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ABSTRACT 
 

Brain imaging studies have shown that the cerebellum, traditionally associated with motor 

function (Manto et al., 2012), is active during reading (Martin et al., 2015) and math (Arsalidou 

& Taylor, 2011). Cognitive deficits have been attributed to cerebellar dysfunction not only in 

patients with cerebellar lesions (Jeremy D. Schmahmann & Sherman, 1998) but also in children 

with the reading disability (RD) developmental dyslexia  (Roderick I. Nicolson et al., 2001). 

Most models identify dyslexia as a language-based disability, point to left-hemisphere cortical 

anomalies as the reason for poor phonological decoding (Pugh et al., 2001) and orthographic 

word recognition (Richlan et al., 2010), and advocate for intervention with structured literacy 

instruction. Yet one theoretical model implicates the cerebellum in dyslexia and as such has 

advanced remediation approaches targeting balance, motor control, and other cerebellar 

functions. However, the cerebellar deficit theory of dyslexia is controversial (Vellutino et al., 

2004; Zeffiro & Eden, 2001) and the cerebellum’s involvement in reading is not well understood. 

Therefore, the goal of my thesis research is to conduct a systematic program of research using 

functional magnetic resonance imaging to characterize the activity of the cerebellum during 

single word processing and measure its functional connectivity with left hemisphere cortical 

regions known to be involved in reading. First, I examine and compare a group of well-

characterized typically reading children and adults, and test for the suggested age-dependent 
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increase cerebellar activation during reading (Martin et al., 2015). Second, with this normative 

sample as a reference point, I study children with dyslexia and compared them to these typically 

reading children using the same experimental protocol, thereby testing the cerebellar deficit 

hypothesis. Third, I study children with a more complex learning disability, having both a RD 

and math disability (MD) and extend the studies on word processing to math (arithmetic) 

processing. Finally, I discuss the implications of our results, which do not support the cerebellar 

deficit hypothesis, in the context of the existing literature and methodological factors.  
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Chapter 1 

Introduction 
 

“…a riddle wrapped in a mystery inside an enigma.” 
-Winston Churchill 

 
The cerebellum easily fits the multilayered complexities as described by Winston 

Churchill, because despite centuries of research documenting the intricate anatomical 

architecture of the cerebellum, a detailed understanding of its functional relationship with the 

cerebrum and higher cognitive functions remains elusive. With respect to function, early 

cerebellar lesion studies in animal models implicated its involvement in motor coordination, 

muscle coordination, as well as muscle tone (Babinski, 1902; Flourens, 1824; M. Glickstein et 

al., 2009; Holmes, 1917; Luciani, 1891; Manto et al., 2012). However, case studies of cerebellar 

agenesis in humans have a broad range of minor to major motor and/or cognitive skill 

impediments (Yu et al., 2015). In fact, when mapping cerebellar lesions, a study provides further 

support that cerebellar lesions can lead to deficits in cognitive function, such as language (C. J. 

Stoodley et al., 2016). Given that case studies of cerebellar agenesis and lesions can lead to 

cognitive impairments, this would suggest that the cerebellum’s function is not solely restricted 

to the motor domain. It also lends to the mysterious nature of cerebellar function and to the fact 

that the true range of function of the cerebellum is not completely understood. In addition to case 

studies, numerous functional neuroimaging studies have found that the cerebellum is functionally 

active during a wide range of cognitive tasks (Guell et al., 2018; Keren-Happuch et al., 2014; 

King et al., 2019; Mariën et al., 2013; C. J. Stoodley et al., 2012; C. Stoodley & Schmahmann, 

2009; Strick et al., 2009). Studies have also shown that the cerebellum has intrinsic functional 

connections beyond cerebral regions involved with sensorimotor function (Ashburn et al., 2020; 
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Buckner et al., 2011; Guell et al., 2018; Habas et al., 2009), including ventral attention as well as 

frontoparietal networks (Buckner et al., 2011). Although more recent clinical cases report both 

motor and cognitive deficits, further research is required to clarify the cerebellum’s involvement 

in non-motor functions. Of particular interest for this dissertation, we aimed to use functional 

neuroimaging to systematically tackle the cerebellum’s involvement in reading and math by 

using functional magnetic resonance imaging to compare typically reading children to: (i) 

typically reading adults (Chapter 2), (ii) children with reading disability (Chapter 3), and (iii) 

children with co-occurring reading and math disabilities (Chapter 4). The reminder of this 

introduction will provide a foundation for each of the above comparisons. 

 

The Cerebellum, Cognition, and Reading 

The cerebellum has triple the number of neurons of the cerebral cortex, which is 

approximately 68 billion neurons in comparison to 16 billion found in cerebral cortex (Lent et 

al., 2012). At the same time, this large number of neuronal cells only accounts for ~10% of brain 

mass and thus gives rise to intricate folding, which produces a visually uniform structure (Butts 

et al., 2014; Roostaei et al., 2014). Although the cerebellum has a stereotypical organization of 

cell layers, cerebellar sub-regions differ largely in terms of molecular expression and disruption 

of these molecular systems are thought to manifest as various disorders (for review refer to 

Beckinghausen & Sillitoe, (2019)). This structure can be divided into three primary lobes: (i) 

anterior and (ii) posterior lobes, which have a vermis (medial region), left, and right 

hemispheres, as well as (iii) the flocculonodular lobe (Roostaei et al., 2014). The cerebellum can 

be further divided into 10 sub-regions, which are referred to as lobules and are frequently labeled 

with roman numerals, i.e. lobule I – lobule X (Roostaei et al., 2014). Of note, lobule VII is 
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frequently sub-divided into lobule VIIa (comprised of crus I and crus II) and lobule VIIb. The 

lobules within the posterior lobe (lobules VI-IX) are those most frequently associated with 

higher cognitive functions (Keren-Happuch et al., 2014; C. J. Stoodley & Schmahmann, 2010; C. 

Stoodley & Schmahmann, 2009), while those in the anterior (lobules I-V) and flocculonodular 

lobes (lobule X) are associated with motor and vestibular functions (Fernández & Fredrickson, 

1964). Moreover, in humans the posterior lobe is relatively larger than the anterior lobe, and is 

thought to have developed proportionately to the cerebral association cortices (Barton & Harvey, 

2000; Herculano-Houzel, 2009; Sultan, 2002).  

 

Anatomical links between the cerebellum and cerebrum are supported by tracer studies in 

non-human primates as well as by clinical findings of ‘cerebellar diaschisis’. Both retrograde and 

anterograde tracer studies have demonstrated that the cerebellum receives incoming projections 

from and sends outgoing projects to motor as well as non-motor cortical regions, including 

prefrontal and posterior parietal regions (Hoover & Strick, 1999; F. A. Middleton & Strick, 

2000; F. Middleton & Strick, 1994; J. D. Schmahmann & Pandya, 1997). In humans, clinical 

cases of ‘cerebellar diaschisis’ further support these cerebro-cerebellar links.  This is when direct 

damage to the cerebellum leads to reciprocal changes to regions of cerebral cortex to which the 

cerebellum projects (Kim et al., 1997; Pantano et al., 1986; Sommer et al., 2016; Wang et al., 

2016). Other clinical studies provide additional insight into the cerebellum’s functional 

relationship with the cerebrum and higher cognitive function. For example, studies of preterm 

births have found that cerebellar volume is positively correlated with cognition (Parker et al., 

2008; Van Kooij et al., 2012). Furthermore, direct cerebellar, rather than cerebral, damage can 

produce Cerebellar Cognitive Affective Syndrome (CCAS). This phenomenon is frequently 
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associated with lesions localized to the posterior lobe of the cerebellum and can result in deficits 

to language, visuospatial abilities, and executive functions, such as working memory (Jeremy D. 

Schmahmann & Sherman, 1998). It is important to note that with CCAS motor functions can be 

preserved while the cognitive deficits persist (Jeremy D. Schmahmann, 2004; Jeremy D. 

Schmahmann & Sherman, 1998).  Evidence from voxel-based lesion-symptom mapping provides 

further support by reinforcing that lesions confined to the lateral regions of posterior cerebellum 

are associated with deficits in higher cognitive functions (C. J. Stoodley et al., 2016). 

 

Reading is a complex skill that is acquired during childhood. Phonological awareness is 

one of the key cognitive skills necessary for successful acquisition of reading (Badian, 1995; 

Peterson & Pennington, 2015; Wagner & Torgesen, 1987). This can be defined as an awareness 

of the sound structure of language. Specifically, skillful reading requires the ability to map the 

sound units (phonemes) of words onto their visual representation (graphemes). In fact, 

phonological awareness level predicts reading ability (Bradley & Bryant, 1983; Wagner & 

Torgesen, 1987). Skillful reading also requires the acquisition of a sight word vocabulary, so that 

high frequency words can be recognized by sight (orthographic processing)  rather than be 

decoded as the reader becomes more skilled (Badian, 1995).  

 

Functional magnetic resonance imaging (fMRI), used to indirectly measure functional 

changes in the brain, has been used to identify multiple brain regions that are active during 

skillful reading. Meta-analyses of these studies demonstrate that reading engages left hemisphere 

regions including left inferior frontal, temporal parietal, and occipital temporal areas (Houdé et 

al., 2010; Martin et al., 2015; Turkeltaub et al., 2002).  These findings support the traditional 
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description of the reading network, which focuses on left hemisphere cortical regions (Pugh et 

al., 2001). However, in typically developing adults, fMRI studies have shown that in addition to 

these stereotypical cortical regions, the cerebellum is consistently active during reading-related 

tasks (Fulbright et al., 1999; Martin et al., 2015; Turkeltaub et al., 2002). For example, a meta-

analysis found a convergence of activation in left and right cerebellum, for which the maxima 

correspond to lobule VI, in typically reading adults (Martin et al., 2015). However, a similar 

meta-analysis in children did not find a convergence of cerebellar activation and there was a 

difference in left and right cerebellum when comparing the meta-analyses derived from the 

adults and children (Martin et al., 2015). In Chapter 2, we investigate this particular finding, 

because an age/experience dependent change in the cerebellum raises the possibility of a role of 

the cerebellum in reading acquisition and/or development.  Thus, we conducted a study 

comparing typically reading adults and children for activity in the cerebellum during reading 

versus a low-level baseline (similar to the meta-analyses).  Importantly, we also tested whether 

regions of the cerebellum have functional connectivity (see below) with cortical regions that are 

implicated in cognition and/or language processing, which would be indicative of the 

cerebellum’s involvement within these networks. 

 

Functional neuroimaging can also provide information on the functional connectivity 

between regions.  FC describes whether the time-course between two regions are synchronous.  

If the two time-courses are in sync, then this implies that the two regions are functionally 

connected, which is thought to reflect underlying anatomical connectivity. Functional 

connectivity studies at rest (intrinsic connectivity) have shown that the cerebellum has a distinct 

pattern of FC with various cerebral networks (Buckner et al., 2011). Of particular interest, 
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posterior cerebellar lobules map onto dorsal attention, ventral attention, and frontoparietal 

networks, which encompass cortical regions (inferior frontal, temporal-parietal, and occipital 

temporal cortex) known to be involved in reading. Furthermore, these cognitive networks have a 

triple representation within the cerebellum (Buckner et al., 2011; Guell et al., 2018). Importantly, 

a meta-analysis on studies with coactivation (a measure of functional connectivity) of the 

cerebellum with cortex found that posterior cerebellum has coactivation with bilateral inferior 

parietal lobes and inferior frontal gyri, which was largely driven by studies related to language, 

including overt word generation and passive listening to single words (Riedel et al., 2015). Of 

note, these studies defining cerebellar functional connectivity were performed in adults. 

Therefore, how cerebellar FC with cortical reading areas differ between adults and children is 

not well defined. In Chapter 2, we continue this research with an empirical study in typically 

reading adults and children to add clarity to the cerebellum’s involvement in reading, and how its 

functional activation and/or connectivity may differ in adults in comparison to children.  

 

Cerebellum and Developmental Dyslexia: The Cerebellar Deficit Hypothesis 

Developmental dyslexia, which is also referred to as reading disability, can be described 

as a difficulty acquiring reading that cannot be attributed to a lack of education (Démonet et al., 

2004; Lyon et al., 2003; Peterson & Pennington, 2015). It is the most common learning disability 

and impacts 5-12% of children (Katusic et al., 2001). The complexity of defining developmental 

dyslexia is captured by one of the first known accounts, which described a child who was 

struggling to read as ‘congenitally word-blind’ (Morgan, 1896). This description does not 

accurately represent the disorder, but it does hint towards the variety of deficits observed in 

individuals with dyslexia. In addition to the well-characterized phonological deficits, there are 



 7 

reports of visual motion deficits (Eden et al., 1996; Stein, 1997; Talcott et al., 1998), clumsiness 

(Norman Geschwind, 1982), poor balance (R. Nicolson & Fawcett, 1990; Rochelle & Talcott, 

2006; C. J. Stoodley et al., 2005), altered timing skills (Overy et al., 2003), poor hand writing 

(Miles, 1983), and hindered automaticity (Roderick I. Nicolson et al., 1999).  Although dyslexia 

is most frequently characterized by a phonological deficit, training programs based on phonology 

do not completely remediate reading difficulties (Torgesen et al., 1997). The combination of the 

broad array of behavioral deficits as well as the limitations of phonology-based remediation 

measures has led to alternative theories for dyslexia, one of which includes the cerebellar deficit 

hypothesis (Roderick I. Nicolson et al., 2001).  

 

The cerebellar deficit hypothesis is a controversial theory that points to cerebellar 

dysfunction as the root cause for the reading and other deficits of dyslexia (Roderick I. Nicolson 

et al., 2001).  This theory builds on the motor theory of speech perception, which asserts that the 

perception of phonology is inferred from articulatory movements of the speaker (Liberman & 

Mattingly, 1985). The cerebellar deficit hypothesis proposes that connections between the 

cerebellum and articulatory processing regions, particularly inferior frontal gyrus, are altered. 

This leads to impaired acquisition of language that manifests as a phonological deficit and 

reading difficulties seen in dyslexia (Roderick I. Nicolson et al., 2001). This theory is appealing 

because a subset of the sensorimotor deficits observed in dyslexia are directly related to 

cerebellar dysfunction.  This includes: (1) motor sequence learning (Mitchell Glickstein & Yeo, 

1990) for which dyslexic adults have poorer performance in combination with reduced activation 

in the right cerebellum (Roderick I. Nicolson et al., 1999); (2) eye blink conditioning (Gerwig et 

al., 2007), a behavioral effect which has been shown to be reduced in children with dyslexia and 
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relies on cerebellar circuitry (Roderick I. Nicolson et al., 2002); and (3) poor timing and hand 

writing observed in children with dyslexia (Hassid, 1995; Holmes, 1939). Since the cerebellum is 

essential for each of these skills, this theory would account for deficits in these behaviors. 

 

The cerebellar deficit hypothesis has evolved to explicitly address deficits in 

automatization and learning through two additional theories: automatization deficit theory and 

procedural learning hypothesis. The automatization deficit theory (R. Nicolson & Fawcett, 1990) 

addresses difficulties with automatizing motor skills and accounts for common deficits seen in 

rapid naming (Denckla & Rudel, 1976b). The procedural learning hypothesis emphasizes that the 

range of deficits seen in dyslexia is due to procedural learning systems, including cerebellum and 

basal ganglia structures (R. I. Nicolson et al., 2010; Roderick I. Nicolson & Fawcett, 2011). 

Although these two are defined separately, they are both necessary for achieving efficient 

reading, as one must recognize whole words in an automatic fashion. Also, both are directly 

linked to cerebellar function. With respect to motor function, the cerebellum is necessary to 

achieve automatic and fluid movements.  For example, children with dyslexia had poor balance 

which was exacerbated by number counting task, thereby suggesting poor balance and impaired 

automaticity skills (R. Nicolson & Fawcett, 1990). Similarly, adults with dyslexia have poorer 

performance on a motor sequence learning tasks as well as reduced cerebellar activation within 

lobule VI in comparison to controls (Roderick I. Nicolson et al., 1999). In contrast, the most 

recent version of this hypothesis, the delayed neural commitment framework (Roderick I. 

Nicolson & Fawcett, 2019), describes a broad network-level dysfunction due to an increase in 

noise of the neural circuits in dyslexia. This framework stills predict that cerebellar dysfunction 

may cause behavioral deficits observed in individuals with dyslexia, as the cerebellum is a 
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crucial structure for error-based learning that is necessary for the development of articulatory and 

phonological processing skills. Overall, the evolution of the cerebellar deficit hypothesis 

continues to assign cerebellar dysfunction as a cause for reading and non-reading deficits seen in 

dyslexia. Thus, it is important to consider the role of the cerebellum in reading not only in typical 

children but also cerebellar anomalies, i.e. differences in structure, activity, and connectivity, in 

children with reading disability.  

 

In support of a cerebellar deficit, the literature provides evidence of anomalies within 

cerebellar anatomy, yet there are fewer known instances of functional anomalies in individuals 

with reading disability. Of the cerebellar sub-regions, lobule VI is structurally and functionally 

different in individuals with dyslexia when compared to controls (Linkersdörfer et al., 2012). 

This same region, right lobule VI, also shows functional connectivity with inferior frontal gyrus 

(Bernard et al., 2012), which is thought to support efficient reading.  Moreover, research 

suggests that cerebellar gray matter volume can be used as a predictor of developmental 

dyslexia.  Specifically, reduced gray matter volume in right cerebellum (lobule VI) has been used 

to classify dyslexia (Pernet et al., 2009). Additionally, a meta-analysis on reading-related studies 

has identified the cerebellum as a region of convergence in activation during reading task (Eraldo 

Paulesu et al., 2014). However, it is important to note that each of the above studies, as well as 

the majority of the studies contributing to the Paulesu et al., (2014) meta-analysis was derived 

from adult participants. Thus, it is unclear whether there are functional alterations to the 

cerebellum in children with dyslexia during a reading task, which is tested in Chapter 3.  
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Although the literature provides some form of support, some researchers have challenged 

the cerebellum deficit hypothesis. For example, it has been suggested that differences in the 

cerebellum are a consequence of other brain abnormalities and as such the cerebellum is an 

innocent bystander (Zeffiro & Eden, 2001). Others have argued that only ~50% of individuals 

with dyslexia demonstrate signs of cerebellar and motor deficits, whereas 90% have a 

phonological deficit (Ramus, 2003). Additionally, some researchers oppose the cerebellum’s 

involvement in higher cognitive function altogether. This opposition is largely based on studies 

that suggest neuroimaging results are more likely due to the cerebellum’s role in the control of 

eye movements, i.e. saccades via the frontal eye fields (Mitchell Glickstein & Doron, 2008). 

Thus, Chapter 3 uses an implicit reading task (visual feature detection of a visually presented 

word) and compares it to an active control task (visual feature detection of a visually presented 

false font) to isolate and test for reading specific (non-motor related) functional activation and 

connectivity in children with and without dyslexia. Unlike prior studies using this task in 

children (Evans & Ullman, 2016; Olumide A. Olulade et al., 2013; Turkeltaub et al., 2003), 

Chapter 3 focuses on the cerebellum. 

 

Dyscalculia: Implications of the Cerebellar Deficit Hypothesis for a Learning 
Disability that Has a High Rate of Co-occurrence with Developmental 
Dyslexia 
 

Reading and math are learned skills that develop together in early childhood. Both are 

skills that are not only necessary to succeed in a school environment, but also in daily life. These 

skills are also intertwined given that reading achievements can be predicted from early 

mathematical skills (Chu et al., 2016) and that both reading and math are predicted by 

phonological awareness skills (Hecht et al., 2001). Meta-analyses of reading (Martin et al., 2015) 
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and math (Arsalidou & Taylor, 2011), when considered together, suggest some overlap in brain 

regions between the two. Specifically, these two skills show overlap within inferior frontal gyrus, 

inferior parietal lobule, superior temporal gyrus, and the cerebellum. For both meta-analyses the 

overlap in cerebellar activation resides in bilateral lobule VI, suggesting involvement of this 

particular portion of the cerebellum in reading as well as in arithmetic processing in typically 

developing adults. However, meta-analyses in children for reading (Martin et al., 2015) and 

arithmetic (Arsalidou et al., 2017) processing did not indicate cerebellar activation for either 

task. Similar to the meta-analysis for reading, this lack of convergence raises the question 

whether cerebellar activation was not found in children due to several factors including: (i) the 

fact that meta-analyses combine studies with varying methods, (ii) the nature of the comparison 

tasks, (iii) potential variable activation across the children studies which would negate a 

convergence in activation, or (iv) that the cerebellum is truly not engaged during these tasks in 

children. Therefore, in Chapter 4, we conducted a study to specifically test whether there is 

cerebellar activation in children during an arithmetic task.  

 

Given the overlap in functional brain regions involved in reading and arithmetic 

processing for typically developing individuals, it is no surprise that developmental dyslexia has 

a high rate of co-occurrence with math disability, also known as dyscalculia. In fact, 28-64% of 

children with dyslexia have a co-occurring math disability (Erik G. Willcutt et al., 2010). 

Whereas dyslexia is commonly attributed to phonological impairments (Wagner & Torgesen, 

1987), dyscalculia is frequently attributed to difficulties processing quantities (Butterworth et al., 

2011) and/or mapping numeric symbols to mental representations of magnitudes (Szűcs & 

Goswami, 2013). It is possible that children with co-occurring reading and math disabilities 
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(RDMD) emerge from (i) independent disorders or (ii) partially shared etiology (Erik G. Willcutt 

et al., 2013). RDMD has been suggested to have distinct brain anatomy as well as functional 

connectivity profiles that can be distinguished from either single manifestation of the learning 

disorder. Research has shown that the RDMD group has a reduced intrinsic FC between right 

parahippocampal gyrus and left posterior fusiform gyrus (associated with reading) as well as 

with right intraparietal sulcus (associated with math) in comparison to either RD-only, MD-only, 

or control groups (Skeide et al., 2018). 

 

Reading and math are also proposed to share a general cognitive skill, phonological 

processing.  Phonological processing is the ability to manipulate sound units.  In terms of 

reading, the proficiency for manipulating these units is thought to be a direct reflection of 

reading ability (Wagner & Torgesen, 1987). With respect to math, phonological processing 

underlies verbal rehearsal, which is a strategy used to solve math problems, such as arithmetic, 

that require fact retrieval (S. Dehaene, 1999; S Dehaene & Cohen, 1997; Stanislas Dehaene, 

1992). Fact retrieval is a verbally mediated process that uses articulatory and phonological skills 

(S Dehaene & Cohen, 1997). Such math problems include simple single digit addition and 

multiplication (Stanislas Dehaene et al., 2003; Stanescu-Cosson et al., 2000). This particular 

math skill, arithmetic processing, has also been shown to be impaired in adults with dyslexia and 

is positively correlated with their phonological processing, even when accounting for working 

memory, a potentially confounding factor (De Smedt & Boets, 2010). Therefore, the intersection 

of reading and arithmetic processing with phonological processing is of particular interest 

because the cerebellar deficit hypothesis suggests that the cerebellum is the cause for 

phonological processing impairments. Although this is not explicitly stated by the original 
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cerebellar deficit  hypothesis (Roderick I. Nicolson et al., 2001), if the cerebellar deficit truly 

causes phonological processing impairments and these lead to reading impairments, then it is 

plausible that the same cerebellar deficit would also lead to math impairments. Therefore, in 

Chapter 4 we conduct a study testing whether there are differences in activation and/or 

connectivity in children with co-occurring reading and math disabilities compared to controls. 

We reasoned that combined reading and math disabilities represent a more complex form of 

learning disability and as such the cerebellar deficit, if it is at the root of both disabilities, would 

manifest more strongly. We also investigated arithmetic task in addition to reading as a way to 

converge evidence across the domains known to be affected in children with RDMD. 

