Bronen, R.A., Fletcher, J.M., Shankweiler, D.P., Katz, L., et al. (1995). Sex differences in 

the functional organization of the brain for language. , Published Online: 16 February 

1995; | Doi:10.1038/373607a0 373, 607–609. 

Shaywitz, B.A., Shaywitz, S.E., Pugh, K.R., Mencl, W.E., Fulbright, R.K., Skudlarski, P., 

Constable, R.T., Marchione, K.E., Fletcher, J.M., Lyon, G.R., et al. (2002). Disruption of 



 

136 

 

posterior brain systems for reading in children with developmental dyslexia. Biol. 

Psychiatry 52, 101–110. 

Shaywitz, B.A., Shaywitz, S.E., Blachman, B.A., Pugh, K.R., Fulbright, R.K., Skudlarski, P., 

Mencl, W.E., Constable, R.T., Holahan, J.M., Marchione, K.E., et al. (2004). 

Development of left occipitotemporal systems for skilled reading in children after a 

phonologically- based intervention. Biol. Psychiatry 55, 926–933. 

Shaywitz, S.E., Shaywitz, B.A., Fletcher, J.M., and Escobar, M.D. (1990). Prevalence of 

Reading Disability in Boys and GirlsResults of the Connecticut Longitudinal Study. 

JAMA 264, 998–002. 

Shaywitz, S.E., Shaywitz, B.A., Pugh, K.R., Fulbright, R.K., Constable, R.T., Mencl, W.E., 

Shankweiler, D.P., Liberman, A.M., Skudlarski, P., Fletcher, J.M., et al. (1998). 

Functional disruption in the organization of the brain for reading in dyslexia. Proc. Natl. 

Acad. Sci. U.S.A. 95, 2636–2641. 

Shaywitz, S.E., Shaywitz, B.A., Pugh, K.R., Fulbright, R.K., Skudlarski, P., Mencl, W.E., 

Constable, R.T., Naftolin, F., Palter, S.F., Marchione, K.E., et al. (1999). Effect of 

estrogen on brain activation patterns in postmenopausal women during working memory 

tasks. JAMA 281, 1197–1202. 

Shaywitz, S.E., Naftolin, F., Zelterman, D., Marchione, K.E., Holahan, J.M., Palter, S.F., and 

Shaywitz, B.A. (2003). Better oral reading and short-term memory in midlife, 

postmenopausal women taking estrogen. Menopause 10, 420–426. 

Sherwin, B.B. (2012). Estrogen and cognitive functioning in women: Lessons we have learned. 

Behavioral Neuroscience 126, 123–127. 



 

137 

 

Simmons, F.R., and Singleton, C. (2006). The mental and written arithmetic abilities of adults 

with dyslexia. Dyslexia 12, 96–114. 

Simmons, F.R., and Singleton, C. (2008). Do weak phonological representations impact on 

arithmetic development? A review of research into arithmetic and dyslexia. Dyslexia 14, 

77–94. 

Simon, O., Mangin, J.F., Cohen, L., Le Bihan, D., and Dehaene, S. (2002). Topographical layout 

of hand, eye, calculation, and language-related areas in the human parietal lobe. Neuron 

33, 475–487. 

Siok, W.T., Niu, Z., Jin, Z., Perfetti, C.A., and Tan, L.H. (2008). A structural–functional basis 

for dyslexia in the cortex of Chinese readers. PNAS 105, 5561–5566. 

Sommer, I.E., Aleman, A., Bouma, A., and Kahn, R.S. (2004). Do women really have more 

bilateral language representation than men? A meta-analysis of functional imaging 

studies. Brain 127, 1845–52.  

Sommer, I.E., Aleman, A., Somers, M., Boks, M.P., and Kahn, R.S. (2008). Sex differences in 

handedness, asymmetry of the Planum Temporale and functional language lateralization. 

Brain Research 1206, 76–88. 

Stanovich, K.E. (1988). Explaining the Differences Between the Dyslexic and the Garden-

Variety Poor Reader The Phonological-Core Variable-Difference Model. J Learn Disabil 

21, 590–604. 

Stein, J., and Walsh, V. (1997). To see but not to read; the magnocellular theory of dyslexia. 

Trends in Neurosciences 20, 147–152. 



 

138 

 

Steinbrink, C., Vogt, K., Kastrup, A., Müller, H.-P., Juengling, F.D., Kassubek, J., and Riecker, 

A. (2008). The contribution of white and gray matter differences to developmental 

dyslexia: Insights from DTI and VBM at 3.0 T. Neuropsychologia 46, 3170–3178. 

Takahashi, R., Ishii, K., Kakigi, T., and Yokoyama, K. (2011). Gender and age differences in 

normal adult human brain: Voxel-based morphometric study. Human Brain Mapping 32, 

1050–1058. 

Tallal, P. (2012). Of Bats and Men. Focus on “Sex-dependent Hemispheric Asymmetries for 

Processing Frequency Modulated Sounds in the Primary Auditory Cortex of the 

Mustached Bat.”J Neurophysiol. 

Temple, E., Poldrack, R.A., Salidis, J., Deutsch, G.K., Tallal, P., Merzenich, M.M., and Gabrieli, 

J.D. (2001). Disrupted neural responses to phonological and orthographic processing in 

dyslexic children: an fMRI study. Neuroreport 12, 299–307. 