 

Dissertation Research 

Overall, research has implicated the cerebellum’s involvement in reading (Martin et al., 2015) 

and math (Arsalidou & Taylor, 2011) in adults but not in children; and the cerebellum has been 

implicated as the cause of the reading disorder, developmental dyslexia (Roderick I. Nicolson et 

al., 2001).  However, the nature of the cerebellum’s involvement remains elusive, thereby 

warranting investigation of cerebellar activity and cerebellar-cerebral functional connectivity in 

children and adults, as well as in children with and without learning disabilities. My dissertation 

proposes to clarify the cerebellum’s involvement in reading as well as these associated learning 

disabilities with a systematic program of research, which has three sections. Specifically, we 

aimed to study cerebellar activation and functional connectivity with cortical regions of the 

reading network during single word processing by comparing typically reading children with, 

adults (Chapter 2), children with RD (Chapter 3), as well as children with RDMD (Chapter 4). 

Importantly, Chapter 4 also tests for these functional (activity and connectivity) differences 
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during an arithmetic processing task. The use of similar methodological approach, but different 

study populations for each Chapter (2-4), allows for us to thoroughly address the underlying 

question: is the cerebellum involved in single word (as well as arithmetic) processing in children 

and is it impaired in associated learning disabilities (reading disability only or co-occurring 

reading and math disabilities)? Although meta-analyses have addressed these questions in 

typically developing adults, a concern is that these results are (1) produced for each age group 

based on a different set of studies, which means that the difference in findings could be attributed 

to inconsistencies in studies used for the adult versus pediatric group; and (2) are based on active 

paradigms in comparison to a low-level baseline rather than an active control condition, which 

raises the possibility that the results may not be specific to single word processing, but could be 

due to other aspects (e.g. motor) of the task. Therefore, if the cerebellum is involved in reading 

and the cerebellar deficit hypothesis holds true; then we would expect to find: (i) developmental 

differences in cerebellar activation and/or connectivity (Chapter 2), as well as altered cerebellar 

activation and/or connectivity when comparing (ii) control and RD children (Chapter 3), and 

(iii) control and RDMD children (Chapter 4). Lastly, the discussion of this work in Chapter 5 

provides interpretations of these findings, their implications for reading, RD, and RDMD 

children, as well as potential limitations of the research described in this dissertation. 
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Chapter 2 
 

A Comparison of Functional Activation and Connectivity of the 
Cerebellum in Adults and Children During Reading1 

 

Introduction 

Research from studies in patients with cerebellar lesions (Gasparini et al., 1999; Paulus et al., 

2004; C. Stoodley & Schmahmann, 2009) and functional imaging studies in healthy participants 

(Keren-Happuch et al., 2014; C. J. Stoodley et al., 2012; C. Stoodley & Schmahmann, 2009) 

suggests that the cerebellum, long thought to be a motor structure, is involved with several 

higher cognitive functions (Beaton & Mariën, 2010; Frings et al., 2006; Moberget et al., 2014; C. 

J. Stoodley & Schmahmann, 2010; C. Stoodley & Schmahmann, 2009). Specifically, clinical 

case studies primarily of adults (Argyropoulos et al., 2020; Jeremy D. Schmahmann & Sherman, 

1998), have characterized deficits in linguistic, visual-spatial, executive, and even affective skills 

due to lesions within the posterior lobe of the cerebellum (Jeremy D. Schmahmann & Sherman, 

1998). These impairments can even persist after motor symptoms have been alleviated (Fabbro, 

2004) and can occur in the absence of motor difficulties (Paulus et al., 2004). In healthy adults, 

functional neuroimaging studies have shown that the cerebellum is active during language tasks 

(Beaton & Mariën, 2010; Marien et al., 2001; Mariën et al., 2013). This is best illustrated by a 

meta-analysis which examined the likelihood of activation in the cerebellum during studies of 

motor, somatosensory, verbal working memory, spatial, executive function, emotional, and 

language processing. The category of language processing included 11 studies using various 

tasks (word-letter generation, semantic processing, and phonological processing) and revealed 

 
1Adapted from Ashburn, SM, Flowers DL, Napoliello EM, and Eden GF. A Comparison of Functional Activation 
and Connectivity of the Cerebellum in Adults and Children During Reading (anticipated submission: April 2020) 
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convergence of activity in right lobule VI and Crus I/II of the cerebellum (C. Stoodley & 

Schmahmann, 2009). Furthermore, a recent functional activation study using a battery of 47 

tasks found several cerebellar sub-regions active during word reading, including right crus I and 

crus II (King et al., 2019). 

 

The cerebellum’s role in written language has also been examined; however, the results 

for these investigations vary. An early review of neuroimaging studies on reading suggested 

activation of bilateral cerebellum in typical adults (Julie A. Fiez & Petersen, 1998). In addition to 

the left hemisphere perisylvian regions associated with reading, a meta-analysis of single word 

reading studies revealed likely activation of the right cerebellum during reading in adults 

(Turkeltaub et al., 2002). Similarly, the most recent and largest meta-analysis on studies of 

reading in adults reported convergence for activity in left and right cerebellum in adults in 

addition to the canonical reading areas (Martin et al., 2015). Notably, this report also included a 

meta-analysis of similar studies in children. However, there was no convergence of activation in 

the cerebellum for children, and a between-group comparison of meta-analyses for adults and 

children resulted in greater activity of bilateral cerebellum in adults. The authors suggested this 

difference of cerebellar activity in adults could be due to maturation and reading experience. 

Simultaneously, the authors cautioned that the meta-analytic approach may not reflect greater 

activity in adults, but rather that activation could be more consistent across studies of adults. 

	
Of the 20 studies in children included in the meta-analysis by Martin and colleagues, only 

three specifically investigated differences between adults and children.  Two reported age-

specific differences in cerebellar function (J. R. Booth et al., 2001, 2003). The first found that 

children had relatively more activation in the cerebellar tonsil of the posterior lobe of the 
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cerebellum during visual word processing tasks (J. R. Booth et al., 2001), while the second 

reported that adults had relatively more activation in bilateral cerebellum, for which the peak 

coordinates correspond to vermis VIIb, during a semantic processing task contrasted with a line 

judgement task (J. R. Booth et al., 2003).  The third study constrained their between-group 

differences to regions of interest in the visual word form system (Brem et al., 2009). As such the 

group maps for Brem et al., were included in the meta-analysis by Martin and colleagues; 

however, the reported between-group comparison was not inclusive of the cerebellum. There are 

studies not included in the meta-analysis that compare children and adults during word 

processing. One such study by Olulade et al. (2013) examined whole brain activity during visual 

word processing and did not report activity in the cerebellum for either group or for between-

group differences in the cerebellum. These mixed findings combined with the notion that the 

cerebellum might be critical for reading and impaired in reading disability (Roderick I. Nicolson 

et al., 2001), further motivates the study of the cerebellum when comparing activation in children 

and adults during word processing. 

 

Any investigation into the cerebellum during reading has to acknowledge that traditional 

models of reading do not include the cerebellum. A widely-accepted brain-based model of 

reading acquisition advanced by Pugh et al. (2001) attributes dorsal cortical regions (superior 

temporal and inferior parietal cortices) for sounding out words, especially as beginning readers 

tackle novel words. Then, as the reader gains proficiency there is thought to be a shift to ventral 

cortical regions (inferior temporal cortex) for rapid identification of familiar (high frequency) 

words. The Martin et al meta-analysis results (2015) support this shift from dorsal regions during 

childhood to ventral regions in adulthood by reporting that children use more of left temporal-

parietal cortex than adults, likely used for phonological assembly. They also report relatively 
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higher convergence in adult studies in bilateral posterior ventral occipital-temporal cortex 

regions than children, presumably due to their ability as experienced readers to utilize their sight 

word vocabulary. Since the meta-analysis also identifies the left and right cerebellum to be active 

in adults but not children, this raises the question whether the cerebellum should be included in a 

developmental model of reading. To address this question, the current study focused on the 

cerebellum for a comparison of activity between children and adults during word processing 

versus fixation, using groups and tasks similar to those captured in the meta-analysis. 

 

Further, to address the specific role of any cerebellar regions that are active during 

reading, we examined functional connectivity (FC) between the cerebellar subregions and 

cortical regions known to be involved in reading. Prior investigations into the role of the 

cerebellum have benefited from examining connections between the cerebellum and cortex, 

interpreting the function of the cerebellum (sensorimotor versus cognition) in the context of the 

function of their connecting cortical regions (Buckner et al., 2011; Riedel et al., 2015). Resting-

state FC studies have identified the connections from the cerebellum to broad networks within 

the cortical hemispheres (Buckner et al., 2011) including attention, frontoparietal, default mode, 

somatomotor, limbic, and visual networks. Notably, lobule VI and crus I/II of the cerebellum 

connect with regions that overlap with ventral attention and frontal-parietal networks (Buckner et 

al., 2011). Amongst these are cortical regions thought to be a part of the traditional reading 

network, such as inferior frontal, temporal-parietal, and occipital-temporal cortices. More 

recently Alvaro and Fiez (2018) used a reverse inference approach to show that cerebellar lobule 

VIIb/crus II has intrinsic connectivity with the intraparietal cortex in the context of phonological 

processing. Finally, Riedel and colleagues used a meta-analytic approach to examine co-

activations patterns between the cerebellum and cerebral cortex, and also determined behavioral 
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profiles (based on tasks) of these clusters (Riedel et al., 2015). They identified four clusters with 

distinct functional specializations. The first, containing left and right lobules VIIa Crus I and II, 

left VIIb and the VIIIa vermis, was designated as a zone of high-level cognitive processing. The 

second, containing left and right lobules I–IV, was designated a zone of functional heterogeneity. 

The third, containing left and right lobules V and VI and vermis, was designated as a zone of 

motor processes requiring cognitive input. The fourth, containing lobules VIIb and VIIIa, was 

designated as a zone of motor processes requiring perceptive feedback and attentional control. 

The specific region found to converge in the adult meta-analysis of reading by Martin and 

colleagues (2015) appeared to be located in lobule VI and extended into CrusI/II. The 

coordinates for this region fall within a sub-division of lobule VI that has been associated with 

verbal fluency, divided attention, and active maintenance (King et al., 2019), therefore it is 

unclear whether this activation is related to reading, supporting cognitive processes, or both.  

 

To date there have been few studies on FC during reading in an alphabetic language 

(James R. Booth, Bebko, et al., 2007; Schurz et al., 2015; Smith et al., 2018) and only one study 

included the cerebellum (James R. Booth, Bebko, et al., 2007). In this study, FC was found 

between right cerebellum (lobule VI/crus I) and left inferior frontal and left lateral temporal 

cortices during a reading-related task (rhyme judgement) in adults (James R. Booth, Bebko, et 

al., 2007). Similarly, there have been a few studies on FC comparing adults and children (Fair, 

Dosenbach, et al., 2007; Fair et al., 2009; Hwang et al., 2013). Two studies use modeling 

methods to demonstrate that (i) the cerebellum becomes more integrated with frontal, parietal, 

and temporal regions (Fair et al., 2009) and (ii) has stronger FC to these regions (Fair, 

Dosenbach, et al., 2007) with age. Another study showed that resting-state FC between the 

cerebellum and frontal regions decrease from adolescence to adulthood (Hwang et al., 2013). 
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However, the cerebellum’s FC with cortical regions of the reading network has not been directly 

contrasted between children and adults to test if they show age- and/or experience-dependent 

differences, as might be expected if there are differences in regional activation.  

 

In the present study, we used functional magnetic resonance imaging to examine 

cerebellar activity during single word processing with a whole cerebellum followed by an a 

priori cerebellar sub-region of interest analysis approach. We used a single word processing task 

(Evans et al., 2016; O. A. Olulade et al., 2015; C. J. Price, Wise, & Frackowiak, 1996; 

Turkeltaub et al., 2003, 2004). For consistency with the meta-analysis by Martin and colleagues 

(2015), we compared the task to a low-level baseline condition (fixation) and then compared it to 

an active control (false fonts). Next, we examined background and task-modulated functional 

connectivity to identify intrinsic connections of the cerebellum as well as those specific to single 

word processing. For all analyses, we report results for each group (adults and children) and 

between-group differences.  We expected adults to show right cerebellar activation during 

reading (in lobule VI, crus I, crus II, and/or lobule VIIb) and to have functional connectivity 

between the cerebellum and regions known to be involved in reading, particularly left inferior 

frontal gyrus. We also expected to find that the activation and FC in adults to be greater than in 

children due to their age and greater experience with reading.  

 

Methods and Materials 
 

Participants 

Participants were recruited from the Washington DC Metropolitan Area and all were 

monolingual, native English speakers. Participants had no history of neurological disorders. All 
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but one (child) were right-handed. Subsets of these participants have been included as typically 

reading controls in prior publications on dyslexia (Ashburn et al., 2020; Evans, Flowers, 

Napoliello, & Eden, 2014; Evans, Flowers, Napoliello, Olulade, et al., 2014; Krafnick et al., 

2011, 2014; O. A. Olulade et al., 2015) or in studies comparing between children and adults 

(Evans et al., 2016; Olumide A. Olulade et al., 2013). The study protocol was approved by 

Georgetown University Institutional Review Board and all participants gave informed consent.    

 

Behavioral tests included the Wechsler Abbreviated Scale of Intelligence (WASI; 

Wechsler, 1999) for IQ and the Woodcock-Johnson III Tests of Achievement (WJ-III; 

Woodcock et al., 2001) for reading ability. From the WJ-III, Word Identification and Word 

Attack subtests were used to assess single real- and pseudo- word reading ability, respectively. 

All participants scored within or above the normal range (> 85) on the Full-scale WASI IQ test. 

Additionally, all participants were required to have a standard score above 92 on both real- and 

pseudo- word reading subtests of the WJ-III.  

 

There were 36 adults and 28 children included, but one adult and five children were 

removed due to excessive head movement (described below) and an additional four adults were 

removed due to poor coverage of the cerebellum, leaving 31 adults (13 females, 18 males, mean 

age = 23.0, SD = 3.3) and 23 children (13 females, 10 males, mean age = 9.7 years, standard 

deviation [SD] = 1.8). From these 31 adult participants, we selected 23 (12 females, 11 males, 

mean age = 23.1, SD = 3.4) who were matched to the group of children on IQ and reading 

ability. The group of children is the same as the control group reported by Ashburn et al., (2020) 

for comparison with a group of children with dyslexia. A summary of the demographic and 

behavioral data for both groups can be found in Table 1.  
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Table 1. Demographics and behavioral assessments for adults and children. 

 
All scores reported are averages of standard scores ± standard deviation. p-values listed for student t-Test for 
between-group differences, significance determined if p < .05. †denotes tests from the Woodcock Johnson-III (WJ-
III), ‡ denotes tests from the Wechsler Abbreviated Scale of Intelligence (WASI). 

 

fMRI task and procedure 

Participants performed an implicit reading task (C. J. Price, Wise, & Frackowiak, 1996) which 

consisted of visually presented Real Word (RW), False Font (FF) and Fixation (Fix) conditions. 

Participants were asked to press a button in their right hand if a tall feature was present (e.g. 

eaten or ) and a button in their left hand if no such feature was present (e.g. manor or       

) as accurately and quickly as possible.  RW and FF stimuli were presented in separate 

blocks (10 stimuli per block), always alternating with a block of fixation (Fix). During Fix, 

participants were directed to fixate on the cross hair at the center of the screen. RW stimuli were 

single five-letter, low frequency words (Ashburn et al., 2020; O. A. Olulade et al., 2015; 

Turkeltaub et al., 2003, 2004). FF condition provided an active control condition but these data 

were not used in the statistical map generation for brain activity, as the goal was to have a similar 

comparison as those studies used in the meta-analysis my Martin and colleagues (2015), that is 

Within-group Participant Demographics
Adults Children p -value

N 23 23 --

Sex (F/M) 12/11 13/10 --

Age (years) 23.1 ± 3.4 9.7 ± 1.8 <.001

WASI Verbal IQ‡ 121.5 ± 8.3 120.6 ± 14.5 0.811

WASI Performance IQ‡ 116.3 ± 9.1 114.0 ± 13.1 0.493

WJ-III Word ID† 110.8 ± 8.9 115.5 ± 12.4 0.146

WJ-III Word Attack† 105.0 ± 10.2 110.4 ± 12.6 0.125
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the Fix condition (RW vs. Fix). However, to gain more statistical power in the background 

functional activity analysis, the data from this run were included (since the tasks were regressed 

as described below). 

 

All participants practiced the task prior to the scanning session and children practiced in a 

mock scanner to become habituated to the MRI environment. Each participant completed two 

runs and each run consisted of two blocks of the RW and FF conditions.  Both runs were used for 

all participants except for two children, where one run (of two) was removed due to excessive 

head movement (see below). The presentation of each stimulus was 1.2s and was followed by a 

fixation cross that was presented for 3s.  Each task block had a duration of 42s while interleaving 

fixation blocks had a duration of 18s blocks.  Therefore, the overall duration of task and fixation 

during the run was 4min and 27s. A total of 28 brain volumes were acquired for each condition 

(RW, FF and Fix). Stimuli were presented in the scanner using Presentation software 

(Neurobehavioral Systems Inc, Albany, CA, USA), which also recorded accuracy and response 

time (RT). Accuracy and RT were compared between the groups using a two-sample student t-

test (Table 2). One participant in the group of children did not have in-scanner performance data 

due to a technical malfunction.   

 

Image acquisition 

All imaging data was acquired on a 3T Siemens Trio scanner at the Center for Functional and 

Molecular Imaging at Georgetown University.  Functional images were obtained with a T2*-

weighted echo planar imaging sequence using Flip Angle = 90º, TR = 3s, TE = 30ms, and 50 

axial slices (2.8mm with a 0.2mm gap), FOV = 192mm, in-plane resolution =64x64, resulting in 

3.0 x 3.0 x 2.8mm voxels. Structural T1 images were also acquired using FOV = 256, phase = 
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250, slices = 160, and slice resolution = 1mm, resulting in 1.0 x 1.0 x 1.0mm voxels. All images 

used for data analyses covered the whole brain, including complete coverage of the cerebellum. 

 

Data analysis 

The overall analysis approach was the same as a recent study on children with dyslexia (Ashburn 

et al., 2020). First, we examined functional activation of the cerebellum during single word 

processing in contrast to fixation (RW > Fix) and to the active control, False Fonts (RW > FF).  

We constrained the analyses to the entire cerebellum, and also to sub-regions of the cerebellum, 

as described in detail below. Next, we performed background functional connectivity analyses 

with eight cerebellar seed regions (see below).  Background FC, provides insight to how the 

cerebellum may be intrinsically connected to cortical regions (Norman-Haignere et al., 2012). 

Lastly, task-modulated FC was used to determine whether cerebellar-cerebral FC is modulated 

by single word processing. Within- and between-group maps were generated for all analyses.  

 

Preprocessing 

We used two preprocessing pipelines for functional activation and connectivity analyses. Here, 

we describe the initial preprocessing steps for all analyses before detailing steps for each 

(activation and FC) separately. We used Statistical Parametric Mapping, version 12 (SPM12; 

Welcome Department of Cognitive Neurology, London) to complete these preprocessing steps. 

Data were inspected for gross artifacts and to ensure full cerebellum coverage. After discarding 

the first five functional images of each run the functional images were slice-time corrected, 

realigned, and co-registered to the anatomical data.  
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All data were corrected for head movement using ArtRepair 

(ART; https://www.nitrc.org/; adjusted in-house). Scan-to-scan motion greater than 0.75 mm 

(25% of the voxel size) were regressed out during first-level statistical analyses. The percentage 

of scans that regressed out due to motion did not differ between the two groups (p > .05, t-test). 

An entire run was removed if more than 25% of the scans exceeded either the 0.75 mm motion 

threshold or the 1.5% percent global signal change threshold. Based on these thresholds, two 

children had one run removed and none of the runs were removed for the adults. Also, of note, 

only 5 participants (3 children and 2 adults) had runs where scans exceeded 20% of the 0.75mm 

motion threshold. 

 

Functional activation for the whole cerebellum and sub-regions of the cerebellum 

After preprocessing, we ran first-level GLM analysis, thereby generating contrast images for 

each subject (RW > Fix).  This first-level analysis included regressors for the six parameters of 

motion as well as a one column vector of values with either 0 or 1 was used as a regressor to 

account for time points with scan-to-scan motion greater than 0.75 mm. We then used the 

Spatially Unbiased Atlas for the Cerebellum and Brainstem (SUIT) toolbox (Diedrichsen et al., 

2009) to isolate the cerebellum by creating a cerebellar mask for each participant. Each mask 

was overlaid onto the T1-anatomical image within MRICron (Rorden et al., 2007) and manual 

corrections were performed as needed. Careful attention given to the border between the 

cerebellum and cerebrum to avoid including voxels in adjacent inferior occipital or temporal 

cortex.  Next, we normalized the anatomical image into SUIT space and used the resulting 

deformation field to transform the fMRI data into SUIT space by re-slicing the contrast images. 

Lastly, these normalized images were smoothed with a 4x4x4-mm full-width height maximum 
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Gaussian kernel. All data presented in the results have a height threshold of p-uncorrected < .001 

and cluster-level corrected p-FWE < .05, unless stated otherwise.   

 

 To test particular sub-regions within the cerebellum, we created masks for right and left 

lobule VI, crus I, crus II, and lobule VIIb (total of 8 regions). These sub-regions were chosen 

based on the literature of cerebellar involvement in language and reading (Moore et al., 2017; C. 

J. Stoodley et al., 2012; C. Stoodley & Schmahmann, 2009) and defined within the SUIT 

probabilistic atlas (Diedrichsen et al., 2009). We then used Small Volume Correction (SVC) at 

the second level to conduct the region of interest (ROI) analyses within each ROI mask. We also 

used a Bonferroni-correction to account for the use of multiple ROIs, such that the adjusted 

threshold for significance was p-FWE-Bonferroni < .00625. Throughout this paper we refer to 

these ROIs used in the functional activation analyses as ‘cerebellar sub-region(s).’  

  

Functional connectivity analyses 

After preprocessing (described above), the T1-anatomical image was segmented into gray 

matter, white matter, and CSF using Voxel Based Morphometry segmentation (Ashburner & 

Friston, 2000) and normalized the anatomical image to MNI space. Deformations from the 

anatomical normalization were then used to normalize the functional scans to MNI space. We 

then uploaded these images into CONN toolbox 16.b (Whitfield-Gabrieli & Nieto-Castanon, 

2012) for both the background and task-modulated functional connectivity analyses.  

 

We performed denoising with simultaneous regression of temporal confounding factors, 

as well as temporal filtering on the unsmoothed functional data. The temporal confounding 

factors included six head position parameters as a vector to indicate whether a particular scan 
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was preceded by our 0.75 mm threshold (whereby scans preceded by inter-scan head motion < 

0.75 mm received a 0 and scans preceded by inter-scan head motion greater than or equal to 0.75 

mm received a 1), and block conditions (RW, FF, Fixation), convolved with canonical 

hemodynamic response function. CONN also estimated principal components (5 per subject) 

from subject-specific white matter and CSF masks, which were created during the VBM 

segmentation step detailed above.  

 

Background functional connectivity correlation analysis was performed to provide insight 

into intrinsic FC between the cerebellum and cortex (Fair, Schlaggar, et al., 2007).  This analysis 

generates a measure of intrinsic connectivity by regressing the effect of task blocks over the run. 

Thus, we regressed the effects of RW, FF, and Fixation. Then, we applied a low band-pass filter 

(.008 to .09 Hz). First-level analysis was performed using a GLM, HRF weighting, and bivariate 

correlation parameters for the ROI-to-ROI analysis. ROIs were selected based on the literature 

(described in more detail below) and while we use the term ROI here, the remaining report refers 

to these as ‘cerebellar seed regions’ and ‘cortical target regions’.  We ran first-level analyses for 

a left and right set of each cerebellar seed region (lobule VI, crus I, crus II, lobule VIIb) with all 

of the cortical target regions (i.e. right and left lobule VI seeds were run with all of the cortical 

target regions). Second-level analyses were performed for each cerebellar seed. Thus, the right 

lobule VI seed was tested with its homolog and seven cortical target regions. Note that functional 

connectivity exclusively between cerebellar seeds (i.e. cerebellum to cerebellum) were not 

otherwise tested. 

 

The FC analysis consisted of the same eight cerebellar seed regions, which were also the 

same eight cerebellar sub-regions as described above for the activation analyses, chosen based on 



 28 

the literature: bilateral lobule VI, crus I, crus II, and lobule VIIb (Figure 2A). Cortical target 

regions were chosen based on the reading network as defined by Pugh et al. (2001) and 

identified in the meta-analysis by Martin et al. (2015).  Specifically, we selected the following 

eight left hemisphere regions within CONN (Harvard-Oxford atlas; Desikan et al., 2006): 

inferior frontal gyrus pars triangularis (IFG tri), inferior frontal gyrus pars opercularis (IFG 

oper), posterior superior temporal gyrus (pSTG), superior parietal lobule (SPL), supramarginal 

gyrus (SMG), angular gyrus (AG), and occipital-temporal cortex (OTC).  

 

Also, for both connectivity analyses, within- and between-group significance were 

determined with p-FDR =.05, seed-level correction, two-sided statistic.  All connectivity results 

were visualized with CONN toolbox and overlaid with spheres to optimize the visibility of the 

seed and target regions. 

 
Results 
 

Behavioral measures 

Accuracy and response time for adults and children are shown in Table 2. The two groups 

differed on measures of performance, with adults having higher accuracy and faster response 

times. This result was expected and is similar to the findings overall for the studies entered into 

the meta-analysis (Martin et al., 2015). Of note, there was no significant differences between 

adults and children for wither measure when comparing the difference between Real Word and 

False Font conditions (RW > FF) for these performance measures. This is crucial because RW > 

FF is the contrast used for the activation analysis to identify areas specific to word processing. 
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 The pencil-and-paper test used to assess the participants’ familiarity with the stimuli after 

completion of the scan found that both groups performed significantly above chance when 

identifying Real Word but not for False Font stimuli, indicating that participants processed the 

word stimuli during the scan. 

 

Table 2. Participant in-scanner performance for adults and children during single word 
processing task. 

 
Values reported as average ± standard deviation. p-values listed for student t-Test for between-group differences, 
significance determined if p < .05.   

 
Activation analysis constrained to (i) the whole cerebellum and (ii) cerebellar sub-regions 
(bilateral lobule VI, crus I, crus II, lobule VIIb) 
 

Adults  

At the level of the whole cerebellum adults had activation in right lobule VI (two foci), crus II, 

and lobule VIIIa and left crus II (Figure 1A; Table 3). When examining the eight cerebellar sub-

Adults Children p -value
Accuracy (% correct)
Total accuracy 97.0 ± 3.5 90.1 ± 7.4 <0.001

Real words 96.4 ± 3.8 90.1 ± 8.6 0.004

False Fonts 96.8 ± 4.4 90.2 ± 7.2 0.001

RW/FF difference 0.5 ± 3.4 0.1 ± 5.8 0.787

Response Time (ms)
Total reaction time 788.2 ± 123.6 925.9 ± 130.5 0.001

Real words 776.9 ± 125.3 924.4 ± 139.8 0.001

False Fonts 802.1 ± 124.1 927.3 ± 126.6 0.002

RW/FF difference −25.2 ± 34.7 0.3 ± 49.3 0.055
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regions for Real Word > Fixation, we found activation for adults in these same regions except for 

right lobule VIIIa (not a region of interest) and in addition found right crus I, right lobule VIIb, 

and left lobule VIIb (Figure 2B; Table 4). However, there was no significant activation specific 

to reading, as tested via Real Word > False Font for either the whole cerebellum (Figure 1B; 

Table 3) or the sub-regions (Figure 2C; Table 4) analyses. 

 

Children 

Within-group map at the level of the whole cerebellum revealed activation in children in right 

lobule VI, left lobule VI, and vermis VI (Figure 1A; Table 3). When testing the eight cerebellar 

sub-regions, children had activation within right lobule VI, left lobule VI, and left crus I (Figure 

2B; Table 4). However, there was no activation for either the whole cerebellum (Figure 1B; 

Table 3) or sub-region (Figure 2C; Table 4) analyses when contrasting Real Word with False 

Font, thereby suggesting no cerebellar activity specific to single word processing. These results 

were reported previously in Ashburn et al., (2020).   

 

Differences between adults and children 

When comparing adults and children, we found no significant between-group differences (adults 

> children nor children > adults) in activation of the cerebellum for neither the whole cerebellum 

nor the eight cerebellar sub-region analyses. Likewise, there were also no between-group 

differences for Real Word > False Font. 
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Figure 1. Functional activation maps constrained to whole cerebellum in adults and children, during single 
word processing. (A) Activation for Adults in left crus II, right lobule VI (two foci), and right crus II.  Adults also 
activated right lobule VIIIa (not shown). Activation for Children in vermis VI (not shown), left crus I, and right 
lobule VI when contrasting RW > Fixation. There was no between-group difference. (B) No within- nor between-
group activation when contrasting RW > FF. All results p-FWE < .05 cluster corrected with height-threshold at p 
<.001. Corresponding coordinates in Table 3. 
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Table 3. Functional activation results for whole cerebellum analysis for adults and children 
during single word processing. 

 
Significance was determined by height threshold = .001, p < .05 FWE-corrected. p-values for all significant findings 
are listed. ‘none’ indicates no significant findings for group and/or between-group comparisons. 

 

Volume
Group Contrast x y z (voxels) p -value Anatomical Region
Adults

RW > Fix 32 -44 -32 85 0.002 Right Lobule VI
26 -72 -22 52 0.024 Right Lobule VI
-28 -70 -46 105 0.001 Left Crus II
8 -76 -36 186 <0.001 Right Crus II
36 -52 -52 43 0.049 Right Lobule VIIIa

RW > FF
Children

RW> Fix -2 -76 -16 500 <0.001 Vermis VI
-50 -56 -32 268 <0.001 Left Crus I
32 -52 -28 200 <0.001 Right Lobule VI

RW > FF
Adults > Children

RW> Fix
RW> FF

Children> Adults
RW> Fix
RW> FF none

MNI Coordinates

none

none

none
none

none
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Figure 2. Functional activation maps constrained to eight cerebellar sub-regions in adults and children, 
during single word processing. (A) Location of the cerebellar sub-regions, including right and left: lobule VI, crus 
I, crus II, and lobule VIIb. (B) Real Word > Fixation contrasts. Showing activation for Adults in right lobule VI, 
right crus I, left crus II, right crus II, left lobule VIIb, and right lobule VIIb. Activation for Children in left lobule VI, 
right lobule VI, and left crus I. No between-group differences. (C) No within- nor between-group activation when 
contrasting RW > FF. Height threshold p <.001, p-FWE < .05 and Bonferroni-corrected so that significance was p < 
.00625. Corresponding coordinates in Table 4. 
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Table 4. Functional activation for cerebellar sub-region analyses for adults and children 
during single word processing. 

 

There were no significant between-group differences. Please note that since the sub-regions were created with a 
probabilistic atlas, peak coordinates can be present for two regions, representing a larger cluster that spans both 
regions. Significance was determined by height-threshold <.001, p-FWE <.05 and Bonferroni-corrected for the 
comparison of multiple cerebellar sub-regions. p-values for all significant findings are listed. ‘n.s.’ indicated no 
significant findings.  

 
  

Volume Volume
Group Cerebellar Sub-regions Contrast x y z (voxels) p -value x y z (voxels) p -value
Adults

Lobule VI RW > Fix 32 -44 -32 52 0.002 n.s.
26 -72 -22 46 0.004

RW > FF n.s. n.s.

Crus I RW > Fix 26 -76 -22 46 0.004 n.s.
RW > FF n.s. n.s.

Crus II RW > Fix 8 -76 -36 148 <0.001 -28 -70 -46 86 <0.001
RW > FF n.s. n.s.

Lobule VIIb RW > Fix 8 -76 -36 180 <0.001 -18 -70 -48 91 <0.001
36 -52 -52 42 0.004

RW > FF n.s. n.s.

Children
Lobule VI RW> Fix 32 -52 -28 189 <0.001 -32 -38 -26 143 <0.001

-2 -76 -18 120 <0.001
RW> FF n.s. n.s.

Crus I RW> Fix n.s. -50 -56 -32 151 <0.001
RW> FF n.s. n.s.

All other sub-regions RW> Fix n.s. n.s.
RW> FF n.s. n.s.

Adults > Children
All sub-regions RW> Fix n.s. n.s.

RW> FF n.s. n.s.
Children > Adults

All sub-regions RW> Fix n.s. n.s.
RW> FF n.s. n.s.

Right Left
MNI Coordinates MNI Coordinates
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Background functional connectivity of the cerebellum with cortical reading-related regions 
 

Adults 

To test for intrinsic FC, we performed background FC analyses of predetermined cerebellar seed 

(Figure 2) and cortical target regions. Seven of the eight seed regions had background FC with 

at least one cortical target region, with left crus I having none, and right lobule VIIb having the 

most cortical connections (Figure 3 and Table 5). As expected, the majority of connections were 

to the contralateral side. Here results are reported from superior to inferior, right followed by left 

cerebellar seed regions. Right lobule VI had positive FC with left lobule VI, occipital-temporal 

cortex, superior parietal lobule, and posterior superior temporal gyrus. Left lobule VI had 

positive FC with right lobule VI and left occipital-temporal cortex as well as negative FC with 

left angular gyrus. Right crus I had positive FC with left crus I, angular gyrus, posterior 

supramarginal gyrus, posterior superior temporal gyrus, inferior frontal gyrus pars opercularis, 

and inferior frontal gyrus pars triangularis. Left crus I had positive FC with right crus I and left 

occipital-temporal cortex. Right crus II had positive FC with left crus II, angular gyrus, posterior 

supramarginal gyrus, posterior superior temporal gyrus, inferior frontal gyrus pars opercularis, 

and inferior frontal gyrus pars triangularis. Left crus II had positive FC with only right crus II. 

Right lobule VIIb had positive FC with left lobule VIIb, occipital-temporal cortex, superior 

parietal lobule, posterior supramarginal gyrus, posterior superior temporal gyrus, inferior frontal 

gyrus pars opercularis, and inferior frontal gyrus pars triangularis. Left lobule VIIb had positive 

FC with right lobule VIIb, left occipital-temporal cortex, and left superior parietal lobule. 

Overall, left cerebellar seeds had fewer significant FC with left cortical seeds. 
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Children 

In children, only half of the eight seed regions had background FC with a cortical target region, 

and never more than one cortical region. There was equal distribution for connections to the 

ipsilateral and contralateral sides (Figure 3 and Table 5). Specifically, right lobule VI had 

positive FC with left occipital temporal cortex. Left lobule VI showed positive FC with right 

lobule VI and left occipital temporal cortex. Right crus I had positive FC with left crus I and 

occipital temporal cortex. Left crus I had positive FC with right crus I and left occipital temporal 

cortex. Right crus II showed positive FC with left crus II and likewise, left crus II had positive 

FC with right crus II. Right lobule VIIb showed positive FC with left lobule VIIb, and vice versa. 

These results in children were previously reported in Ashburn et al., (2020). 

 

Differences between adults and children 

When testing for differences between the groups in background FC we found that adults had 

more positive FC compared to children and these differences emanated from right cerebellar 

seed regions (Figure 3).  Specifically, right lobule VI had greater positive FC with left posterior 

superior temporal gyrus. Right crus I had greater positive FC with left angular gyrus, posterior 

supramarginal gyrus, posterior superior temporal gyrus, inferior frontal gyrus pars opercularis, 

and inferior frontal gyrus pars triangularis. Likewise, both right crus II and right lobule VIIb had 

greater positive FC with left inferior frontal gyrus pars triangularis in adults than in children. All 

of these connections were also observed in the adult within-group FC maps. 
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Figure 3. Cerebellar background functional connectivity with cortical reading-related target regions in adults 
and children. Adults had positive background FC with multiple reading-related cortical regions. Children had 
positive background FC between bilateral lobule VI and crus I and crus II with occipital-temporal cortex.  Adults 
had greater positive background FC between right cerebellar seeds and cortical target regions. Corrected for multiple 
comparisons, p-FDR < .05. 

 



 38 

Table 5. Cerebellar background functional connectivity with cortical reading-related target 
regions in adults and children. 

 
Significance was determined by seed-level correction, p-FDR < .05. Positive t-statistics represent positive 
connectivity and negative t-statistics represent negative connectivity.  

  

Seed Region FC with… T(22) FC with… T(22) FC with… T(44)
Left Lobule VI R Lobule VI 14.84 R Lobule VI 14.00

L OTC 9.71 L OTC 10.66
L AG -2.77

Right Lobule VI L Lobule VI 14.84 L Lobule VI 14.00
L OTC 8.10 L OTC 8.99
L SPL 3.19
L pSTG 4.14 L pSTG 2.91

Left Crus I R Crus I 11.64 R Crus I 11.01
L OTC 3.40 L OTC 4.07

Right Crus I L Crus I 11.64 L Crus I 11.01
L OTC 4.18

L AG 4.61 L AG 2.59
L pSMG 4.25 L pSMG 2.75
L pSTG 3.82 L pSTG 2.76
L IFG oper 3.70 L IFG oper 2.70
L IFG tri 3.31 L IFG tri 2.83

Left Crus II R Crus II 15.52 R Crus II 12.92

Right Crus II L Crus II 15.52 L Crus II 12.92
L AG 3.18
L pSMG 3.67
L pSTG 2.93
L IFG oper 3.60
L IFG tri 3.64 L IFG tri 3.14

Left Lobule VIIb R Lobule VIIb 14.23 R Lobule VIIb 14.20
L OTC 4.15
L SPL 3.20

Right Lobule VIIb L Lobule VIIb 14.23 L Lobule VIIb 14.20
L OTC 3.02
L SPL 4.06
L pSMG 3.61
L pSTG 2.17
L IFG oper 2.97
L IFG tri 2.58 L IFG tri 2.87

Adults Children Adults > Children
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Functional connectivity modulated by single word processing (gPPI analysis) 

Adults 

The gPPI analysis, conducted to determine FC between cerebellar seed and cortical target 

regions (described above) specific to word processing, revealed no significant results. 

 

Children 

We found no significant results for children (Ashburn et al., 2020). 

 

Differences between adults and children 

There was no difference between adults and children in FC specific to reading. 

 

Summary of results 

Both adults and children showed cerebellar activation for Real Word > Fixation contrast (both 

for the whole cerebellum and cerebellar sub-regions analyses), with both groups activating right 

lobule VI. However, there were no between-group differences in cerebellar activity. Moreover, 

there was no significant within- nor between-group cerebellar activity for Real Word > False 

Font. For functional connectivity, there was background FC in both groups between various 

cerebellar seed regions and cortical target regions. These intrinsic connections were more 

numerous and stronger in adults, leading to adults having greater positive FC between four right 

cerebellar seed regions (crus I, crus II, lobule VI and lobule VIIb) and some of their cortical 

target regions relative to children. Notably in adults the right lobule VI had positive FC with left 

occipital-temporal cortex, superior parietal lobule, and posterior superior temporal gyrus, while 

in children the same observation was made for only the first two cortical target regions and a 
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between-group difference emerged for the FC between right lobule VI and posterior superior 

temporal gyrus. Also, of note, right crus I, right crus II and right lobule VIIb all had greater 

positive intrinsic FC with left inferior frontal gyrus in adults than in children. Right crus I also 

had greater positive intrinsic FC with left angular, posterior supramarginal, and posterior 

superior temporal gyri in adults than in children. Yet we found no within- nor between-group 

differences in task-modulated cerebellar FC with cortical reading regions. 

 

Discussion  

The goal of this study was to examine and compare the activity and intrinsic functional 

connectivity of the cerebellum during single word processing in children and adults. The 

majority of neuroimaging studies of reading and reading-related tasks in children have not 

focused on the role of the cerebellum (with the exception of Feng et al., (2017)), while some 

studies have in adults. A review (Julie A. Fiez & Petersen, 1998) and two meta-analyses (Martin 

et al., 2015; Turkeltaub et al., 2002) of adult readers of alphabetic languages have implicated the 

cerebellum in reading. The more recent meta-analysis by Martin et al. (2015) found a 

convergence of activation within the cerebellum (coinciding with bilateral lobule VI) in adults 

but not children. This raises the possibility of a role of the cerebellum in reading that is 

age/experience-dependent, and therefore the current study focused on activity in the cerebellum 

and also eight cerebellar subregions (right and left lobule VI, crus I, crus II, and lobule VIIb) in 

children and adults during single word processing compared to a fixation baseline. Our results 

revealed cerebellar activation in adults and children when single word processing was compared 

to fixation, but there were no differences between adults and children.  
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Next, to gauge intrinsic functional connections between cognitive/language regions of the 

cerebellum and cortical regions known to participate in reading, we investigated background 

functional connectivity between the same eight pre-determined seed regions in the cerebellum 

and seven cortical target regions (left inferior frontal gyrus pars triangularis, inferior frontal 

gyrus pars opercularis, posterior superior temporal gyrus, superior parietal lobule, supramarginal 

gyrus, angular gyrus, and occipital-temporal cortex). Although both adults and children had 

intrinsic functional connectivity between several cerebellar seed regions and cortical target 

regions, adults showed stronger FC between right cerebellar seed regions and several cortical 

target regions. Below we discuss these findings in relation to prior studies of functional 

activation and functional connectivity in children and adults.  

 

Functional activation of the cerebellum during word processing  

In an early meta-analysis, Turkeltaub et al (2002), examined 11 positron emission tomography 

(PET) studies on overt single word reading in adults and found a convergence of activation in 

bilateral superior temporal cortex, left fusiform gyrus, and the bilateral cerebellum. Five of the 

studies included in the meta-analysis did not report cerebellar activation (Howard et al., 1992; 

Jernigan et al., 1998; Petersen et al., 1988; C. J. Price et al., 1994; C. J. Price, Wise, Warburton, 

et al., 1996). These studies had participants perform aloud single word reading in contrast to rest 

(C. J. Price, Wise, Warburton, et al., 1996), fixation (Jernigan et al., 1998), silent reading 

(Petersen et al., 1988), false font feature detection (C. J. Price et al., 1994), false font aloud 

(Howard et al., 1992).  In contrast, six studies reported cerebellar activation (Bookheimer et al., 

1995; J. A. Fiez et al., 1999; Hagoort et al., 1999; Herbster et al., 1997; C. J. Price, Wise, & 

Frackowiak, 1996; Rumsey, Horwitz, et al., 1997), which are also six (of the ten) studies that 

were discussed qualitatively in the review by Fiez and Petersen (1998) on the potential role of 
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the cerebellum in reading. These studies reported cerebellar activation during aloud single word 

reading when contrasted with rest (C. J. Price, Moore, & Frackowiak, 1996), fixation (J. A. Fiez 

et al., 1999; Rumsey, Horwitz, et al., 1997), viewing lines (Bookheimer et al., 1995), silent 

reading (Hagoort et al., 1999), and aloud letter string reading (Herbster et al., 1997).  Although 

the reports within these studies broadly defined cerebellar regions, if we consider the 

coordinates, all of these contrasts produced activation of cerebellar sub-regions known to be 

involved with motor functions, including vermis VI (Hagoort et al., 1999; Rumsey, Horwitz, et 

al., 1997), right lobules I-IV (C. J. Price, Moore, & Frackowiak, 1996), and left lobules I-V 

(Herbster et al., 1997).  However, it is also important to note that these contrasts also produce 

cerebellar activation in coordinates that correspond to left lobule VI (J. A. Fiez et al., 1999) as 

well as left crus I and left lobule IX (Rumsey, Horwitz, et al., 1997). Thus, the majority of 

cerebellar activation during aloud word reading tasks resides in sub-regions that have been 

primarily implicated in articulation. 

 

The more recent meta-analysis by Martin et al. (2015) in adults included 20 reading-

related studies, of which five did not report cerebellar activation (Bitan, 2005; Laurent Cohen et 

al., 2002; Poldrack et al., 2001; Rapp et al., 2004; Robertson et al., 2000). These 15 studies can 

be broken into four categories, based on the types of experimental control task used: (i) fixation, 

(ii) symbols, (iii) dots, and (iii) active controls. Studies in the first category, tested word reading 

(Brem et al., 2009), combined word and nonword reading (L. Cohen et al., 2003; Mechelli et al., 

2000), nonword reading (J. R. Binder et al., 2005), word meaning (Chee et al., 1999), or visual 

presentation of words (S. Dehaene et al., 2001), all in contrast to fixation. In the second category, 

studies used word spelling (James R. Booth et al., 2002), word & nonword reading (Kiehl et al., 

1999), word meaning (J. R. Booth et al., 2001, 2003), and word one-back task (Tagamets et al., 
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2000), all in contrast to symbols. For the third category, one study used letter string task in 

contrast to dots (Jeffrey R. Binder et al., 2006). The remaining four studies in the fourth 

category, used word and nonword reading in contrast to False Fonts (Burton et al., 2005), 

sentence reading in contrast to letter case judgement (Ferstl & von Cramon, 2001), and sentence 

reading in contrast to letter strings (Xu et al., 2005). None of these studies were included in the 

prior meta-analysis by Turkeltaub et al (2002). Thus, of the 15 studies reporting activation of the 

cerebellum in adults, almost half (seven) of these compared a reading-related task to a low-level 

baseline (i.e. baseline, fixation, or dots). Moreover, many of the studies that were compared to a 

low-level baseline, elicited activation of right lobule VI (Jeffrey R. Binder et al., 2006; Kiehl et 

al., 1999; Mechelli et al., 2000), left lobule VI (J. R. Binder et al., 2005; Jeffrey R. Binder et al., 

2006; Chee et al., 1999; Kiehl et al., 1999), and various regions of the vermis (J. R. Booth et al., 

2003; James R. Booth et al., 2002; Chee et al., 1999; Kiehl et al., 1999). Moreover, one of the 

studies that compared combined word and nonword reading to an active control task (False 

Font), elicited activation of vermis VI and right lobule VI (Burton et al., 2005), similar to the 

findings of the present study.  Also, the other two studies that used an active control task 

reported activation in right crus I (Ferstl & von Cramon, 2001) and right crus II (Xu et al., 2005). 

 

Several other empirical studies not included in these meta-analyses have implicated the 

cerebellum in typical adult readers. The first, was an early and deliberate effort to define the 

cerebellum’s involvement in reading for adults (Fulbright et al., 1999). This study compared 

various processes involved in reading (phonology, phonological assembly, and semantic 

processing) with fixation as well as with a case judgement task. Word rhyme, non-word rhyme, 

and categorical judgement tasks were used to elicit phonology, phonological assembly and 

semantic processing respectively. When compared to fixation, all tasks activated posterior 
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regions of the cerebellum. However, when compared to an active control condition (case 

judgement task), the word rhyme task (phonology) revealed no cerebellar activation while non-

word rhyme task (phonological assembly) activated regions including lobule VI and crus I, and 

the category judgement task (semantic processing) activated deep cerebellar nuclei and the 

inferior vermis. Another study in adults employing three different tasks, this time phonology 

(auditory rhyme judgement), motor (motor sequence learning), and magnocellular (visual motion 

perception) (Danelli et al., 2013) contrasted these components from an explicit reading task 

(silent single word reading) and found that left cerebellum (lobule VI) was active during word 

reading. Yet another study reported cerebellar activity in adults during reading in bilateral lobule 

VI during single word processing in comparison to false fonts (Turkeltaub et al., 2003). Notably 

in this study when adults were combined with children, cerebellar activity was found for both the 

Real Word experimental condition and the False Font active control condition compared to 

fixation, but not when Real Words was contrasted to False Font. These findings raise two 

possibilities.  The first is that the cerebellum is not activated specifically during reading, but 

rather during both the experimental (Real Word) and active control (False Font) condition. 