Temple, E., Deutsch, G.K., Poldrack, R.A., Miller, S.L., Tallal, P., Merzenich, M.M., and 

Gabrieli, J.D.E. (2003). Neural deficits in children with dyslexia ameliorated by 

behavioral remediation: evidence from functional MRI. Proc. Natl. Acad. Sci. U.S.A. 

100, 2860–2865. 

Thompson, P.M., Cannon, T.D., Narr, K.L., van Erp, T., Poutanen, V.P., Huttunen, M., 

Lönnqvist, J., Standertskjöld-Nordenstam, C.G., Kaprio, J., Khaledy, M., et al. (2001). 

Genetic influences on brain structure. Nat. Neurosci. 4, 1253–1258. 

Turkeltaub, P.E., Gareau, L., Flowers, D.L., Zeffiro, T.A., and Eden, G.F. (2003). Development 

of neural mechanisms for reading. Nat. Neurosci. 6, 767–773. 



 

139 

 

Turkeltaub, P.E., Flowers, D.L., Verbalis, A., Miranda, M., Gareau, L., and Eden, G.F. (2004). 

The neural basis of hyperlexic reading: an FMRI case study. Neuron 41, 11–25. 

Valdois, S., Bosse, M.-L., and Tainturier, M.-J. (2004). The cognitive deficits responsible for 

developmental dyslexia: review of evidence for a selective visual attentional disorder. 

Dyslexia 10, 339–363. 

Vellutino, F.R., Fletcher, J.M., Snowling, M.J., and Scanlon, D.M. (2004). Specific reading 

disability (dyslexia): what have we learned in the past four decades? J Child Psychol 

Psychiatry 45, 2–40. 

Vinckenbosch, E., Robichon, F., and Eliez, S. (2005). Gray matter alteration in dyslexia: 

converging evidence from volumetric and voxel-by-voxel MRI analyses. 

Neuropsychologia 43, 324–331. 

Vogel, S.A. (1990). Gender Differences in Intelligence, Language, Visual-Motor Abilities, and 

Academic Achievement in Students with Learning Disabilities A Review of the 

Literature. J Learn Disabil 23, 44–52. 

Vogel, S., and Walsh, P. (1987). Gender differences in cognitive abilities of learning-disabled 

females and males. Annals of Dyslexia 37, 142–165. 

Vogler, G.P., DeFries, J.C., and Decker, S.N. (1985). Family History as an Indicator of Risk for 

Reading Disability. J Learn Disabil 18, 419–421. 

Wagner, R.K., and Torgesen, J.K. (1987). The nature of phonological processing and its causal 

role in the acquisition of reading skills. Psychological Bulletin 101, 192–212. 

Wagner, R.K., Torgesen, J.K., and Rashotte, C.A. (1999). Comprehensive test of phonological 

processing. Pro-Ed Inc, Austin, TX.  



 

140 

 

Washington, S.D., and Kanwal, J.S. (2012). Sex-dependent Hemispheric Asymmetries for 

Processing Frequency Modulated Sounds in the Primary Auditory Cortex of the 

Mustached Bat. J Neurophysiol. 

Wechsler, D. (1999). Wechsler abbreviated scale of intelligence. Psychological Corporation, 

Harcourt Brace and Company, San Antonio, Texas.  

White, S., Milne, E., Rosen, S., Hansen, P., Swettenham, J., Frith, U., and Ramus, F. (2006). The 

role of sensorimotor impairments in dyslexia: a multiple case study of dyslexic children. 

Developmental Science 9, 237–255. 

Wilkinson, G.S. (1993). The wide range achievement test-third edition. Jastak Associates, 

Wilmington, DE. 

Willcutt, E.G., Petrill, S.A., Wu, S., Boada, R., Defries, J.C., Olson, R.K., and Pennington, B.F. 

(2013). Comorbidity between reading disability and math disability: concurrent 

psychopathology, functional impairment, and neuropsychological functioning. J Learn 

Disabil. 

Wimmer, H., Schurz, M., Sturm, D., Richlan, F., Klackl, J., Kronbichler, M., and Ladurner, G. 

(2010). A dual-route perspective on poor reading in a regular orthography: an fMRI 

study. Cortex 46, 1284–1298. 

Witte, A.V., Savli, M., Holik, A., Kasper, S., and Lanzenberger, R. (2010). Regional sex 

differences in grey matter volume are associated with sex hormones in the young adult 

human brain. NeuroImage 49, 1205–1212. 

Wolf, M., and Gow, D. (1986). A longitudinal investigation of gender differences in language 

and reading development. First Language 6, 81–110. 



 

141 

 

Woodcock, R.W., McGrew, K.S., and Mather, N. (2001). Woodcock-Johnson III tests of 

achievement. The Riverside Publishing Company, Itasca, IL. 

Woolley, C.S., and McEwen, B.S. (1992). Estradiol mediates fluctuation in hippocampal synapse 

density during the estrous cycle in the adult rat [published erratum appears in J Neurosci 

1992 Oct;12(10):following table of contents]. J. Neurosci. 12, 2549–2554. 

Woolley, C.S., Gould, E., Frankfurt, M., and McEwen, B.S. (1990). Naturally occurring 

fluctuation in dendritic spine density on adult hippocampal pyramidal neurons. J. 

Neurosci. 10, 4035–4039. 

Zhou, X., Chen, C., Zang, Y., Dong, Q., Chen, C., Qiao, S., and Gong, Q. (2007). Dissociated 

brain organization for single-digit addition and multiplication. Neuroimage 35, 871–880. 

 

 