Alternatively, the second is that children do not show the same robust cerebellar activation as 

adults for the implicit reading task. At the same time, the within-group maps of adults but not 

children, reported activity in right cerebellum, much like the Martin et al. meta-analysis, even 

though the contrast was using real words versus false font, suggesting that right cerebellum is a 

contributor to reading. However, this study did not carry out a direct between-group comparison. 

A more recent study using the same paradigms as Turkeltaub et al., (2003) and a whole brain 

analysis found no activation in the cerebellum in children or adults, and no between-group 

differences in the cerebellum (Olumide A. Olulade et al., 2013). However, another study that 
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directly compared adults and children to determine differences during single word reading 

(aloud), found age-dependent effects in bilateral cerebellum (J. A. Church et al., 2008), 

specifically bilateral lobule VI. 

 

With respect to children studies, Martin and colleagues (2015) also conducted a meta-

analysis in children and showed no convergence for cerebellar activation in typical children 

(eventually also resulting in the difference between children and adults in the cerebellum). 

However, six of the twenty original experiments (from five studies) included in the meta-analysis 

reported cerebellar activity during reading-related tasks (J. R. Booth et al., 2001; Gaillard et al., 

2003; Hoeft et al., 2006; Noble et al., 2006; Rimrodt et al., 2009). Specifically, children showed 

activation of right posterior cerebellum during a semantic association judgement task when 

contrasted with symbols (J. R. Booth et al., 2001), right cerebellum during sentence reading 

when contrasted with dots (Gaillard et al., 2003), bilateral cerebellum during word rhyme 

judgement when contrasted with fixation (Hoeft et al., 2006), left anterior cerebellum during a 

letter string one-back task when contrasted with fixation (Noble et al., 2006), and right 

cerebellum (coordinates corresponding to lobule VI) during reading meaningful sentences when 

contrasted with word recognition task (Rimrodt et al., 2009). Although the majority of these 

studies did not indicate specific sub-regions within the cerebellum, the majority of these findings 

are within posterior cerebellar lobe (J. R. Booth et al., 2001; Gaillard et al., 2003; Hoeft et al., 

2006; Rimrodt et al., 2009) rather than the anterior lobe (Noble et al., 2006).  Of the studies that 

report coordinates, these findings reside in left lobule V and bilateral crus I (Hoeft et al., 2006), 

as well as right lobule VI (Rimrodt et al., 2009), for which the maximum loci rest sub-regions 

associated with motor, as well as cognitive functions (King et al., 2019). 
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In the present study, the whole cerebellum analysis revealed activity in adults in right 

lobule VI, left crus II, right crus II, and right lobule VIIIa. When examining the eight cerebellar 

sub-regions, similarly to the analysis of the whole cerebellum, there was activation in right 

lobule VI, left crus II and right crus II; however, we found additional activation in right crus I, 

left lobule VIIb, and right lobule VIIb. In children there was activation within vermis VI, left 

crus I, and right lobule VI. Left crus I and right lobule VI also emerged in the cerebellar sub-

region analysis, together with left lobule VI. Notably, both whole and sub-region cerebellar 

analyses identified right lobule VI for within-group analyses in adults and children.  

 

When comparing the cerebellar activation between adults and children, we found no 

differences between the groups. While these findings may seem inconsistent with the meta-

analysis by Martin and colleagues (2015) which found that adults had more activation during 

reading-related tasks in bilateral cerebellum (the coordinates reported for the bilateral cerebellum 

correspond to bilateral lobule VI), there are a number of explanations for why. The meta-analysis 

for children revealed by Martin et al. found no activation of the cerebellum during reading-

related tasks. This may be an indication that fewer studies that went into the meta-analysis for 

children had activation of the cerebellum, but also that there was variability in the location of the 

activity, leading to low convergence.  

 

Since the majority of the studies contributing to the meta-analysis by Martin and 

colleagues (2015) were based on comparisons with low-level baselines, such as fixation cross, 

rest, symbol, symbol strings, dots, or checkerboards, we used a fixation baseline control 

condition rather than an active control condition in the present study. The choice of the a low-
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level baseline also circumvents the potential concern that any active control task is not processed 

in the same way in children and adults, potentially resulting in age-dependent differences in the 

experimental active task that are driven by the active control condition (Jessica A. Church et al., 

2010). At the same time, the use of a low-level baseline condition raises the possibility that the 

findings reported in this comparison are due to other aspects of the task, such as motor, rather 

than linguistic/cognitive aspects of reading. The cerebellum has been described broadly to be 

functionally organized into motor (lobule I-VI and VIII) and non-motor (Crus I, Crus II, lobule 

VI) regions. Of note, medial regions of lobule VI are classified as motor, while lateral regions 

are classified as non-motor. The present study focuses on the non-motor cerebellar sub-regions, 

including lobule VI. Neuroimaging studies have found that cognitive tasks activate right crus I, 

crus II, lobules VI and VIIb, and motor movements activate lobules IV-VI and VIII (C. J. 

Stoodley et al., 2012). Adults and children have been shown to differ in brain activity underlying 

simple finger movements in the motor system, including the (anterior) cerebellum (De Guio et 

al., 2012) and it is therefore important to consider whether the differences between adults and 

children in lobule VI could be attributed to motor processing rather than language aspects of 

cerebellar processing. The regions shown to be active in the left and right cerebellum in adults by 

Martin et al., (2015) appears to align with lobule VI and we found activity of right lobule VI in 

both children and adults. While right crus I and II have been found during language tasks and 

have been firmly attributed to non-motor function (Guell et al., 2018; King et al., 2019; C. J. 

Stoodley et al., 2012), lobule VI is at the interface, showing involvement in both motor and 

language function (Riedel et al., 2015) and making it difficult to know its specific role in 

reading. Given that both the left and right lobule VI were identified in the meta-analysis of adults 

(Martin et al., 2015), and also in our group of children, suggests that it cannot be attributed to 
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language in a straightforward way. However, the coordinates for our group of children reside in a 

part of lobule VI that has been associated with verbal fluency, divided attention, and active 

maintenance (King et al., 2019).  Also of note, these coordinates overlap with activation seen in a 

larger data of adults for verb generation, but not for word reading (King et al., 2019). The meta-

analytical connectivity and behavioral parcellation study of the cerebellum by Riedel et al. 

(2015), found lobule VI to be in the third cluster, a cluster which was located at the cusp of 

anterior and posterior cerebellum, together with lobule V and vermis V. This cluster exhibited 

distinct co-activation with the left precentral and postcentral gyri and middle portions of the 

cingulate cortex (similar to an earlier report by Balsters et al. (2014)). Further, this cluster 

correlated with tasks such as “drawing, finger tapping, flexion/extension, isometric force, music 

comprehension/production, naming, reading recitation/repetition, and tactile 

monitor/discrimination,” indicating the difficulty of distinguishing the motor and cognitive roles 

of lobule VI, because this regions may be involved in one or the other, or both. To gain better 

insights into the role of the regions activated in the cerebellum during word processing, we 

looked at their intrinsic functional connections to cortical regions involved in reading. 

 

Functional connectivity of the cerebellum 

We used background connectivity (Norman-Haignere et al., 2012) to determine how subregions 

of the cerebellum associated with language/cognition may on average correlate across the 

duration of the run with cortical regions known to be involved in reading. Such intrinsic FC 

would indicate correlations that are not specific to reading and has been referred to as pseudo-

resting-state FC (Sheffield, Repovs, Harms, Carter, Gold, MacDonald, et al., 2015). We found 

that the cerebellar lobules previously implicated in language processing (C. J. Stoodley et al., 

2012) have intrinsic functional connectivity with regions of the cortical reading network in adults 
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and to a lesser degree in children.  Specifically, in adults, all cerebellar seed regions except left 

crus II had positive FC with at least one cortical region known to be involved in reading. We 

found that in children, right and left crus I as well as right and left lobule VI had positive 

background FC with left occipital-temporal cortex (Ashburn et al., 2020). 

 

We also found stronger positive intrinsic FC between right cerebellar seed regions and 

left cortical reading-related regions in adults when compared to children: there was relatively 

greater positive FC in adults compared with children for four right cerebellar seed regions. These 

included intrinsic FC between right lobule VI and left posterior superior temporal gyrus, as well 

as between right crus I, right crus II and right lobule VIIb and left inferior frontal gyrus. Right 

crus I had three additional intrinsic connections with the cortical target regions that were stronger 

in adults than children (with left angular, posterior supramarginal, and posterior superior 

temporal gyri), making it the seed region with the most intrinsic FCs that were stronger in adults 

than children. Notably, among all of the right hemisphere cerebellar seed regions, right lobule VI 

had the least number of connections to cortical target regions in adults (and also in the 

comparison between adults and children), indicating perhaps that its intrinsic connections to 

cortical regions known to be involved in reading are not as extensive for lobule VI as they are for 

those cerebellar subregions unambiguously known to be involved in cognitive/linguistic 

processes (crus I and crus II). This provides a lens by which to consider whether the activation of 

lobule VI in children and adults for word processing versus fixation should actually be associated 

with linguistic/cognitive processes, as opposed to motor processing. 

 

One would expect greater intrinsic FC in adults than in children based on prior studies 

demonstrating  that generally longer range connections are developed over time as the brain 
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matures (Fair, Dosenbach, et al., 2007).  This maturation is usually considered to coincide with 

the timing of axonal myelination (Fair et al., 2009).  Additionally, it is known that the 

distribution, strength, and interactions between networks change over the course of development 

(Ernst et al., 2015). Our measure of background functional connectivity captures the intrinsic 

correlations between two regions across the entire run, while regressing out the effects of the 

(reading) task. It is therefore considered a pseudo resting-state FC measure and sensitive to 

connections that form over experience and development and that exist independently of any 

specific cognitive or sensorimotor state. One resting-state FC study showed that adults and 

children have common FC between left inferior frontal gyrus pars opercularis and left superior 

temporal gyrus/medial temporal gyrus, but that adults have stronger positive resting state FC 

between long range connections, including fusiform gyrus and left inferior frontal gyrus pars 

opercularis as well as left inferior parietal lobule (M. S. Koyama et al., 2011). Further, there was 

a relationship between FC and reading competence in adults, but not in children (M. S. Koyama 

et al., 2011).  On the other hand, another study, this one longitudinal in design (over the course 

of 2-3 years) showed that children generally show a decrease in connectivity over time between 

regions of the reading network (Younger et al., 2017), including FC between cortical regions 

fusiform gyrus and inferior parietal lobule as well as inferior frontal gyrus. Thus, our findings of 

the functional connections between these subregions in the cerebellum and cortical regions 

known to be involved in reading are consistent with the literature and likely reflect the 

development of long range cerebellar-cortical connections with age/experience. 

 

Lastly, we performed a gPPI analysis to determine whether cerebellar functional 

connectivity is modulated during implicit reading task.  In the adults, there was no significant 
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task-modulated connectivity. Children, as previously reported for this group, also had no 

significant task-modulated connectivity (Ashburn et al., 2020). Most functional connectivity 

studies have tested for FC between cortical areas and whether these connections are correlated 

with behavioral reading measures. These studies have found that functional connectivity between 

left fusiform gyrus and left inferior frontal gyrus was negatively correlated with reading scores in 

children (M. S. Koyama et al., 2011) and reading is positively correlated with resting-FC 

between fusiform gyrus and left inferior frontal gyrus in adults (Maki S. Koyama et al., 2010). 

However, one study using magnetoencephalography focusing on the left inferior occipital-

temporal cortex in adults found that the cerebellum was the main forward driving nodes of a 

network involved in early letter-string or word-specific processing (Kujala et al., 2007). When 

we compared task-modulated functional connectivity in adults and children, we expected to find 

that connectivity between the cerebellum and regions of the reading network in adults but not in 

children. This hypothesis was based on studies showing that long distance connections are 

formed later in development and that their strength changes over development (Ernst et al., 

2015).  However, these observed differences in age groups are not reflected in our results. 

 
Conclusions 

When comparing word processing to a low-level baseline condition, adults and children 

activated various portions of the cerebellum associated with linguistic/cognitive processes, with 

both groups activating right lobule VI. However, there were no differences in activation between 

the two groups, not even the anticipated difference for lobule VI. Likewise, there were no within- 

nor between-group activation results when comparing word processing to an activate control task 

(False Fonts). There was greater positive FC in adults compared with children for several right 

hemisphere subregions of the cerebellum (chosen for their known involvement in 
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linguistic/cognitive functions) with cortical regions known to be involved in reading. These 

included FC between right crus I, right crus II and right lobule VIIb with left inferior frontal 

gyrus amongst others, as well as right lobule VI with left posterior superior temporal gyrus.  

Moreover, we found no task-modulated cerebellar FC with cortical reading-related regions. 

Taken together, while the cerebellum shows age-related increases in intrinsic FC with the left 

cortical regions, these age-related differences were not reflected in either cerebellar activation 

during single word processing or task-modulated FC.  
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Chapter 3 
 

Cerebellar Function in Children with and without Dyslexia During 
Single Word Processing2 

 
Introduction 

The learning disability developmental dyslexia impacts ~10% of the population and is 

characterized as a difficulty in learning to read accurately and fluently (Lyon et al., 2003). Its 

cause is mainly attributed to difficulties mapping sounds of words (phonemes) to graphemes for 

the decoding of words (Bradley & Bryant, 1983; Bruck, 1992; Wagner & Torgesen, 1987), 

thereby also slowing the process whereby words are eventually recognized by sight. As such, the 

most prominent theory explaining dyslexia centers around a phonological processing deficit 

(Démonet et al., 2004; Gabrieli, 2009; Peterson & Pennington, 2015; Stanovich, 2016; Vellutino 

et al., 2004) and this theory has received support from several different types of studies 

(McCardle et al., 2001). First, there is research demonstrating that phonemic awareness predicts 

later reading outcome in children and that it is impaired in dyslexia (Bradley & Bryant, 1983; 

Peterson & Pennington, 2015; Wagner & Torgesen, 1987). Second, reading intervention 

approaches targeting phonological awareness have successfully brought about gains in reading 

for children with dyslexia (Alexander et al., 1991). Third,  neuroimaging studies have converged 

on differences in brain activity in left lateralized cortical regions, mainly inferior frontal, 

temporal-parietal, and occipital-temporal cortices, with the former two regions considered to be 

involved in phonological processing aspects of reading (Linkersdörfer et al., 2012; Maisog et al., 

2008; Richlan et al., 2011).  

 
2Adapted from Ashburn SM, Flowers DL, Napoliello EM, and Eden GF. Cerebellar Function in Children with and 
without Dyslexia During Single Word Processing. Human Brain Mapping, Jan 2020. DOI: 10.1002/hbm.24792.  
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The cerebellar deficit hypothesis of dyslexia posits that congenital cerebellar dysfunction 

is the cause of poor reading skills in this reading disability. Specifically, it has been proposed 

that abnormal cerebellar function impacts articulatory and phonological awareness skills, thereby 

causing reading difficulties (Nicolson et al., 2001). The cerebellar hypothesis also holds that 

disruption of the cerebellum not only explains deficits in reading, but also in writing and 

spelling, as well as skills outside of language that are associated with the cerebellum and 

reported to be affected in dyslexia. These other skills include balance (C. J. Stoodley et al., 

2005), automaticity (R. Nicolson & Fawcett, 1990), habituation to eye-blink conditioning 

(Roderick I. Nicolson et al., 2002), and timing skills (Overy et al., 2003). However, a causal role 

of the cerebellum in dyslexia has not been substantiated (Zeffiro & Eden, 2001) and there has 

been criticism (Rack et al., 2007) of treatments for dyslexia targeting cerebellar functions (e.g. 

balance exercises; Reynolds, Nicolson, & Hambly, 2003). Not only is the effectiveness of this 

approach controversial, but there are concerns that this displaces the learning of phonological 

skills considered by many to be critical to successful intervention (McCardle et al., 2001). 

 

The role of the cerebellum in reading is not fully understood. An early review of 

neuroimaging studies on reading suggested activation of bilateral cerebellum in typical adults 

(Julie A. Fiez & Petersen, 1998). Consistent with this, meta-analyses of studies of reading in 

adults found convergence of activity in right cerebellum (Turkeltaub et al., 2002) and more 

recently in bilateral cerebellum (Martin et al., 2015) in addition to the left hemisphere perisylvian 

regions associated with reading. The report by Martin and colleagues (2015) also included a 

meta-analysis of studies in children. However, there was no convergence of activation within the 
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cerebellum in children. Thus, the cerebellum appears to be involved in reading in adults, but its 

function remains unclear in children. Importantly, very few neuroimaging studies have found 

functional differences in the cerebellum when comparing groups with and without dyslexia 

during reading and reading-related tasks. Again, the most consistent findings from these studies 

are reflected in meta-analyses. Two meta-analyses of activation studies in dyslexia in 

children/adolescents did not report differences in the cerebellum (Maisog et al., 2008; Richlan et 

al., 2011). These meta-analyses did report less activity in dyslexia in inferior frontal, temporal-

parietal, and occipital-temporal cortices, consistent with the widely-accepted view of the role of 

dorsal and ventral cortical brain areas involved in reading (Pugh et al., 2000, 2001).  A meta-

analysis by Linkersdörfer et al. (2012) that combined children and adults revealed greater, rather 

than less, activation in left lobule VI in dyslexia during reading-related tasks. However, when 

meta-analyses were conducted separately for children and adults on a subset of studies showing 

less activity in dyslexia, there were no differences between those with and without dyslexia in 

the cerebellum.  

 

Altogether, there is limited evidence of a functional role of the cerebellum in typically 

reading children or aberrations in dyslexia. However, few have conducted a direct study of the 

cerebellar deficit hypothesis. Only one functional brain imaging study was explicitly conducted 

to test the cerebellar deficit hypothesis in dyslexia for English readers (Roderick I. Nicolson et 

al., 1999). For this positron emission tomography (PET) study the investigators focused on motor 

learning rather than reading, and found that adults with dyslexia had less activation than controls 

in right cerebellum during motor sequence tasks, both when performing a pre-learned sequence 
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and while learning a new sequence (Roderick I. Nicolson et al., 1999). However, it is important 

to examine and contrast the cerebellum in groups with and without dyslexia during reading.  

 

Further, given the proposed mechanism of the cerebellar deficit hypothesis, which 

implies abnormal cerebro-cerebellar loops, it is important to combine measures of cerebellar 

activity with measures of functional connectivity between the cerebellum and cortical regions 

known to be involved in reading. The cerebellum has a topographic organization of higher 

functions where motor, visual spatial, language, and working memory tasks are mapped onto 

discrete cerebellar sub-regions in the posterior lateral cerebellar hemispheres (C. J. Stoodley et 

al., 2012; C. Stoodley & Schmahmann, 2009). Specifically, lobule VI and crus II are activated 

during language tasks (C. Stoodley & Schmahmann, 2009). As noted by Stoodley and colleagues 

(2014), these specific regions have been shown to have functional connectivity with ventral 

attention and frontal-parietal networks as demonstrated in a resting-state fMRI study (Buckner et 

al., 2011), including cortical areas involved in reading, namely occipital-temporal cortex, inferior 

frontal gyrus, superior temporal gyrus, angular gyrus, and supramarginal gyrus. In the same vein, 

Alvarez and Fiez (2018) used a reverse inference approach to show that right lobule VIIb/crus II 

has intrinsic functional connectivity with cortical regions involved in phonology, namely the 

intraparietal cortex. Connections between cerebellum and cortex are contralateral; thus language-

related cerebellar regions are predominately right lateralized (Mariën et al., 2013). Taken 

together, the cerebellum is organized topographically for a variety of tasks, including language, 

and this organization is reflected in its functional connections to the cortex. Booth and colleagues 

(2007) found functional connections between right cerebellum and left inferior frontal and left 

lateral temporal cortex in typical adults during a rhyme judgement task. In a neuroanatomical 
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study employing diffusion tensor imaging, Travis and colleagues (2015) found fractional 

anisotropy of the cerebellar peduncles in children and adolescents to be correlated with reading 

skills. Most relevant to the current study, in Chinese children with dyslexia, Feng et al (2017) 

found differences in activity and functional connectivity in the cerebellum. However, to date 

there have been no studies comparing functional connectivity of the cerebellum during reading in 

an alphabetic language in children with and without dyslexia, although such an approach would 

be important to test the cerebellar deficit hypothesis of dyslexia. 

 

Using functional MRI (fMRI) we tested whether the cerebellum is active during single 

word processing in typical children and those with dyslexia and conducted between-group 

comparisons. For these analyses, we used (i) a whole cerebellum followed by (ii) an a priori 

cerebellar sub-region of interest approach. We examined the contrast of single Real Word 

processing versus Fixation, as well as single Real Word versus False Font processing. The latter 

contrast identifies activity related specifically to word processing rather than other aspects of the 

task (e.g. button pressing). For functional connectivity (FC), we examined background functional 

connectivity to identify intrinsic connections of the cerebellum. This was followed by 

generalized psychophysiological interactions (gPPI) regression analysis, to determine cerebellar 

FC specific to single word processing. For both FC analyses, we examined each group and 

computed between-group differences. Overall, we expected typical readers to show cerebellar 

activation during reading (in lobule VI, crus I, crus II, and/or lobule VIIb) and to have functional 

connectivity between the cerebellum and left inferior frontal gyrus specific to single word 

processing. Should the cerebellar deficit hypothesis hold true, we would expect differences in 
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activity and functional connectivity during word processing in children with dyslexia in 

comparison to typical readers. 

 

Methods and Materials 

 
Participants 

Children with dyslexia were recruited from a school that specializes in teaching children with 

reading disability. They and the typical readers were monolingual, native English speakers.  All 

except for two participants were right-handed, one left-hander in each group. Children with 

ADHD were included in the study, however a student t-test comparing between-group Connors’ 

index T-score found no significant difference of ADHD symptoms between the two groups. 

Subsets of these participants were included in prior publications on dyslexia  (Evans, Flowers, 

Napoliello, & Eden, 2014; Evans, Flowers, Napoliello, Olulade, et al., 2014; Krafnick et al., 

2011, 2014; O. A. Olulade et al., 2015; Olumide A. Olulade et al., 2013). Participants were given 

informed consent prior to beginning the study and all protocols were approved by the 

Georgetown University Institutional Review Board.  

 

All children completed a battery of behavioral testing including the Wechsler 

Abbreviated Scale of Intelligence (WASI; Wechsler, 1999) for measures of IQ. From the 

Woodcock-Johnson III Tests of Achievement (WJ-III; Woodcock, McGrew, & Mather, 2001) 

the Word Identification and Word Attack subtests were used to assess single real- and pseudo- 

word reading ability, respectively. Reading rate was assessed using the Reading Fluency subtest 

(Woodcock et al., 2001). Digit Span from the Wechsler Intelligence Scale for Children (WISC 

IV; (Wechsler, 2003) was used to assess working memory and Rapid Automatized Naming 
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(RAN; Denckla & Rudel, 1976a, 1976b) was used to assess fluency of naming letters and 

numbers.  All participants had a standard score of 80 or above on the Full-scale WASI IQ test. 

Children in the control group were required to have a standard score above 92 on both real- and 

pseudo- word reading subtests of the WJ-III. Children with dyslexia were required to have a 

standard score of 92 or below on either the real- or pseudo-word reading test on the WJ-III and 

these children had a documented history of their reading disability, with most attending a school 

that specializes in the teaching of children with learning disabilities. Typical readers were 

recruited as age-matched controls. After addressing head movement during the scans (described 

below), several children were excluded from the original sample of 39 children with dyslexia and 

28 without dyslexia, leaving 23 in the group with dyslexia (9 females, 14 males, mean age = 9.8, 

standard deviation [SD] = 1.4) and 23 children in the control group (13 females, 10 males, mean 

age = 9.7 years, SD = 1.8). A summary of the mean group demographic and behavioral data for 

participants in the study can be found in Table 6. The groups did not differ in age. As expected, 

children with dyslexia had significantly lower reading scores as well as lower naming fluency 

scores and working memory. Additionally, the two groups differed in Verbal and Performance 

IQ. Therefore, Performance IQ was used as a covariate of no interest in the between-group 

analyses of the fMRI data. 

 
fMRI task and procedure 

Participants performed an implicit reading task (C. J. Price, Wise, & Frackowiak, 1996), which 

consisted of visually presented Real Word (RW) and False Font (FF) conditions. Participants 

were asked to press a button in their right hand if a tall feature was present (e.g. eaten or ) 

and a button in their left hand if no such feature was present (e.g. manor or ) as accurately 

and quickly as possible.  RW stimuli were single five-letter, low frequency words (O. A. Olulade 



 60 

et al., 2015; Turkeltaub et al., 2003, 2004). FF stimuli provided an active control condition and 

were created by manipulating the letters from the RW stimuli to create new, unfamiliar 

characters (Arial font letters were cut, and the sections reconnected to generate the FF). As such 

the number of elements and angles were similar across the Real Word and False Font conditions. 

Also, the FF stimuli were matched to the RW stimuli for both length and location of ascenders 

and descenders. RW and FF stimuli were presented in separate blocks, always alternating with a 

block of fixation. During fixation blocks (Fix), children were instructed to keep their eyes on the 

cross hair in the center of the screen. We examined RW > Fix as a way to gauge general 

activation to the task and RW > FF to identify activity specific to single word processing. 

 

Each participant completed two runs and each run consisted of two blocks of each task 

condition (RW and FF), with 10 stimuli per block.  Both runs were used in the final analysis for 

all participants except for two control subjects, where of the two runs, one was removed due to 

excessive motion (see below). The presentation of each stimulus was 1.2s and was followed by a 

fixation cross that was presented for 3s.  Each task block had a duration of 42s while interleaving 

fixation blocks had a duration of 18s blocks.  Therefore, the overall length of the run was 4min 

and 27s. The number of brain volumes acquired was the same for the RW, FF and Fix conditions 

(28 volumes each). We used Presentation software (Neurobehavioral Systems Inc, Albany, CA, 

USA) for stimulus presentation and recording responses. We collected reaction time (RT) and 

accuracy for both conditions. RT and accuracy were compared between the groups using a two-

sample student t-test (Table 7). One control participant did not have in-scanner performance data 

due to a technical malfunction.   

 



 61 

Prior to the scanning session all participants practiced the task in a mock scanner to 

become habituated to both the task and scanning environment. At the conclusion of the actual 

scanning session, a pencil-and-paper test was performed in which participants were asked 

whether they had seen a given stimulus during the scans (as in Turkeltaub et al., 2003). There 

were 40 targets and 40 foils, for each condition.   

 
Image acquisition 

All functional scans were acquired on a 3T Siemens Trio scanner, located at the Center for 

Functional and Molecular Imaging at Georgetown University.  Structural T1 images were 

acquired using FOV = 256, phase = 250, slices = 160, and slice resolution = 1mm, resulting in 

1.0 x 1.0 x 1.0mm voxels. Functional images were obtained with a T2*-weighted echo planar 

imaging sequence using Flip Angle = 90º, TR = 3s, TE = 30ms, and 50 axial slices (2.8mm with 

a 0.2mm gap), FOV = 192mm, in-plane resolution =64x64, resulting in 3 x 3 x 2.8mm cubic 

voxels. All functional images covered the whole brain, including complete coverage of the 

cerebellum.  

 
Data analysis 

There were three methods used to analyze the data. First, we examined activity in the cerebellum 

during single word processing in comparison to Fixation (RW>Fix) and also in comparison to 

the active control task, False Fonts (RW>FF).  Next, we performed two types of functional 

connectivity analyses: background FC (Norman-Haignere et al., 2012) and generalized 

psychophysiological interactions (gPPI) FC.  The former provides insight to how the cerebellum 

may be intrinsically connected to cortical regions independent of the task. The latter 

distinguishes whether these functional connections are specific to single word processing. For all 
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three analyses, we generated within-group and between-group maps. We constrained the 

analyses to the cerebellum, as described in detail next. 

 
Preprocessing 

For all analyses (fMRI activity and FC) preprocessing steps were completed with Statistical 

Parametric Mapping, version 12 (SPM12; Welcome Department of Cognitive Neurology, 

London). The toolboxes SUIT (Diedrichsen et al., 2009) and Voxel Based Morphometry 

segmentation (Ashburner & Friston, 2000) were also used for activation and functional 

connectivity analyses, respectively. All data were individually inspected for gross artifacts and to 

ensure full cerebellum coverage. The first five functional images of each run were discarded. 

Functional images were slice-time corrected, realigned, and co-registered to the anatomical data.  

 

All data were corrected for head movement using ArtRepair 

(ART; https://www.nitrc.org/; adjusted in-house). Time points with scan-to-scan motion greater 

than 0.75 mm (25% of the voxel size) were regressed out during statistical analysis. The 

percentage of scans regressed out in this way did not differ between the two groups, p > .05. An 

entire run was removed if more than 25% of the scans exceeded either the 0.75mm motion 

threshold or a 1.5% global signal change threshold.  

 
Functional activation in the cerebellum and sub-regions of the cerebellum 

After preprocessing, we ran first-level GLM analysis on the functional data, thereby generating 

contrast images for each subject (RW > Fix and RW > FF).  We then used SUIT to isolate the 

cerebellum. This step involved the generation of a cerebellar mask for each participant, which 

was quality controlled and overlaid onto the T1-anatomical image within MRICron (Rorden et 
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al., 2007). Manual corrections were performed as needed.  Careful attention was given to the 

border between the cerebellum and cerebrum to avoid including voxels in adjacent inferior 

occipital or temporal cortex.  We then normalized the anatomical image into SUIT space. The 

resulting deformation field was then used to transform the fMRI data into SUIT space by re-

slicing the statistical maps of the activation data. Lastly, these normalized images were smoothed 

with a 4x4x4-mm full-width height maximum Gaussian kernel.   

 

 To test particular sub-regions within the cerebellum, we created masks for left and right 

lobule VI, crus I, crus II, and lobule VIIb (total of 8 regions). These sub-regions were chosen 

based on the literature (Linkersdörfer et al., 2012; Moore et al., 2017; C. J. Stoodley et al., 2012; 

C. Stoodley & Schmahmann, 2009) and defined within the SUIT atlas (Diedrichsen et al., 2009). 

We used Small Volume Correction (SVC) at the second level to conduct the region of interest 

(ROI) analyses for each sub-region. We also used a Bonferroni-correction to account for the use 

of multiple ROIs, such that the adjusted threshold for significance was p-FWE-Bonferroni < 

.00625. Throughout this paper we use the term ‘cerebellar sub-region(s)’ to refer to these ROIs 

used in the functional activation analyses.  

 
Functional connectivity analyses 

After preprocessing (described above) the data were segmented using Voxel Based 

Morphometry segmentation (Ashburner & Friston, 2000), and normalized to MNI space. We 

then used the CONN toolbox 16.b (Whitfield-Gabrieli & Nieto-Castanon, 2012) for both the 

background and task-specific functional connectivity analyses. For each, we performed 

denoising with simultaneous regression of temporal confounding factors, as well as temporal 

filtering on the unsmoothed functional data. The temporal confounding factors included six head 
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position parameters, a vector to indicate whether a particular scan was preceded by our 0.75 mm 

threshold (whereby scans preceded by inter-scan head motion < 0.75 mm received a 0 and scans 

preceded by inter-scan head motion greater than or equal to 0.75 mm received a 1), and block 

conditions (RW, FF, Fixation), convolved with canonical hemodynamic response function. The 

CONN toolbox also estimated principal components from subject-specific white matter and CSF 

masks, which were created during the VBM segmentation step detailed above. Both white matter 

and CSF had 5 principal components per subject.   

 

 First, we performed a background functional connectivity (Norman-Haignere et al., 2012) 

correlation analysis, as previously used in brain imaging studies (Fair et al., 2007), to provide 

insight into the cerebellum’s intrinsic FC with the cortex.  This approach regresses out the effects 

of task blocks over the run to generate a measure of intrinsic brain connectivity. Thus, we 

regressed the effects of RW, FF, and Fixation. Next, we applied a low band-pass filter (.008 to 

.09 Hz). First-level analysis was performed using a GLM, HRF weighting, and bivariate 

correlation parameters for the ROI-to-ROI analysis. ROIs were chosen based on the literature 

(described in more detail below) and while we use the term ROI here, the sequential sections 

refer to these as ‘cerebellar seed regions’ and ‘cortical target regions.’  First-level analyses were 

run for a left and right set of each cerebellar seed region (lobule VI, crus I, crus II, lobule VIIb) 

with all of the cortical target regions (i.e. right and left lobule VI was run with all of the cortical 

target regions). Second-level analysis was performed on each cerebellar seed. For example, right 

lobule VI seed was tested with its homolog and seven cortical target regions. Note that we did 

not otherwise test for functional connectivity within cerebellar seeds (i.e. cerebellum to 

cerebellum).    



 65 

Second, we performed gPPI regression analyses, which provides insight into task-

specific connectivity, i.e. FC modulated by single word processing. We applied a high band-pass 

filter (.008 to Inf Hz). The first-level ROI-to-ROI analyses were performed using gPPI and 

bivariate regression parameters for a left and right set of each cerebellar seed region (lobule VI, 

crus I, crus II, lobule VIIb). The gPPI regression analysis builds each task condition into the 

regression model, i.e. RW and FF. Second-level analyses were performed on each cerebellar 

seed for the contrast of RW > FF. For example, right lobule VI seed was tested with its homolog 

and seven cortical target regions. Again, we did not test for functional connectivity between 

cerebellar seeds (i.e. cerebellum to cerebellum).    

 

Cerebellar seed regions for the connectivity analyses in both background and gPPI 

analyses were the same eight cerebellar sub-regions as described above for the activation 

analyses, chosen based on the literature: bilateral lobule VI, crus I, crus II, and lobule VIIb 

(Figure 4). Cortical target regions were chosen based on the traditional reading network as 

defined by Pugh et al. (2001) and the meta-analysis by Martin et al. (2015).  Specifically, we 

selected the following eight left hemisphere regions within CONN (Harvard-Oxford atlas; 

Desikan et al., 2006): inferior frontal gyrus pars triangularis (IFG tri), inferior frontal gyrus pars 

opercularis (IFG oper), posterior superior temporal gyrus (pSTG), superior parietal lobule (SPL), 

posterior supramarginal gyrus (pSMG), angular gyrus (AG), and occipital-temporal cortex 

(OTC). These regions can be found in Figure 4.   
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Both within- and between-group significance was determined with p-FDR =.05, seed-

level correction, two-sided statistic.  All connectivity results were visualized with CONN toolbox 

and overlaid with spheres to optimize the visibility of the seed and target regions.  

 

 

 
Figure 4. Cerebellar and cortical regions of interest used for the activation and connectivity analyses. (A) 
Cerebellar regions chosen based on the literature and defined with the SUIT atlas (Diedrichsen et al., 2009). These 
were used in the activation analysis (cerebellar sub-regions) and again in the connectivity analyses (cerebellar seed 
regions). (B) Cortical target regions for the functional connectivity analyses are shown as spheres but all were 
anatomical regions derived from the FSL Harvard-Oxford Atlas (Desikan et al., 2006). 
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Results 
 
Behavioral measures 

Accuracy and reaction times for both groups are shown in Table 7. Of most interest are the 

between-group comparisons of the subtractions between the Real Word and False Font 

conditions, as these are the conditions contrasted for the activation analysis to identify areas 

specific to word processing (RW>FF). There were no between-group differences in these values 

for accuracy or reaction times, as shown in previous studies (O. A. Olulade et al., 2015; 

Turkeltaub et al., 2003).   The post-scan pencil-and-paper test used to assess the participants’ 

familiarity with stimuli found that both groups performed significantly above chance when 

identifying Real Word but not False Font stimuli, indicating participants had processed the word 

stimuli during the scan.  
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Table 6. Demographics and behavioral assessments for Control and RD children. 

 
Demographics and behavioral assessments. Scores reported as averages of standard scores ±	standard	deviaton. 
†denotes tests from the Woodcock Johnson-III (WJ-III), ‡ denotes tests from the Wechsler Abbreviated Scale of 
Intelligence (WASI), p-values are listed for student t-Test for between-group differences, Significance determined if 
p < .05. 
 
 

Within-group Participant Demographics
Controls Dyslexics p -value

N 23 23 --

Sex (F/M) 13/10 9/14 --

Age (years) 9.7 ± 1.8 9.8 ± 1.4

WASI Verbal IQ‡ 120.6 ± 14.5 110.3 ± 10.2 0.008

WASI Performance IQ‡ 114.0 ± 13.1 100.0 ± 10.8 0.002

WJ-III Word ID‡ 115.5 ± 12.4 77.5 ± 9.6 <0.001

WJ-III Word Attack† 110.4 ± 12.6 89.6 ± 11.2 <0.001

WJ-III Reading Fluency† 119.5 ± 20.3 73.1 ± 14.1 <0.001

RAN (letters) 111.1 ± 15.2 87.2 ± 9.0 <0.001

Digit Span 104.7 ± 16.2 92.0 ± 12.7 0.020
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Table 7. Participant in-scanner performance for Control and RD children during single 
word processing task. 

 
p-values are listed for student t-Test for between-group differences. Significance determined if p < .05. 
 
  

Participant In-scanner Performance 
Controls Dyslexics p -value

Accuracy (% correct)
Total Accuracy 90.1% ± 7.4 89.5 ± 7.6 0.439

Real Words 90.1% ± 8.6 91.4 ± 6.8 0.556

False Fonts 90.2% ± 7.2 87.5 ± 10.8 0.316

RW/FF Difference 0.1% ± 5.8 4.0 ±  9.6 0.104

Response Time (ms)
Total Reaction Time 925.9 ± 130.5 1011.4 ± 157.4 0.053

Real Words 924.4 ± 139.8 1022.3 ± 178.7 0.047

False Fonts 927.3 ± 126.6 1000.2 ± 142.1 0.076

RW/FF Difference 0.3 ± 49.3 22.0 ±  73.4 0.249
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Functional activation constrained to (i) the whole cerebellum and (ii) cerebellar sub-regions  
 

Controls 

For the analysis conducted at the level of the whole cerebellum, the group of typical readers had 

activation for the Real Word > Fixation contrast in vermis VI, left crus I, and right lobule VI 

(Figure 5; Table 8). However, for the contrast of Real Word > False Font (designed to find 

activity specific for reading) there was no significant activation. For the analysis examining Real 

Word > Fixation in the eight cerebellar sub-regions, we found activation in left lobule VI, left 

crus I, and right lobule VI in the control group (Figure 6A; Table 9). Critically, for Real Word > 

False Font, the controls had no significant activation in any cerebellar sub-regions.   

 

Dyslexics 

The within-group maps for the group with dyslexia showed no significant activation when 

contrasting Real Word > Fixation or Real Word > False Font at the level of the whole 

cerebellum, or at the level of cerebellar sub-regions. 

 

Controls versus dyslexics 

Comparison of whole cerebellar functional activation between the two groups (controls greater 

than dyslexics and vice versa) revealed no difference in cerebellar activation for Real Word > 

Fixation or Real Word > False Font at the level of the whole cerebellum, or at the level of 

cerebellar sub-regions. 
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Figure 5. Functional activation maps constrained to whole cerebellum in Control and RD children, during 
single word processing. (A) Real Word > Fixation and (B) Real Word > False Font contrasts.  Significant 
activation in vermis VI, left crus I, and right lobule VI (former not shown) in Control group, height threshold p 
<.001, p <.05 FWE-corrected.  No activation for Real Word > False Font for either group and no between-group 
differences for either contrast (A or B). 
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Table 8. Functional activation results for whole cerebellum analysis for Control and RD 
children during single word processing. 

 
Significance determined by height threshold = .001, p < .05 FWE-corrected. ‘none’ indicates no significant findings.  
 
  

Volume
Group Contrast x y z (voxels) p -value Anatomical Region
Controls

RW> Fix -2 -76 -16 500 <0.001 Vermis VI
32 -52 -28 200 <0.001 Right lobule VI
-50 -56 -32 268 <0.001 Left crus I

RW > FF
Dyslexics

RW > Fix
RW > FF

RW > Fix
RW > FF

RW > Fix
RW > FF none

MNI Coordinates

Dyslexics > Controls

Controls > Dyslexics

none

none
none

none
none

none
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Figure 6. Functional activation maps constrained to eight cerebellar sub-regions in Control and RD children, 
during single word processing. ROIs included: bilateral lobule VI, crus I, crus II, lobule VIIb.  (A) Location of the 
eight cerebellar sub-regions. (B) Real Word > Fixation and (C) Real Word > False Font contrasts. Significant 
activation in bilateral lobule VI and bilateral crus I for Real Word > Fixation in controls. Height threshold p <.001, 
p-FWE < .05 and Bonferroni-corrected so that significance was p < .00625.  No significant activation for Real Word 
> False Font in Controls, Dyslexics, nor between-group differences. Corresponding coordinates in Table 9. 
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Table 9. Functional activation for cerebellar sub-region analyses for Control and RD 
children during single word processing. 

 
Significance determined by height-threshold <.001, p-FWE < .05 and Bonferroni-corrected for multiple cerebellar 
sub-regions. ‘n.s.’ indicates no significant findings. 
 

  

Volume
Group Cerebellar Sub-regions Contrast x y z (voxels) p -value
Controls

Left Lobule VI RW> Fix -32 -38 -26 143 <0.001
-2 -76 -18 120 <0.001

RW> FF n.s.

Right Lobule VI RW> Fix 32 -52 -28 189 <0.001
RW> FF n.s.

Left Crus I RW> Fix -50 -56 -32 151 <0.001
RW> FF n.s.

Right Crus I RW> Fix n.s.
RW> FF n.s.

Left Crus II RW> Fix n.s.
RW> FF n.s.

Right Crus II RW> Fix n.s.
RW> FF n.s.

Left Lobule VIIb RW> Fix n.s.
RW> FF n.s.

Right Lobule VIIb RW> Fix n.s.
RW> FF n.s.

Dyslexics
All sub-regions RW> Fix n.s.

RW> FF n.s.
Controls > Dyslexics

All sub-regions RW> Fix n.s.
RW> FF n.s.

Dyslexics > Controls
All sub-regions RW> Fix n.s.

RW> FF n.s.

MNI Coordinates
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Background functional connectivity analysis of cerebellar seed regions 
 
Controls 

To test whether our predetermined cerebellar seed regions have FC with predetermined cortical 

target regions (Figure 4) independent of word processing, we examined background FC (Figure 

7; Table 10).  In controls, left lobule VI showed positive FC with right lobule VI and left 

occipital temporal cortex. Right lobule VI showed positive FC with left lobule VI and left 

occipital temporal cortex.  Left crus I had positive FC with right crus I and left occipital temporal 

cortex. Right crus I had positive FC with left crus I and left occipital temporal cortex.  Left crus 

II had positive FC with right crus II; likewise, right crus II showed positive FC with left crus II. 

Left lobule VIIb had positive FC with right lobule VIIb; likewise, right lobule VIIb showed 

positive FC with left lobule VIIb. 

 

Dyslexics 

In the group with dyslexia, left lobule VI had positive FC with right lobule VI, left occipital 

temporal cortex and left superior parietal lobule. Right lobule VI had positive FC with left lobule 

VI, occipital temporal cortex, superior parietal lobule, and posterior superior temporal gyrus 

(Figure 7; Table 10). Left crus I revealed positive FC with right crus I, occipital temporal cortex 

and left superior parietal lobule, and negative FC with left IFG pars triangularis. Right crus I 

had positive FC with left crus I, occipital temporal cortex, superior parietal lobule, angular gyrus, 

posterior supramarginal gyrus, and posterior superior temporal gyrus. Left crus II had positive 

FC with right crus II, left occipital temporal cortex, left superior parietal lobule, as well as 

negative FC with left inferior frontal gyrus pars triangularis. Right crus II had positive FC with 

left crus II, superior parietal lobule, angular gyrus, posterior supramarginal gyrus, and posterior 

superior temporal gyrus. Left lobule VIIb had positive FC with right lobule VIIb, left occipital 
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temporal cortex, and left superior parietal lobule. Lastly, right lobule VIIb had positive FC with 

left lobule VIIb, occipital-temporal cortex, superior parietal lobule, and posterior superior 

temporal gyrus.  

 
Controls versus dyslexics 

Controls had greater positive FC between left crus I and right crus I (and vice versa). On the 

other hand, children with dyslexia had greater positive FC than controls between right crus I and 

left angular gyrus, posterior superior temporal gyrus, and inferior frontal gyrus pars triangularis 

(Figure 7; Table 10). Note that of these the left angular gyrus and posterior superior temporal 

gyrus (but not inferior frontal gyrus) was found in the group with dyslexia in the within-group 

analysis. Figure 8 displays the distribution of the extracted z-scores for each of these findings.  
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Figure 7. Cerebellar background functional connectivity with cortical reading-related target regions in 
Control and RD children. Left and right cerebellar seed regions: lobule VI, crus I, crus II, and lobule VIIb.  
Cortical target regions, depicted as spheres, are from the Harvard-Oxford Atlas. Cerebellar seed regions were 
selected from the SUIT Atlas. In Controls, FC was largely limited to within the cerebellum, and between the 
cerebellum and left occipital-temporal cortex. Dyslexics had FC from left and right cerebellar seed regions to several 
left hemisphere cortical regions, including posterior superior temporal gyrus and superior parietal lobule. Controls > 
Dyslexics is shown in purple, while Dyslexics > Controls are shown in green. All results corrected for multiple 
comparisons, p-FDR < .05, two-sided statistic. 
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Table 10. Cerebellar background functional connectivity with cortical reading-related 
target regions in Control and RD children. 

 
Significance determined by seed-level correction, p-FDR < .05. Positive/Negative t-statistics represent 
positive/negative connectivity. Positive t-statistics in the Between-group Differences column indicate Controls > 
Dyslexics, and negative t-statistics indicate Dyslexics > Control. See Figure 5 for more details on between-group 
differences. 
 

Seed Region FC with… T(22) FC with… T(22) FC with… T(43)
Left Lobule VI R Lobule VI 14.00 R Lobule VI 15.32

L OTC 10.66 L OTC 12.11
L SPL 3.26

Right Lobule VI L Lobule VI 14.00 L Lobule VI 15.32
L OTC 8.99 L OTC 10.74

L SPL 4.39
L pSTG 2.86

Left Crus I R Crus I 11.01 R Crus I 9.80 R Crus I 2.96
L OTC 4.07 L OTC 3.88

L SPL 4.24
L IFG tri -2.78

Right Crus I L Crus I 11.01 L Crus I 9.80 L Crus I 2.96
L OTC 4.18 L OTC 3.83

L SPL 3.82
L AG 5.83 L AG -2.76
L pSMG 3.37
L pSTG 3.87 L pSTG -2.89

L IFG tri -2.83

Left Crus II R Crus II 12.92 R Crus II 13.32
L OTC 2.47
L SPL 4.74
L IFG tri -3.02

Right Crus II L Crus II 12.92 L Crus II 13.32
L SPL 4.98
L AG 3.35
L pSMG 3.32
L pSTG 2.34

Left Lobule VIIb R Lobule VIIb 14.20 R Lobule VIIb 16.84
L OTC 3.33
L SPL 4.82

Right Lobule VIIb L Lobule VIIb 14.20 L Lobule VIIb 16.84
L OTC 2.64
L SPL 4.46
L pSTG 2.60

Between-group 
DifferencesDyslexicsControls
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Figure 8. Background functional connectivity between-group differences for right crus I. Taken from Figure 7, 
(A) Between-group differences, where purple indicates positive FC Controls > Dyslexics and green indicates 
positive FC Dyslexics > Controls. Violin plots of z-scores (y-axis) for right crus I with (B) left crus I and (C) with 
the three left cortical regions, IFG tri, AG and pSTG. Black bars represent the mean of z-score values and circles are 
z-scores of individual participants. 

 
Task-specific functional connectivity (gPPI) analysis of cerebellar seed regions  
 
Controls 

The gPPI analysis, conducted to determine FC between cerebellar seed and cortical target 

regions (same regions as described above) specific to word processing, revealed no significant 

results in the controls. 

 

Dyslexics 

There were no significant results. 

 
Controls versus dyslexics 

There were no significant results. 
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Summary of results 

While there was activity in the control group for Real Word > Fixation contrast (both at the level 

of the whole cerebellum and for the cerebellar sub-regions), there was no significant activation in 

the control group specific to reading (Real Word > False Font). The group with dyslexia revealed 

no activation for any of these analyses. Importantly, there were no between-group differences. 

Turning to FC, there was background FC in both groups and some of these emerged in the 

between-group comparisons, most notably right crus I and its greater positive functional 

connections to two left temporal-parietal regions in the group with dyslexia compared to 

controls. However, there was no task-specific (gPPI) cerebellar FC with cortical regions in either 

group, and no between-group differences.  

 

Discussion 

This study tested the cerebellum’s involvement in single word processing in children with and 

without developmental dyslexia.  Based on the cerebellar deficit hypothesis (Roderick I. 

Nicolson et al., 2001), one would expect cerebellar activation in typically reading children during 

word processing and relative differences in children with dyslexia.  Our results revealed no 

cerebellar activity in the typical readers or in the group with dyslexia specific to word 

processing, and there were no differences between the two groups. The cerebellar deficit 

hypothesis would also predict functional connectivity between the cerebellum and cortical 

regions known to be involved in reading, particularly left inferior frontal gyrus. However, there 

was no functional connectivity specific to word processing in either group, and no between-

group differences. Below we offer interpretations of these results in the context of the cerebellar 

deficit hypothesis and the literature on the neural bases of reading.  
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The cerebellar deficit hypothesis as an explanation for impaired reading 

The cerebellar deficit hypothesis posits that cerebellar dysfunction causes poor acquisition of 

early articulatory skills and in turn impairs phonological processing, thereby causing the reading 

difficulties observed in dyslexia (Roderick I. Nicolson et al., 2001). This proposed role of the 

cerebellum seems plausible given the cerebellum’s role in various linguistic processes, the 

functional connections between the right cerebellum and left inferior frontal cortex found in 

typical adults (James R. Booth, Wood, et al., 2007), and the left inferior frontal gyrus’ 

involvement in both articulation and phonology (Burton, 2001). Based on this, we expected to 

find cerebellar activation and functional connectivity to left IFG or other regions known to be 

involved in reading during word processing in typical children. Only a few studies have 

demonstrated differences in activation of the cerebellum during reading in dyslexia in adults 

(Simona Maria Brambati et al., 2006; Brunswick et al., 1999; Richlan et al., 2010; Rumsey, 

Nace, et al., 1997) and in children (Feng et al., 2017; Hu et al., 2010; Meyler et al., 2008; Temple 

et al., 2001). However, consistent with other publications and as discussed next in more detail, 

we found no differences in activity or functional connectivity between our two groups during 

word processing. 

 
Activation in typical readers 

In the control group, there was activation in vermis VI, left crus I, and right lobule VI when 

comparing RW processing with Fixation at the level of the whole cerebellar analysis. The same 

comparison at the level of the cerebellar sub-regions revealed similar results: left and right lobule 

VI and left crus I, as one would expect given that the locations of these sub-regions coincided 

with areas of activation in the whole cerebellum analysis. However, when contrasting Real Word 
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with False Font processing, we did not find activity for the analysis of the whole cerebellum or 

its sub-regions, suggesting that the cerebellum is not specifically involved in reading.  

 

While prior studies in typically reading children have not focused specifically on the 

cerebellum, there is a corpus of studies examining whole brain activity during reading and 

reading-related tasks. A comprehensive meta-analysis of reading-related studies in typical 

readers of alphabetic languages showed no convergence for cerebellar activation in typical 

children (Martin et al., 2015). This result and that of the current study fails to support a potential 

role of the cerebellum in normal reading in children. It is worth noting that only six (from five 

studies) of the twenty original experiments included in the meta-analysis reported cerebellar 

activity during reading-related tasks (J. R. Booth et al., 2001; Gaillard et al., 2003; Hoeft et al., 

2006; Noble et al., 2006; Rimrodt et al., 2009). In addition to these studies included in this meta-

analysis, a study of Chinese children found cerebellar activation (bilateral crus I, right crus II) 

during a phonological task and cerebellar activation (bilateral crus I, right lobule VI) during an 

orthographic task, when contrasted with fixation (Feng et al., 2017). Interestingly, this study and 

all of the twenty experiments included in the meta-analysis by Martin and colleagues (2015) used 

a low-level comparison condition, suggesting that any cerebellar activation during reading-

related task found in these studies could be due to motor-related functions of the task (e.g. eye-

movements during reading or button pressing). Our findings are consistent with this, revealing 

activity of the cerebellum in typical readers when the single word processing task is contrasted 

with fixation, but not when contrasted with the active control task matched on motor-related 

processing.  
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While not examined here, it is important to consider that our task does reveal cortical 

regions known to be involved during reading. A prior publication using the same tasks (and a 

subset of the participants studied here) revealed that typically reading children activate left 

perisylvian cortical regions (left inferior frontal and fusiform gyri), indicating that cortical areas 

involved in word processing are identified by this contrast (O. A. Olulade et al., 2015).  The 

same study also reported reduced activation within the fusiform gyrus in children with dyslexia, 

similar to other studies, as will be discussed further in the next section. Taken together, even 

though the current study focused its analyses on the cerebellum, our results do not support the 

notion that the cerebellum is involved in word processing. 

 

Activation in children with dyslexia 

The cerebellar deficit hypothesis would predict a difference in activation of the cerebellum 

during single word processing in children with dyslexia.  Our results showed no activation for 

children with dyslexia when contrasting Real Word reading to Fixation, or when contrasting it to 

False Fonts, for both the whole cerebellum and sub-regions of interest analyses. Importantly, 

there were no between-group differences. There are three meta-analyses reports capturing many 

original studies that compare groups with and without dyslexia during reading-related tasks 

(Linkersdörfer et al., 2012; Maisog et al., 2008; Richlan et al., 2011).  As reviewed in detail next, 

none of these meta-analyses reported less activity in the cerebellum in children with dyslexia 

either.  

 

Maisog et al., (2008) found likelihood of less activation in adolescents and adults with 

dyslexia compared to controls in cortical regions including left inferior parietal cortex, bilateral 

superior temporal gyrus and left inferior frontal gyrus, as well as more activation in right 
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thalamus and right anterior insula (mean ages 14 to 43 years). Six of the nine studies did not 

report differences in cerebellar activation in adults/adolescence with dyslexia (Georgiewa et al., 

1999; Grunling et al., 2004; Ingvar et al., 2002; McCrory, 2004; E. Paulesu, 2001; Eraldo 

Paulesu et al., 1996). However, two reported under-activation in dyslexia within the cerebellum, 

one during an orthographic decision task in contrast to eyes closed at rest in adults (Brunswick et 

al., 1999) and another during an aloud reading task (Flowers, Georgetown University, 

Washington DC, unpublished data). A third found more cerebellar activation during 

phonological decision making in contrast to fixation in adults with dyslexia (Rumsey, Nace, et 

al., 1997).  

 

The meta-analysis by Richlan et al., (2011) on studies that compared children with and 

without dyslexia (mean ages 9.4 to 11.6 years) included eight published fMRI studies and one 

poster, the results of which were published later (none of which overlapped with Maisog et al., 

2008). The study found no differences in cerebellar activation in dyslexia, but there was 

convergence of under-activation in left inferior parietal lobule, supramarginal gyrus, and 

fusiform gyrus in children with dyslexia relative to controls. Of the eight studies that produced 

these results, six did not report altered cerebellar activation relative to controls (V. Blau et al., 

2010; James R. Booth, Bebko, et al., 2007; Cao et al., 2006; Hoeft et al., 2006; Schulz et al., 

2009; van der Mark et al., 2009). Only two found differences in cerebellar activation; 

specifically these studies reported more cerebellar activation in dyslexia in comparison to 

controls (Meyler et al., 2008; Temple et al., 2001). These studies involved letter matching in 

contrast to line matching (Temple et al., 2001) and sentence reading in contrast to fixation 

(Meyler et al., 2008).  
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Note that the same report by Richlan et al., (2011)  also included a meta-analysis on 

studies of  adults with and without dyslexia (9 studies) and found no convergence of under- or 

over-activations in the cerebellum. Four of these studies were included in the Maisog et al., 

(2008) meta-analysis (Ingvar et al., 2002; E. Paulesu, 2001; Eraldo Paulesu et al., 1996; Rumsey, 

Nace, et al., 1997). Of those not previously discussed, three found no differences between the 

groups in cerebellar activation (Vera Blau et al., 2009; McCrory, 2004; Wimmer et al., 2010). Of 

the two remaining studies, one found more cerebellar activation during pseudoword reading in 

comparison to fixation (Richlan et al., 2010) and the other found less cerebellar activation during 

silent reading in comparison to viewing false font strings (Simona Maria Brambati et al., 2006). 

This work was a follow-up study from Richlan et al., 2009, for which meta-analyses of children 

and adults had been combined and did not reveal either under- or over-activation in dyslexia in 

the cerebellum.  

 

Finally, Linkersdörfer and colleagues (2012) conducted a series of meta-analyses in 

children and adults with and without dyslexia. The overall goal was to co-localize findings from 

functional studies with those from anatomical (gray matter volume) studies. Their first meta-

analysis of functional studies combined children and adults with dyslexia (24 studies in total; 

mean ages of 5.9 to 31.6 years), and revealed more activation in left cerebellum (lobule VI) 

during reading-related tasks in dyslexia amongst other between-group differences (Linkersdörfer 

et al., 2012). Two of these studies were included in Maisog et al., (2008) meta-analysis 

(Georgiewa et al., 1999; Grunling et al., 2004), eight in the meta-analysis by Richlan and 

colleagues (2011) for children, and nine in the meta-analysis by Richlan and colleagues (2011) 

for adults. Of the five studies not previously discussed, four studies, three in children  (Hoeft et 
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al., 2007; Kronbichler et al., 2006; Maurer et al., 2011) and one in adults (Pecini et al., 2011), did 

not report differences between those with and without dyslexia in the cerebellum. The last study 

reported less activation during semantic word matching relative to fixation in children with 

dyslexia in left lobule I-IV (Hu et al., 2010). Next, meta-analyses were conducted for studies of 

children and adults separately, and these were limited to those studies reporting under-activation 

in dyslexia during reading-related tasks. Both of these meta-analyses comparing groups with and 

without dyslexia in either children (9 studies) or adults (10 studies), all of which were previously 

included in either the meta-analysis by Maisog et al., (2008) or Richlan et al., (2011), revealed 

no differences in activity the cerebellum. 

 

In sum, of the 12 studies in children reviewed above, only one study has shown less 

cerebellar activity in children with dyslexia compared to controls in alphabetic languages (Hu et 

al., 2010) and two have shown more activity in groups with dyslexia compared to controls 

(Meyler et al., 2008; Temple et al., 2001). While the current study focuses on children, it is 

interesting to consider the findings in adults: of the 15 studies reviewed above, only two 

published studies (Simona Maria Brambati et al., 2006; Brunswick et al., 1999) and one 

unpublished report (Flowers et al., unpublished data) have shown less cerebellar activity in 

dyslexia compared to controls in alphabetic languages; two showed more activity in adults with 

dyslexia (Richlan et al., 2010; Rumsey, Nace, et al., 1997). Thus, the results from prior studies 

and the current study, which employed analyses focused specifically on the cerebellum, fail to 

show convincing evidence that suggests less cerebellar activation in children.  The only study 

that did find less activation in the cerebellum in children, used a use low-level fixation 

comparison task and did not correct the statistical map for multiple comparisons (Hu et al., 
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2010). Taken together, the evidence from brain imaging studies seem to converge in their failure 

to support the cerebellar deficit hypothesis.  

 
Functional connectivity  

Based on the cerebellar deficit hypothesis, we would expect to find cerebellar connectivity 

during reading between the cerebellum and the left IFG in typically developing children, and 

alteration of these in children with dyslexia. We first examined background connectivity to 

assess whether there were any aberrations in intrinsic FC not specific to reading. Then we used a 

gPPI FC analysis to test for FC modulated specifically during single word reading.  We expected 

FC specific to the word processing task in the typical readers between the cerebellum and frontal 

regions as affirmation of a cerebellar-frontal loop underlying successful reading and altered FC 

in the group with dyslexia. We found background FC within and between groups. However, we 

found no task-specific cerebellar FC with IFG or any other cortical target regions during word 

processing in either group, and no between-group differences.  

 

Intrinsic connectivity in typical readers 

In the present study, we found that left and right crus I and lobule VI had positive background 

(intrinsic) FC with left occipital-temporal cortex in the typically reading children. It is important 

to note that background connectivity (Norman-Haignere et al., 2012), sometimes referred to as 

pseudo-resting state (Sheffield, Repovs, Harms, Carter, Gold, MacDonald III, et al., 2015), has 

similarities with resting-state connectivity (Fair, Schlaggar, et al., 2007) and as such prior 

findings using resting-state connectivity focused on the reading network are of relevance to the 

discussion of the results of the present study. Most of these previous studies have not reported 

resting-state connectivity between the cerebellum and cortex (Hampson et al., 2006; Maki S. 
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Koyama et al., 2010; Zhao et al., 2011); however, this can largely be attributed to the common 

use of cortical, and not cerebellar, seed regions. Nevertheless, the literature offers some evidence 

of cerebellar FC with cortical regions that contribute to reading. For example, a recent 

publication using Neurosynth (an online functional connectivity tool akin to a meta-analysis) 

found that cerebellar lobule VIIb/Crus II has resting state FC with intraparietal lobule (Alvarez & 

Fiez, 2018). Furthermore, a resting-state connectivity study used a data-driven approach to 

divide cortex into seven general networks and then determined how these networks map onto the 

cerebellum (Buckner et al., 2011). These researchers found that two of these cortical networks, 

frontal-parietal and ventral attention networks (including cortical reading-related regions such as 

inferior frontal gyrus, temporal-parietal cortex, and occipital-temporal cortex), mapped onto 

regions of the cerebellum including lobule VI and crus I (Buckner et al., 2011). Thus, our FC 

finding between cerebellum and occipital-temporal cortex is consistent with this specific resting-

state study. 

 

Intrinsic connectivity in children with dyslexia 

Within-group maps for children with dyslexia revealed cerebellar background FC with multiple 

regions of the reading network.  Of note, right crus I had positive FC with left occipital temporal 

cortex, superior parietal lobule, angular gyrus, posterior supramarginal gyrus, and posterior 

superior temporal gyrus. Left crus I had positive FC with left occipital temporal cortex and 

superior parietal lobule, and negative FC with left inferior frontal gyrus pars triangularis.  

 

When comparing cerebellar background functional connectivity between the two groups, 

those with dyslexia had greater positive FC between right crus I and left angular gyrus, posterior 
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superior temporal gyrus, and left inferior frontal gyrus pars triangularis. Of these, the 

connections from the cerebellum to the left angular gyrus and posterior superior temporal gyrus 

were consistent with the positive FC found in the dyslexic within-group results. Although the FC 

between right crus I and left inferior frontal gyrus pars triangularis was stronger in the group 

with dyslexia than the controls in the between-group comparison, there was no FC between these 

regions in the within-group maps for either groups. The mean FC z-score values show that the 

higher FC in the dyslexic group in the left inferior frontal gyrus pars triangularis was a product 

of the negative FC in the controls and positive FC in the children with dyslexia (see Figure 5). 

Given that the cerebellar deficit hypothesis emphasizes a developmental impairment in children 

with dyslexia, one would have predicted weaker background FC in the group with dyslexia 

rather than stronger, but there were no findings of relatively less FC in dyslexia. 

 

When considering the findings of stronger background FC between right crus I and left 

angular gyrus, and posterior superior temporal gyrus in dyslexia, it should be noted that the 

resting-state connectivity literature reports only relatively less functional connectivity in groups 

with dyslexia. One study found less FC between bilateral cerebellum (lobule VI/crus I and crus 

II) and left parietal lobule in young adults with dyslexia in comparison to controls (Schurz et al., 

2015). Other studies, where the cerebellum was not included in the analyses, found that children 

with dyslexia had less connectivity between cortical regions, specifically left intraparietal sulcus 

and left middle frontal gyrus (Maki S. Koyama et al., 2013), left occipital-temporal and left 

inferior parietal regions (Finn et al., 2014; van der Mark et al., 2011), and left occipital-temporal 

and left occipital regions (Finn et al., 2014). Again, while these studies may not have had 

findings in the cerebellum due to the choice of a cortical seed regions, the present study reveals, 
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even when testing seeds within the cerebellum specifically, that intrinsic FC between the 

cerebellum and IFG is not weaker in dyslexia compared to controls as would be predicted by the 

cerebellar deficit hypothesis.   

 

One possibility for these observations of greater FC between right crus I and left angular 

gyrus, and posterior superior temporal gyrus in dyslexia is that this hyper-connectivity at 

baseline in dyslexia is driven by a network that shares parts of, or all of these connections. A 

study by Bernard et al., (2012) speaks to the idea that cerebellar lobules have resting state 

connectivity with multiple cortical regions in typical adults. Of relevance to our study, Bernard et 

al., found that resting-state networks from right cerebellar seed regions, including a positive 

functional connection between right crus I and left angular gyrus as well as right inferior parietal 

lobule. While we did not observe such FC in our typically reading group, it nevertheless 

confirms the notion that these regions are functionally connected at rest, at least in typical adults, 

and that these may be altered in dyslexia. Alternatively, the observed differences in baseline FC 

could reflect the influence of other cortical regions that are adversely impacted by dyslexia. For 

example, the posterior superior temporal gyrus differs in brain anatomy and function in dyslexia. 

Anomalies here are likely to be perpetuated through functional connections to other regions 

outside of the network for reading, which may include the cerebellum, thereby leading to 

baseline differences in FC. In both scenarios, the cerebellum is still not likely not be the ‘culprit’, 

but rather an ‘innocent bystander’ (Zeffiro & Eden, 2001).  

 

Our prediction for weaker functional connectivity in the group with dyslexia was based 

on the premise of the cerebellar deficit hypothesis. However, more broadly speaking 
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developmental impairments have been attributed to the lack of pruning (Berl et al., 2006), which 

may lead to abnormal functional connectivity patterns manifested as either hyper- or hypo-

connectivity in comparison to typical readers. The background hyper-connectivity observed in 

the group with dyslexia could be explained in these terms, although causality would still not be 

attributed to the cerebellum per se. Another consideration is that neurodevelopmental alteration 

in FC strength and pattern of network interactions are thought to change from childhood to 

adulthood (Ernst et al., 2015), suggesting that future investigations will benefit from studies like 

ours at different age groups. 

 

Functional connectivity specific to reading in children with and without dyslexia 

As discussed for background FC, when it comes to examining correlations between brain regions 

during reading, prior studies have emphasized a deficit in the connections between brain regions 

known to be involved in reading. For example, Paulesu et al., (1996) used their findings of 

reduced activation within left inferior frontal gyrus and supramarginal gyrus during a 

phonological short-term memory task to propose weaker connectivity in dyslexia, noting a 

“disconnection” (although they did not actually measure correlations between the two regions). 

A more recent study found hypo-connectivity between left inferior frontal gyrus and left superior 

temporal gyrus (B. Boets et al., 2013), and revisited the notion of disconnections among cortical 

brain regions, even for those that were showing normal activation in the group with dyslexia. 

 

While the cerebellar deficit hypothesis would predict altered FC between the cerebellum 

and left IFG during word processing, this prediction was not confirmed. Altogether, we found no 

within- (control or children with dyslexia) nor between-group connectivity that was modulated 

during single word processing (gPPI analysis). Few prior studies have examined task-specific FC 
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during a reading task and in dyslexia.  An early PET study of adults with dyslexia reported lower 

correlations of left angular gyrus with left inferior frontal superior temporal, and fusiform gyri as 

well as left cerebellum during pseudoword reading. This study also found lower correlations 

between left angular gyrus and left superior temporal and fusiform gyri, and left cerebellum 

during exception word reading (Horwitz et al., 1998). Another relevant study discussed above in 

terms of resting-state FC, also performed a task-based FC analysis and found that young adults 

with dyslexia had reduced FC in comparison to controls between left parietal lobule and right 

cerebellum (lobule VI/crus I and crus II) during silent reading and phonological lexical decision 

tasks (Schurz et al., 2015). While these studies were conducted in adults with dyslexia, there are 

few equivalent studies in children. One of the few studies used seed-to-voxel connectivity 

analysis during a phoneme-mapping task and found no significant differences in their cerebellar 

seed region of interest with cortical regions but did find differences with the seed in left inferior 

frontal gyrus (Richards & Berninger, 2008). A study in Chinese children showed that FC 

strength between left cerebellum and left supramarginal gyrus was stronger in children with 

dyslexia (than in controls) during a phonological task, but at the same time FC between right 

cerebellum and left fusiform gyrus was weaker during an orthographic task (Feng et al., 2017).  

 

Taken together, we found intrinsic (background) hyper-connectivity of right crus I with 

two cortical reading-related regions in the group with dyslexia relative to controls (left angular 

gyrus and posterior superior temporal gyrus), but no such hyper-connectivity during single word 

processing. As such, the results indicate the difference is not specific to single word processing.  
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Lack of support for the cerebellar deficit hypothesis: interpretation of the null result 

While our results do not support the cerebellar deficit hypothesis of dyslexia, it behooves us to 

consider alternative interpretations of null result. The present study employed an implicit reading 

task that is designed to activate areas involved in orthographic, semantic and phonological 

processing. However, it is worth considering whether an implicit reading task requires similar 

demands for phonological processing as an explicit reading task. Prior publications from our lab 

that use this implicit reading task in typically reading children have reported activation in areas 

known to be involved in phonological processing, including left superior temporal cortex 

(Turkeltaub et al., 2003); left inferior frontal gyrus (Olulade et al., 2015; Olulade et al., 2013); 

and left superior temporal and inferior frontal cortices (Evans et al., 2016). When using this task 

to compare children with and without dyslexia, we found differences in left fusiform gyrus, left 

insula, right lingual gyrus, and right superior temporal gyrus (O. A. Olulade et al., 2015). There 

is other support for this kind of task eliciting differences between those with and without 

dyslexia. A study by Brunswick et al. (1999) found less activation in adults with dyslexia in 

comparison to adult controls in left inferior/middle temporal, left frontal operculum/anterior 

insula, and bilateral cerebellum (a sub-region that is most likely lobule VI) when combining 

explicit and implicit word reading tasks. When looking at each task, less activation was found in 

the dyslexic group during explicit word reading (reading aloud) in left cerebellum, medial 

extrastriate/lingual gyrus, basal temporal, caudate/thalamus, and premotor area; and during 

implicit word reading (similar to our task) in left posterior basal temporal region bordering the 

cerebellum, left inferior temporal, left middle temporal, and left inferior parietal areas. 

Brunswick et al., used these results to argue that the within-group activation patterns, as well as 

between-group differences in activation, are similar regardless of whether an explicit or implicit 
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reading task is used, which should mitigate any concern that differences between implicit and 

explicit tasks drives the null results found in our study. Nevertheless, future studies will need to 

look at adults and children with dyslexia using the implicit and explicit reading task to confirm 

or refute this possibility.  

 

Our lack of evidence for the cerebellar deficit hypothesis is consistent with the limited 

support for this theory. As recently pointed out by Nicolson and Fawcett (2019), the framework 

has drawbacks, such as the problems of truly isolating cerebellar function from cerebral 

functions. Also, longitudinal studies are needed, and the role of comorbid disorders need to be 

elucidated. The authors of the cerebellar deficit hypothesis have revised their framework to a 

“delayed neural commitment framework”, implicating the cerebellum in slower skill acquisition 

and slower building of neural networks or alternative networks that subserve reading (Roderick I. 

Nicolson & Fawcett, 2019). As such the framework has broadened in its scope, including 

learning networks involving sensory-motor-cognitive integration, thereby proposing dysfunction 

of the very networks investigated in the present study. However, as noted above, there is only 

one study in children using alphabetic languages to date that shows less activation in the 

cerebellum (Hu et al., 2010); and in adults there are only two (Simona Maria Brambati et al., 

2006; Brunswick et al., 1999). Taken together our results are consistent with the published 

literature and do not support the cerebellum as a brain structure whose impairment is responsible 

for developmental dyslexia. 
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Conclusions 

We tested the cerebellar deficit hypothesis of dyslexia by measuring activity and functional 

connectivity during single word processing in typically reading children and those with dyslexia. 

In a region of interest analysis examining the cerebellum, and also sub-regions of the cerebellum, 

we found no activity specific to reading in either of the two groups and no between-group 

differences. Moreover, we did not find FC specific to single word processing in controls or 

dyslexic children and no between-group differences. Overall, our results do not support the 

cerebellar deficit hypothesis of dyslexia. 
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Chapter 4 
 

A Comparison of Functional Activation and Connectivity of the 
Cerebellum in Children with both Reading and Math Disabilities During 

Reading and Arithmetic Tasks3 
 

Introduction 

Reading and math are acquired skills that develop in parallel during childhood (Purpura et al., 

2019). Moreover, their associated learning disabilities (dyslexia and dyscalculia, respectively) 

have a high rate of co-occurrence, such that 28-64% of children with reading disability have an 

additional math disability (Erik G. Willcutt et al., 2010). When considered separately, 

Developmental Dyslexia, referred to as Reading Disability (RD) can be described as a difficulty 

acquiring reading and impacts 5-12% of children (Katusic et al., 2001). In contrast, 

Developmental Dyscalculia, referred to as Math Disability (MD), impacts 3-6% of the 

population (Badian, 1999; Gross-Tsur et al., 2008), and is frequently defined as an impairment of 

processing of quantity and number sense (Butterworth et al., 2011; Szűcs & Goswami, 2013). 

Although the literature defines each RD- and MD-only, there has been limited research on the 

brain basis for co-occurring reading and math disabilities (RDMD).  

 

The cerebellum has been implicated in both learning disabilities, developmental dyslexia 

(Roderick I. Nicolson et al., 2001; Roderick I. Nicolson & Fawcett, 2019) and dyscalculia 

(Vandervert, 2017). For the purpose of this study, we will focus on the cerebellar deficit 

hypothesis for developmental dyslexia (Roderick I. Nicolson et al., 2001), which provides 

 
3Adapted from Ashburn, SM, Matejko AA, and Eden GF. A Comparison of Functional Activation and Connectivity 
of the Cerebellum in Children with Both Reading and Math Disabilities During Reading and Arithmetic Tasks 
(anticipated submission: May 2020) 
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implications for reading disability that can be extended to math disability. This hypothesis is a 

controversial theory that offers an alternative explanation to the more traditional phonological 

deficit theory for reading deficits seen in dyslexia. The hypothesis posits that impairment of the 

cerebellum during development leads to dysfunctional connections between the cerebellum and 

articulatory/phonological processing cortical regions. This theory therefore could account for the 

weakness in phonological awareness but also for other deficits observed in children with 

dyslexia, such as poor handwriting, skill automatization, and timing. This theory has recently 

been updated to the ‘Delayed Neural Commitment Hypothesis,’ which still includes the 

cerebellum as a structure with causal impact (Roderick I. Nicolson & Fawcett, 2019). In our 

previous study comparing children with and without developmental dyslexia, we found no 

differences in cerebellar activation during an implicit reading task, nor in task-modulated 

connectivity; however, we did find more positive background (intrinsic) FC between right crus I 

and dorsal cortical regions of the reading network in children with dyslexia when compared to 

typical readers (Ashburn et al., 2020). Although this study did not reveal functional activity or 

connectivity differences, the question remains whether cerebellar dysfunction is present during 

reading and math tasks in children with a more complex learning disability, namely co-occurring 

reading and math disabilities (RDMD). 

 

When considering the research findings in the largely isolated fields of reading and math, 

some common observations emerge: (i) some of the same brain regions are activated during 

reading and math (specifically arithmetic) in studies of typical participants, (ii) some of the same 

brain regions are implicated in reading disability and math disability, and  (iii) reading and 

arithmetic depend on the same cognitive skills. As evidenced by meta-analyses, typical adults 
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have cerebellar activation for both reading-related (Martin et al., 2015) and math-related 

(Arsalidou & Taylor, 2011) tasks. Specifically, a meta-analysis during reading-related tasks 

found a convergence of activation in left inferior frontal gyri, left intraparietal sulcus, left 

fusiform gyrus, as well as bilateral cerebellum (Martin et al., 2015). Similarly, a meta-analysis of 

arithmetic tasks found a convergence of activation in left and right inferior frontal gyri, superior 

parietal lobule, inferior parietal lobule, fusiform gyrus, and bilateral cerebellum in adults 

(Arsalidou & Taylor, 2011). Thus, both reading and math seem to activate similar cortical 

(inferior frontal gyri, intraparietal sulcus, and fusiform gyrus) as well as cerebellar (bilateral 

cerebellar lobule VI) regions in typically developing adults. This coincides with a recent 

empirical study using functional neuroimaging to examine activity underlying a battery of tasks, 

including reading and math, and reporting widespread cerebellar activation for both tasks (King 

et al., 2019). Although the literature reports cerebellar activation in adults, this is not necessarily 

the true for children. In fact, for meta-analyses performed in children, researchers did not find 

cerebellar activation during either reading-related (Martin et al., 2015) or arithmetic-related tasks 

(Arsalidou et al., 2017).  

 

There are also commonalities when it comes to the identification of brain regions 

underlying reading and math disabilities.  Children with reading disability (RD) have structural 

differences in cortical regions (S. M. Brambati et al., 2004; Krafnick et al., 2014) as well as 

bilateral cerebellar regions (C. J. Stoodley, 2014). Likewise, children with MD have significant 

gray matter deficits in cortical regions (right IPS, left fusiform, bilateral para-hippocampal gyrus, 

etc.) as well as within right cerebellum (Rykhlevskaia, 2009). Studies on individuals with RD 

have found under activation in cortical regions including left inferior frontal, inferior parietal, 
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superior temporal, and fusiform gyri (Richlan et al., 2009, 2010). In comparison, math disability 

(MD) has been associated with left and right frontal regions, intraparietal sulci, as well as 

superior parietal lobules (Ashkenazi et al., 2013).  For a review of brain regions involved in MD, 

please see Butterworth et al., (2011). Regions with reported activation differences in RD and in 

MD relative to controls include left angular gyrus, left inferior frontal gyrus, left superior parietal 

lobule, left supramarginal gyrus, and bilateral cerebellum (Skeide et al., 2018). However, RDMD 

children have alterations in anatomical volume (GMV) and intrinsic connectivity that are 

distinctive from either RD or MD alone (Skeide et al., 2018). Specifically, RDMD children have 

reduced gray matter volume in right para-hippocampal gyrus. This same region also had reduced 

connectivity with left fusiform gyrus, which has been implicated in reading (Hoeft et al., 2007), 

as well as right intraparietal sulcus, which has been implicated in math (G. R. Price et al., 2007). 

 

Reading and math also utilize a common cognitive skill, phonological processing 

(Ashkenazi et al., 2017; Peterson et al., 2017; Purpura et al., 2019). In fact, a hypothesis for the 

development of RDMD is the phonological hypothesis which posits that dysfunction of temporal 

cortex leads to impairments in phonological processing, which is a skill necessary for the 

mapping of number words to quantity representations and also for arithmetic fact retrieval 

(Ashkenazi et al., 2013; Geary, 2004). Behavioral studies support a connection between 

phonology and math by demonstrating that phonological awareness skills measured in 2nd grade 

can be used to predict mathematical computation skills in 5th graders (Hecht et al., 2001). The 

concept of using phonological skills for math, is nested in the use of fact retrieval as a strategy 

for solving arithmetic problems. Fact retrieval is thought to operate through verbal rehearsal, 

which requires efficient use of both phonological representations and working as well as long-
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term memory (Stanislas Dehaene et al., 2003). Thus, if phonological processing skills are 

impaired, this would disrupt the verbal rehearsal strategy for solving arithmetic problems and 

may produce the math impairments associated with RDMD. To this avail, typically developing 

children show a positive correlation between phoneme elision and accuracy on an arithmetic 

task, even when accounting for working memory ability (De Smedt & Boets, 2010). 

Furthermore, children with dyslexia, who are known to have poor phonological skills (Wagner & 

Torgesen, 1987), have poorer performance on arithmetic tasks that use manipulation of verbal 

representation, i.e. fact retrieval strategies, despite scoring in normal range for standardized 

mathematics assessments (Bart Boets & De Smedt, 2010). Although the phonological hypothesis 

attributes the neural cause to temporal cortex, the cerebellar deficit hypothesis attributes 

impairments in phonological processing to cerebellar dysfunction (Roderick I. Nicolson et al., 

2001). Therefore, although the cerebellar deficit hypothesis does not directly implicate cerebellar 

involvement for math disability, if the cerebellum truly has a causal role for phonological 

processing impairments, then this could affect not only reading but also math performance.  

 

Little is known about the neural bases of co-occurring reading and math disability 

(RDMD) and no studies exist with a focus on the cerebellum’s potential involvement in this 

more complex learning disability. Thus, the present study is a two-part study that used functional 

magnetic resonance imaging to test whether the cerebellum differs in functional activation and/or 

connectivity in RDMD in comparison to typically developing children during reading (Study 1) 

and during arithmetic (Study 2) tasks. For Study 1, we contrasted single word processing with an 

active control (false font processing), which in prior studies has shown to reveal activity related 

to reading (O. A. Olulade et al., 2015; C. J. Price, Wise, & Frackowiak, 1996; Turkeltaub et al., 



 101 

2003, 2004). Next, we performed background functional connectivity to identify intrinsic 

connections of the cerebellum with reading-related cortical regions. This was followed by 

generalized psychophysiological interactions (gPPI) regression analyses, to determine whether 

cerebellar FC is modulated during single word processing. Study 2 used an arithmetic task 

contrasted with an active control which has been previously used to identify activity related to 

arithmetic processing (Evans et al., 2016; Evans, Flowers, Napoliello, Olulade, et al., 2014). This 

study followed the same methodological framework as the first, by testing for cerebellar 

functional activation during arithmetic processing, as well as background and task-modulated 

FC, this time with cortical math-related regions. For all analyses, we report results for each of the 

two groups (typically reading Controls and RDMD), as well as between-group differences.  We 

expected RDMD children to have altered cerebellar activation in Study 1 and Study 2, indicating 

differences during reading and arithmetic tasks when compared to typically reading children. We 

also expected the RDMD to have altered cerebellar FC with reading- or arithmetic-related 

cortical regions, respectively. 

 

Methods and Materials 

Participants 

Children with RDMD were recruited from a school that specializes in teaching children with 

learning disabilities and from the community. They and the typical readers were monolingual, 

native English speakers.  Not all children completed the in-scanner arithmetic task; therefore, the 

number of participants for Study 1 was larger than Study 2. Moreover, the final reporting of the 

results for either study depended on whether the acquired scans survived quality control 

parameters (described below). For Study 1, all except one Control participant was right-handed. 
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All participants included in Study 2 were right-handed. Children with ADHD were admitted in 

the study, however a student t-test comparing Connors’ index T-score between the RDMD group 

and the Controls in either study found no significant difference of ADHD symptoms between the 

two groups (p <. 05). Subsets of these participants were included in prior publications on 

dyslexia  (Evans, Flowers, Napoliello, & Eden, 2014; Evans, Flowers, Napoliello, Olulade, et al., 

2014; Krafnick et al., 2011, 2014; O. A. Olulade et al., 2015; Olumide A. Olulade et al., 2013). 

The Controls and some of the RDMD children were previously reported in Ashburn et al., 

(2020). Participants were given informed consent prior to beginning the study and all protocols 

were approved by the Georgetown University Institutional Review Board. 

 

All children completed a battery of behavioral testing including the Wechsler 

Abbreviated Scale of Intelligence (WASI; Wechsler, 1999) for measures of IQ. From the 

Woodcock-Johnson III Tests of Achievement (WJ-III; Woodcock, McGrew, & Mather, 2001) 

the Word Identification and Word Attack subtests were used to assess single real- and pseudo- 

word reading ability, respectively. Reading rate was assessed using the Reading Fluency subtest 

(Woodcock et al., 2001). The Woodcock-Johnson III Tests of Achievement (WJ-III; Woodcock, 

McGrew, & Mather, 2001) was also used to test Calculation and Math Fluency. Digit Span from 

the Wechsler Intelligence Scale for Children (WISC IV; (Wechsler, 2003) was used to assess 

working memory.  

 

All participants had a standard score of 80 or above on the Full-scale WASI IQ test. 

Children in the Control group were required to have a standard score above 92 on both real- and 

pseudo- word reading subtests as well as above 92 on calculation and math fluency subtests of 
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the WJ-III (28 children met these criteria). Children with RDMD were selected based on a 

standard score of 85 or below on either the real- or pseudo-word reading subtest, as well as a 

standard score of 85 or below on either calculation or math fluency subtests of the WJ-III (n=30). 

For Study 1, after addressing head movement during the scans (described below), several 

children were excluded, leaving 26 in the group with RDMD (12 females, 14 males, mean age = 

10.3, standard deviation [SD] = 1.4) and 23 children in the Control group (13 females, 10 males, 

mean age = 9.84 years, SD = 1.9). A summary of the mean group demographic and behavioral 

data for participants in the study can be found in Table 12. The groups did not significantly 

differ in age. As expected, children with RDMD had significantly lower reading and math scores 

as well as lower working memory scores. Additionally, the two groups differed in Verbal and 

Performance IQ. Therefore, Full IQ was used as a covariate of no interest in the between-group 

analyses of the fMRI data. 

 

For Study 2, after addressing head movement during the scans (described below), several 

children were excluded, leaving 14 in the group with RDMD (6 females, 8 males, mean age = 

10.8, SD = 1.3) and 16 children in the Control group (6 females, 10 males, mean age = 10.1 

years, SD = 2.0). A summary of the mean group demographic and behavioral data for 

participants in the study can be found in Table 17. The groups did not significantly differ in age. 

As expected, children with RDMD had significantly lower reading and math scores as well as 

lower working memory. Again, the two groups differed in Verbal and Performance IQ.  

Therefore, Full IQ was used as a covariate of no interest in the between-group analyses of the 

fMRI data. 
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fMRI tasks 

Participants performed implicit reading (Study 1) and arithmetic processing (Study 2) tasks while 

in the scanner. Prior to the scanning session all participants practiced the task in a mock scanner 

to become habituated to both the tasks and scanning environment.  

 

In Study 1 subjects performed an implicit reading task (O. A. Olulade et al., 2015; C. J. 

Price, Wise, & Frackowiak, 1996; Turkeltaub et al., 2003, 2004) which consisted of visually 

presented Real Word (RW) and False Font (FF) conditions. RW stimuli were single five-letter, 

low frequency words (Turkeltaub et al., 2003). FF stimuli were used for the active control 

condition and were created by manipulating the letters from the RW stimuli to create new, 

unfamiliar characters. Specifically, letters from Arial font were cut and the sections reconnected 

to generate the FF. FF strings were matched to RW for both length and location of ascenders and 

descenders. As such the number of elements and angles are similar across the Real Word and 

False Font conditions. Participants were instructed to indicate whether the visually presented 

stimulus had a “tall” character. Participants responded by pressing a button in their right hand if 

a tall feature was present (e.g. eaten or ) and pressing a button in their left hand if no such 

feature was present (e.g. manor or ). They were instructed to respond as accurately and 

quickly as possible.  RW and FF stimuli were presented in separate blocks, always alternating 

with a block of fixation. During fixation blocks (Fix), children were instructed to keep their eyes 

on the cross hair in the center of the screen. We examined RW > Fix as a way to gauge general 

activation to the task and RW > FF to identify activity specific to single word processing.  
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Each participant completed two runs and each run consisted of two blocks of each task 

condition (RW and FF), with 10 stimuli per block.  Both runs were used for all participants 

except for three Control subjects, where of the two runs, one was removed due to excessive 

motion. The presentation of each stimulus was 1.2s and was followed by a fixation cross that was 

presented for 3s.  Each task block had a duration of 42s while interleaving fixation blocks had a 

duration of 18s blocks.  Therefore, the overall length of the run was 4min and 27s. The number 

of brain volumes acquired was the same for the RW, FF and Fix conditions (28 volumes each, 

per run). We used Presentation software (Neurobehavioral Systems Inc, Albany, CA, USA) for 

stimulus presentation and recording responses. We collected reaction time (RT) and accuracy for 

both conditions. RT and accuracy were compared between the groups using a two-sample 

student t-test (Table 13). One Control and one RDMD participant did not have in-scanner 

performance data due to a technical malfunction.  At the conclusion of the actual scanning 

session, a pencil-and-paper test was performed in which participants were asked whether they 

had seen a given stimulus during the scans (as in Turkeltaub et al., 2003). There were 40 targets 

and 40 foils, for each condition.  

 

For Study 2, participants performed a single-digit arithmetic verification task (Evans et 

al., 2016; Evans, Flowers, Napoliello, Olulade, et al., 2014), which included addition and 

subtraction blocks. The task was a two-operand equation with a single-digit answer, and 

participants indicated with a right or left button press whether the math problem was correct 

(e.g., 2+3=5 or 7-4=3) or incorrect (e.g., 2+3=4 or 7-4=2). Both addition and subtraction had 

active control conditions where one of the components of the equation on either side was 

replaced by a symbol. In this instance, children indicated whether the symbol on either side of 
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the equal sign were the same or different.  The math problems would either be addition or 

subtraction. Each condition (addition, addition control, subtraction, and subtraction control) 

consisted of 10 unique stimuli. In-scanner, each stimulus was presented as an entire equation. 

Additionally, each block consisted of 50% correct and 50% incorrect problems that were 

randomized within each block. We examined Arithmetic > Fix as a way to gauge general 

activation to the task and Arithmetic > Active Control to identify activity specific to arithmetic 

processing. ‘Arithmetic’ consisted of both addition and subtraction. Each participant completed 

two runs and each run consisted of one block of each task condition (Addition, Addition Active 

Control, Subtraction, Subtraction Active Control), with 10 stimuli per block.  

 

For Study 2, both runs were used for all participants except for one Control and three 

RDMD subjects. The presentation of each stimulus was 1.2s and was followed by a fixation 

cross that was presented for 3s.  Similar to Study 1, each task block had a duration of 42s while 

interleaving fixation blocks had a duration of 18s blocks.  Therefore, the overall length of the run 

was 4min and 27s. The number of brain volumes acquired was the same for the addition and 

subtraction (28 volumes each, in total). We used Presentation software (Neurobehavioral 

Systems Inc, Albany, CA, USA) for stimulus presentation and recording responses. We collected 

RT and accuracy for both conditions and compared between the two groups with a two-sample 

student t-test (Table 18). All participants had in-scanner performance data for Study 2.  

 

Image acquisition 

All functional scans were acquired on a 3T Siemens Trio scanner, located at the Center for 

Functional and Molecular Imaging at Georgetown University.  Structural T1 images were 
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acquired using FOV = 256, phase = 250, slices = 160, and slice resolution = 1mm, resulting in 

1.0 x 1.0 x 1.0mm voxels. Functional images were obtained with a T2*-weighted echo planar 

imaging sequence using Flip Angle = 90º, TR = 3s, TE = 30ms, and 50 axial slices (2.8mm with 

a 0.2mm gap), FOV = 192mm, in-plane resolution =64x64, resulting in 3mm cubic voxels. Of 

note, three RDMD children in Study 1 and four RDMD children in Study 2 were used collected 

on a Prisma upgrade for the 3T Siemens; therefore, this was applied as a covariate of no interest 

for all between-group comparisons. All functional images covered the whole brain, including 

complete coverage of the cerebellum.  

 

Data analysis 

There were three methods used to analyze the data for both Study 1 and Study 2. For Study 1, we 

examined cerebellar activity during single word processing in comparison to Fixation (RW>Fix) 

and also in comparison to the active control task, False Fonts (RW>FF).  For Study 2, we 

examined cerebellar activity during arithmetic processing in comparison to Fixation 

(Arithmetic> Fix) and also in comparison to the active control task (Arithmetic > Active 

Control). Next, we performed two types of functional connectivity analyses: background FC 

(Norman-Haignere et al., 2012) and generalized psychophysiological interactions (gPPI) FC.  

The former provides insight to how the cerebellum may be intrinsically connected to cortical 

regions independent of the task. The latter distinguishes whether these functional connections are 

specific to single word or arithmetic processing. For all analyses, we generated within-group and 

between-group maps. We constrained the analyses to the cerebellum, as described in detail next. 
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Preprocessing 

For all analyses (fMRI activity and FC) preprocessing steps were completed with Statistical 

Parametric Mapping, version 12 (SPM12; Welcome Department of Cognitive Neurology, 

London). The toolboxes SUIT (Diedrichsen et al., 2009) and Voxel Based Morphometry 

segmentation (Ashburner & Friston, 2000) were also used for activation and functional 

connectivity analyses, respectively. All data were individually inspected for gross artifacts and to 

ensure full cerebellum coverage. The first five functional images of each run were discarded. 

Functional images were slice-time corrected, realigned, and co-registered to the anatomical data. 

 

All data were corrected for head movement using ArtRepair 

(ART; https://www.nitrc.org/; adjusted in-house). Time points with scan-to-scan motion greater 

than 0.75 mm (25% of the voxel size) were regressed out during statistical analysis. The 

percentage of scans regressed out in this way did not differ between the two groups, p > .05. A 

participant’s data were entirely excluded from the analysis if: (i) more than 20% of the scans 

(averaged across the two runs) exceeded the 0.75 mm motion threshold, (ii) greater than 25% of 

scans exceeded the 0.75 mm threshold in either run, or percent global signal change was greater 

than 5%. 

 

Functional and activation analyses 

After preprocessing, we ran first-level GLM analysis on the functional data, thereby generating 

contrast images for each subject (RW > Fix & RW > FF for Study 1 and Arithmetic > Fixation & 

Arithmetic > Active Control for Study 2).  We then used SUIT to isolate the cerebellum. This 

step involved the generation of a cerebellar mask for each participant, which was quality 
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controlled and overlaid onto the T1-anatomical image within MRICron (Rorden et al., 2007). 

Manual corrections were performed as needed.  Careful attention was given to the border 

between the cerebellum and cerebrum to avoid including voxels in adjacent inferior occipital or 

temporal cortex.  We then normalized the anatomical image into SUIT space. The resulting 

deformation field was then used to transform the fMRI data into SUIT space by re-slicing the 

statistical maps of the activation data. Lastly, these normalized images were smoothed with a 

4x4x4-mm full-width height maximum Gaussian kernel.   

 

To test sub-regions within the cerebellum, we created masks for right and left lobule VI, 

crus I, crus II, and lobule VIIb (total of 8 regions). These sub-regions were chosen based on the 

literature (Linkersdörfer et al., 2012; Moore et al., 2017; C. J. Stoodley et al., 2012; C. Stoodley 

& Schmahmann, 2009) and defined within the SUIT atlas (Diedrichsen et al., 2009). We used 

Small Volume Correction (SVC) at the second level to conduct the region of interest (ROI) 

analyses for each sub-region. We also used a Bonferroni-correction to account for the use of 

multiple ROIs, such that the adjusted threshold for significance was p-FWE-Bonferroni < 

.00625. 

 

Functional connectivity analyses 

After preprocessing (described above) the data were segmented using Voxel Based 

Morphometry segmentation (Ashburner & Friston, 2000), and normalized to MNI space. We 

then used CONN toolbox 16.b (Whitfield-Gabrieli & Nieto-Castanon, 2012) to perform both 

background and task-specific connectivity analyses separately. For both, we performed denoising 

with simultaneous regression of temporal confounding factors as well as temporal filtering on 
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unsmoothed functional data. The temporal confounding factors included six head position 

parameters, a vector to indicate whether a particular scan was preceded by our 0.75 mm 

threshold (whereby scans preceded by inter-scan head motion < 0.75 mm received a 0 and scans 

preceded by inter-scan head motion greater than or equal to 0.75 mm received a 1), and block 

conditions convolved with canonical hemodynamic response function. For Study 1, the modeled 

block conditions included RW, FF, and Fixation.  Whereas for Study 2, the block conditions 

included Addition, Subtraction, Active Controls, and Fixation. To generate Arithmetic measure 

(for the gPPI analysis), Addition and Subtraction conditions were combined.  CONN toolbox 

also estimates principal components from subject-specific white matter and CSF masks, which 

were created during the VBM segmentation step detailed above. Both white matter and CSF had 

5 principal components per subject.   

 

First, we performed a background functional connectivity (Norman-Haignere et al., 2012) 

correlation analysis, as previously used in pediatric brain imaging (Fair et al., 2007), to provide 

insight into the cerebellum’s intrinsic FC with the cortex.  This approach takes a run of task 

fMRI data and regresses out the effects of task blocks to generate a measure of intrinsic brain 

connectivity. Thus, we regressed the effects of RW, FF, and Fixation for Study 1.  Likewise, we 

regressed the effects of Addition, Subtraction, Activate Controls, and Fixation for Study 2. We 

applied a low band-pass filter (.008 to .09 Hz). First-level analysis was performed using GLM, 

HRF weighting, and bivariate correlation parameters for ROI-to-ROI analysis. ROIs were chosen 

based on the literature (described in more detail below). First-level analysis was run for each set 

(right and left) of cerebellar ROIs (lobule VI, crus I, crus II, lobule VIIb), while cortical ROIs 
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remained constant across all analyses. Second-level analysis was performed on each individual 

cerebellar seed, i.e. right lobule VI seed was tested against seven cortical target regions.    

 

Second, we performed gPPI regression analyses, which provides insight into task-

specific cerebellar connectivity, i.e. connectivity modulated by single word processing. We 

applied a high band-pass filter (.008 Hz to Inf Hz). First-level analysis was performed using gPPI 

and bivariate regression parameters for ROI-to-ROI analysis. The gPPI regression analysis builds 

each task condition into the regression model, i.e. RW and FF. Second-level analyses were 

performed on each individual cerebellar seed for the contrast of RW > FF for Study 1 and the 

contrast of Arithmetic > Active Control for Study 2.  

 

Cerebellar seed regions for the connectivity analyses in both background and gPPI 

analyses were the same eight cerebellar sub-regions as described above for the activation 

analyses, chosen based on the literature: bilateral lobule VI, crus I, crus II, and lobule VIIb 

(Figure 9A). Cortical target regions for Study 1 were chosen based on the traditional reading 

network as defined by Pugh et al. (2001) and the meta-analysis by Martin et al. (2015).  

Specifically, we selected the following eight left hemisphere regions within CONN (Harvard-

Oxford atlas; Desikan et al., 2006): inferior frontal gyrus pars triangularis (IFG tri), inferior 

frontal gyrus pars opercularis (IFG oper), posterior superior temporal gyrus (pSTG), superior 

parietal lobule (SPL), supramarginal gyrus (SMG), angular gyrus (AG), and occipital-temporal 

cortex (OTC). Visualization of these ROIs can be found in Figure 9B.  
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Cortical target regions for Study 2 were chosen based on a review of neuroimaging 

studies on arithmetic (Peters & De Smedt, 2018) and were previously used in Matejko et al., (in 

prep).  These cortical target regions for the arithmetic network (Figure 9C) included left and 

right: hippocampus (HC), superior parietal lobules (SPL), intraparietal sulcus (IPS), angular 

gyrus (AG), supramarginal gyrus (SMG), inferior frontal gyrus (IFG), and middle frontal gyrus 

(MFG). Except for the middle frontal gyri, these were all created using the cytoarchitectonic 

maps provided in the Anatomy Toolbox (Eickhoff et al., 2005, 2007). However, a clear 

delineation of the middle frontal gyri was not included in the Anatomy Toolbox. Thus, the 

middle frontal gyri were created from the probabilistic Harvard-Oxford Atlas in FSL. 

Importantly, overlap with the inferior frontal gyri ROI was removed. 

 

Both within- and between-group significance was determined with p-FDR =.05, seed-

level correction, two-sided statistic.  All connectivity results were visualized with CONN toolbox 

and overlaid with spheres to optimize the visibility of the seed and target regions.  
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Figure 9. Cerebellar and cortical regions of interest used for the activation and connectivity analyses. These 
ROIs were used for the activation and connectivity analyses for Study 1 (A & B) and Study 2 (A & C). (A) 
Cerebellar regions chosen based on the literature and defined with the SUIT atlas (Diedrichsen et al., 2009). These 
were used in the activation analysis (cerebellar sub-regions) and again in the connectivity analyses (cerebellar seed 
regions). Cortical target regions for the functional connectivity analyses in Study 1 (B) and Study 2 (C). Regions are 
shown as spheres but all were either anatomical regions derived from the FSL Harvard-Oxford Atlas (Desikan et al., 
2006) or created from cytoarchitectural map.  
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Results 

Study 1: Single word processing 

Behavioral measures 

Accuracy and response time for typically developing (Control) and RDMD children are shown in 

Table 13. The two groups did not significantly differ on measures of accuracy. However, they 

did significantly differ on reaction time measures. Importantly, there were no significant 

differences between Control and RDMD children for either measure when comparing the 

difference between the Real Word and False Font conditions (RW > FF) for these performance 

measures (i.e. the contrast used for the activation analysis to identify areas specific to word 

processing). 

 

The pencil-and-paper test used to assess the participants’ familiarity with the stimuli after 

completion of the scan found that both groups performed significantly above chance when 

identifying Real Word but not False Font stimuli, indicating that participants had processed the 

word stimuli during the scan. 
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Table 11. Demographics and behavioral assessments for Control and RDMD children. 

 

All scores reported are averages of standard scores ± standard deviation. p-values listed for student t-Test for 
between-group differences, significance determined if p < .05. †denotes tests from the Woodcock Johnson-III (WJ-
III), ‡ denotes tests from the Wechsler Abbreviated Scale of Intelligence (WASI).  

Control RDMD p -value
N 23 26 --

Sex (F/M) 13/10 12/14 --

Age (years) 9.7 ± 1.8 10.3 ± 1.4 0.232

Verbal IQ‡ 120.6 ± 14.5 102.4 ± 12.5 <0.001

Performance IQ‡ 114.0 ± 13.1 101.6 ± 11.4 0.001

Word ID† 115.5 ± 12.4 75.8 ± 8.8 <0.001

Word Attack† 110.4 ± 12.6 86.2 ± 9.6 <0.001

Calculation† 116.3 ± 8.0 89.3 ± 12.4 <0.001

Math Fluency† 106.9 ± 27.4 75.3 ± 8.3 <0.001

Digit Span 104.7 ± 16.2 90.1 ± 89.3 0.007
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Table 12. Participant in-scanner performance for Control and RDMD children during 
single word processing task. 

 
Values reported as average ± standard deviation. p-values listed for student t-Test for between-group differences, 
significance determined if p < .05.   

 
Single Word Processing: Activation analysis constrained to (i) the whole cerebellum and (ii) 
cerebellar sub-regions (bilateral lobule VI, crus I, crus II, lobule VIIb)  
 

Typically developing children 

Within-group maps at the level of the whole cerebellum revealed activation in children in vermis 

VI, left crus I, and right lobule VI for the Real Word task in comparison to Fixation. However, 

there was no activation when contrasting Real Word with False Font (active control) condition, 

indicating no activity specific to reading (Figure 10; Table 14). When testing the eight 

cerebellar sub-regions, children had activation within left lobule VI, right lobule VI, and left crus 

I for Real Word > Fixation, but again not specific to reading as there was no activation for Real 

Word > False Font (Figure 11; Table 15). These results were reported in Ashburn et al., 2020.   

Control RDMD p -value
Accuracy (% correct)
Total accuracy 90.1 ± 7.4 89.1 ± 8.7 0.351

Real words 90.1 ± 8.6 90.7 ± 8.5 0.797

False Fonts 90.2 ± 7.2 87.4 ± 11.1 0.298

RW/FF difference 0.1 ± 5.8 3.3 ± 8.9 0.175

Response Time (ms)
Total reaction time 925.9 ± 130.5 1081.4 ± 190.2 0.002

Real words 924.4 ± 139.8 1074.1 ± 192.2 0.004

False Fonts 927.3 ± 126.6 1089.8 ± 203.1 0.002

RW/FF difference 0.3 ± 49.3 -15.7 ± 103.5 0.547
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RDMD children 

For the whole cerebellum analysis, during RW > Fix, RDMD group had activation in vermis VI, 

right crus I, and right lobule VIIIa.  However, there was no significant cerebellar activation when 

contrasting RW > FF. Similarly, the functional analysis of cerebellar sub-regions revealed 

activation in right crus I. The cerebellar sub-regions analysis also revealed significant activation 

in two additional cerebellar sub-regions, left lobule VI and right lobule VI. 

 

Differences between-groups 

There were no findings for either the whole cerebellum or cerebellar sub-region analyses. 
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Figure 10. Functional activation maps constrained to whole cerebellum in Control and RDMD children, 
during single word processing. (A) Real Word > Fixation and (B) Real Word > False Font contrasts.  Significant 
activation in vermis VI (not shown), left crus I, and right lobule VI in Control group, height threshold p <.001, p 
<.05 FWE-corrected. Also, activation in vermis VI extending into vermis VI, right crus I, and right lobule VIIIa in 
the RDMD group. No activation for Real Word > False Font for either group, and no between-group differences for 
either contrast. 
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Table 13. Functional activation results for whole cerebellum analysis for Control and 
RDMD children during single word processing. 

 
Significance was determined by height threshold = .001, p < .05 FWE-corrected. P-values for all significant findings 
are listed. ‘none’ indicates no significant findings for group and/or between-group comparisons. 

  

Volume
Group Contrast x y z (voxels) p -value Anatomical Region
Control

RW> Fix -2 -76 -16 500 <0.001 Vermis VI
-50 -56 -32 268 <0.001 Left Crus I
32 -52 -28 200 <0.001 Right Lobule VI

RW > FF
RDMD

RW> Fix -2 -68 -18 259 <.001 Vermis VI
46 -58 -30 117 0.001 Right Crus I
28 -58 -48 49 0.039 Right Lobule VIIIa

RW> FF
Control > RDMD

RW> Fix
RW> FF

RDMD > Control
RW> Fix
RW> FF none

MNI Coordinates

none

none
none

none

none
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Figure 11. Functional activation maps constrained to eight cerebellar sub-regions in Control and RDMD 
children, during single word processing. ROIs included: bilateral lobule VI, crus I, crus II, lobule VIIb.  (A) 
Location of the eight cerebellar sub-regions. (B) Real Word > Fixation and (C) Real Word > False Font contrasts. 
Significant activation in bilateral lobule VI and bilateral crus I for Real Word > Fixation in Controls. Also, 
significant activation in left lobule VI, right lobule VI, and right crus I. Height threshold p <.001, p-FWE < .05 and 
Bonferroni-corrected so that significance was p < .00625.  No significant activation for Real Word > False Font in 
Controls, RDMD, nor between-group differences. Corresponding coordinates in Table 14. 
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Table 14. Functional activation for cerebellar sub-region analyses for Control and RDMD 
children during single word processing. 

 
There were no significant between-group differences. Significance was determined by height-threshold <.001, p-
FWE <.05 and Bonferroni-corrected for the comparison of multiple cerebellar sub-regions. p-values for all 
significant findings are listed. ‘n.s.’ indicated no significant findings. 

 

  

Volume
Group Cerebellar Sub-regions Contrast x y z (voxels) p -value
Control

L Lobule VI RW> Fix -32 -38 -26 143 <0.001
-2 -76 -18 120 <0.001

RW> FF n.s.

R Lobule VI RW> Fix 32 -52 -28 189 <0.001
RW> FF n.s.

L Crus I RW> Fix -50 -56 -32 151 <0.001
RW> FF n.s.

All other sub-regions RW> Fix n.s.
RW> FF n.s.

RDMD
L Lobule VI RW> Fix -2 -64 -18 76 0.001

RW> FF n.s.

R Lobule VI RW> Fix 10 -72 -22 81 <.001
RW> FF n.s.

R Crus I RW> Fix 46 -58 -30 108 <.001
RW> FF n.s.

All other sub-regions RW> Fix n.s.
RW> FF n.s.

Control > RDMD
All sub-regions RW> Fix n.s.

RW> FF n.s.
RDMD > Control

All sub-regions RW> Fix n.s.
RW> FF n.s.

MNI Coordinates
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Background functional connectivity of the cerebellum with cortical reading-related regions 

Control children 

To test for intrinsic FC, independent of word processing, we performed background FC analyses 

of predetermined cerebellar seed and cortical target regions (Ashburn et al., 2020). In Controls, 

every seed region exhibited background FC with at least one structure. Specifically, left lobule 

VI showed positive FC with right lobule VI, left occipital temporal cortex, and right SMA. Right 

lobule VI had positive FC with left occipital temporal cortex, left SMA, and right SMA. Left 

crus I had positive FC with right crus I and left occipital temporal cortex. Right crus I had 

positive FC with left crus I and occipital temporal cortex. Left crus II showed positive FC with 

right crus II and likewise, right crus II had positive FC with left crus II. Left lobule VIIb showed 

positive FC with right lobule VIIb, left SMA, and right SMA. Meanwhile, right lobule VIIb only 

had positive FC with left lobule VIIb (Figure 12 and Table 15). Please not that these results in 

children were partially reported in Ashburn et al., (2020); however, this analysis includes left and 

right SMA, which was a cortical target region that was not included in the previous study. 

 

RDMD children 

In RDMD children, again every seed region had background FC with at least one other structure. 

Specifically, left lobule VI had positive FC left occipital temporal cortex, left superior parietal 

lobule, and right supplementary motor area; as well as negative FC with left angular gyrus, 

inferior frontal gyrus pars opercularis, and inferior frontal gyrus pars triangularis. Right lobule 

VI showed positive FC with left lobule VI, occipital temporal cortex, superior parietal lobule, 

supplementary motor area, and right supplementary motor area, as well as negative FC with left 

inferior frontal gyrus pars triangularis. Left crus I had positive FC with right crus I, left occipital 
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temporal cortex, superior parietal lobule, and negative FC with left inferior frontal gyrus pars 

triangularis. Right crus I showed positive FC with left crus I, occipital temporal cortex, angular 

gyrus, and posterior superior temporal gyrus. Left crus II had positive FC with right crus II and 

left occipital temporal cortex.  Right crus II only had positive FC with left crus II. Left lobule 

VIIb had positive FC with left occipital temporal cortex, left superior parietal lobule, left 

supplementary motor area, and right supplementary motor area. Lastly, right lobule VIIb had 

positive FC with left occipital temporal cortex, superior parietal lobule, and supplementary motor 

area. 

 

Differences between-groups 

We found no between-group differences in background connectivity. 
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Figure 12. Cerebellar background functional connectivity with cortical reading-related target regions in 
Control and RDMD children. Left and right cerebellar seed regions: lobule VI, crus I, crus II, and lobule VIIb.  In 
Controls, FC was largely limited to within the cerebellum, and between the cerebellum and left occipital-temporal 
cortex. RDMD children had FC from left and right cerebellar seed regions to several left hemisphere cortical 
regions, including posterior superior temporal gyrus and superior parietal lobule. No differences between the two 
groups. All results corrected for multiple comparisons, p-FDR < .05, two-sided statistic. 
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Table 15. Cerebellar background functional connectivity with cortical reading-related 
target regions in Control and RDMD children. 

 
Significance was determined by seed-level correction, p-FDR < .05. Positive t-statistics represent positive 
connectivity and negative t-statistics represent negative connectivity. 

  

Seed Region FC with… T(22) FC with… T(25) FC with… T(47)
Left Lobule VI R Lobule VI 12.22 R Lobule VI 14.58

L OTC 8.43 L OTC 13.65
L SPL 4.20
L AG -2.30

R SMA 3.42 R SMA 3.53
L IFG oper -2.46
L IFG tri -4.95

Right Lobule VI L Lobule VI 12.22 L Lobule VI 14.58
L OTC 9.56 L OTC 8.5

L SPL 4.53
R SMA 2.60 R SMA 4.03
L SMA 3.42 L SMA 3.43

L IFG tri -2.84

Left Crus I R Crus I 9.52 R Crus I 11.84
L OTC 3.45 L OTC 5.25

L SPL 2.54
L IFG tri -3.01

Right Crus I L Crus I 9.52 L Crus I 11.84
L OTC 4.05 L OTC 2.82

L AG 3.56
L pSTG 3.11

Left Crus II R Crus II 12.49 R Crus II 17.60
L OTC 3.11

Right Crus II L Crus II 12.49 L Crus II 17.60

Left Lobule VIIb R Lobule VIIb 14.03 R Lobule VIIb 15.42
L OTC 3.53
L SPL 3.55

R SMA 2.95 R SMA 3.45
L SMA 2.78 L SMA 3.49

Right Lobule VIIb L Lobule VIIb 14.03 L Lobule VIIb 15.42
L OTC 2.86
L SPL 2.79
L SMA 4.10

Control RDMD Control > RDMD
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Functional connectivity modulated by implicit reading task (gPPI analysis) 

Control children 

The gPPI analysis was conducted to determine FC between cerebellar seed and cortical target 

regions (same regions as described above) specific to word processing.  From the cortical target 

regions included in Ashburn et al., (2020), there were no significant results for children. There 

were also no significant results when including bilateral SMA.  

  

RDMD children 

Only one cerebellar seed region had significant FC that was modulated by single word 

processing.  Specifically, right lobule VI had positive FC with left and right supplementary 

motor area (Figure 13; Table 16). 

 

Differences between-groups 

There was no difference between Control and RDMD children in FC specific to reading. 
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Figure 13. Cerebellar task-modulated functional connectivity with cortical reading-related target regions in 
Control and RDMD. All eight cerebellar seeds were tested; however only those with findings are displayed here. In 
Controls, we found no task-modulated FC during single word processing.  In RDMD children, right lobule VI had 
positive FC with left and right supplementary motor area that was modulated during single word processing.  

 
 
 
 
Table 16. Cerebellar task-modulated functional connectivity with cortical reading-related 

target regions in Control and RDMD children. 

 
Only cerebellar seeds with significance are shown.  Significance was determined by seed-level correction, p-FDR < 
.05. Positive t-statistics represent positive connectivity and negative t-statistics represent negative connectivity.  

 
  

Seed Region FC with… T(22) FC with… T(25) FC with… T(47)
Right Lobule VI n.s. L SMA 2.96 n.s.

R SMA 3.45

All other cerebellar seeds n.s. n.s. n.s.

Control RDMD Control > RDMD
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Study 2: Arithmetic processing 

Behavioral measures 

Accuracy and response time for Control and RDMD children are shown in Table 12. As 

expected, the two groups differed on measures of accuracy for the arithmetic tasks (addition and 

subtraction). However, there were no significant differences between Control and RDMD 

children for accuracy measures when comparing the difference between either addition or 

subtraction and their corresponding Active Control task (Addition > Active Control or 

Subtraction > Active Control). As in Study 1, this is important since the contrast against the 

active control is the contrast used for the activation analysis to identify areas specific to 

arithmetic processing. Also, there was no significant difference in reaction time between the two 

groups. 
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Table 17. Demographics and behavioral assessments for Control and RDMD children 
included in the arithmetic processing analyses. 

 

Values reported as average ± standard deviation. p-values listed for student t-Test for between-group differences, 
significance determined if p < .05.   

 

 

  

Control RDMD p -value
N 16 14 --

Sex (F/M) 6/10 6/8 --

Age (years) 10.1 ± 2.0 10.8 ± 1.3 0.273

Verbal IQ‡ 120.7 ± 14.3 97.5 ± 13.0 <0.001

Performance IQ‡ 115.6 ± 11.1 103.8 ± 12.2 0.012

Word ID† 118.4 ± 10.5 79.4 ± 6.7 <0.001

Word Attack† 113.2 ± 11.4 88.1 ± 5.8 <0.001

Calculation† 114.7 ± 5.6 90.7 ± 13.3 <0.001

Math Fluency† 105.5 ± 13.9 75.8 ± 9.6 <0.001

Digit Span 104.0 ± 16.0 87.1 ± 9.6 0.003
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Table 18. Participant in-scanner performance for Control and RDMD children during 
arithmetic processing task. 

 
Values reported as average ± standard deviation. p-values listed for student t-Test for between-group differences, 
significance determined if p < .05.   

 

  

Control RDMD p -value
Accuracy (% correct)
Arithmetic (Combined) 84.2 ± 12.6 68.0 ± 14.3 0.003
Active Control (Combined) 93.1 ± 6.5 82.3 ± 15.0 0.023
Arithmetic > Active Control -17.8 ± 21.9 -30.0 ± 36.7 0.294

Addition 89.4 ± 10.1 78.6 ± 13.4 0.021
Active Control 95.6 ± 5.7 84.6 ± 13.8 0.013
Addition > Active Control -6.3 ±  8.0 -6.1 ± 16.9 0.971

Subtaction 79.1 ± 16.8 57.5 ± 17.8 0.002
Active Control 90.6 ± 8.9 81.4 ± 19.8 0.128
Subtraction > Active Control -11.6 ± 15.8 -23.9 ± 24.1 0.119

Response Time (ms)
Arithmetic (Combined) 1850.5 ± 507.4 2045.0 ± 280.9 0.199
Active Control (Combined) 1210.3 ± 233.2 1416.4 ± 401.4 0.107
Arithmetic > Active Control 1280.4 ± 708.1 1257.28 ± 1062.0 0.946

Addition 1677.5 ± 506.6 1952.9 ± 294.4 0.077
Active Control 1205.8 ± 237.0 1205.8 ± 237.0 0.064
Addition > Active Control 471.8 ± 349.2 568.7 ± 370.0 0.475

Subtaction 2023.5 ± 547.2 2137.1 ± 375.4 0.509
Active Control 1214.8 ± 237.0 1448.5 ± 581.7 0.178
Subtraction > Active Control 808.7 ± 400.2 688.6 ± 780.2 0.612
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Arithmetic Processing: Activation analysis constrained to (i) the whole cerebellum and (ii) 
cerebellar sub-regions (bilateral lobule VI, crus I, crus II, lobule VIIb)  
 

Control children 

At the level of whole cerebellar activation, Controls had activation in left lobule VI, left lobule 

V, right lobule VI, vermis VI, and vermis VIIb when arithmetic was contrasted with fixation. 

However, there was no significant activation when contrasting arithmetic with active control 

(Figure 14; Table 19). If we test for activation specific to conditions that were used to create 

‘arithmetic’ processing (addition and subtraction) with an ANOVA, we did not find a main effect 

of task. Similar to the whole cerebellar results, the cerebellar sub-region analysis also found 

significant activation in left and right lobule VI when comparing arithmetic with fixation, but no 

significant activation when comparing to the active control (Figure 15; Table 20).   

 

RDMD children 

For whole cerebellar activation, RDMD group had activation in vermis VI, right lobule VI, right 

VIIb, right lobule VIIIa, and left crus I for arithmetic combined > fixation, but no significant 

activation for arithmetic > active controls (Figure 14; Table 19). An ANOVA revealed no effect 

of condition (addition or subtraction). Similar to the whole cerebellar analysis, cerebellar sub-

region analysis found activation in right lobule VI and right VIIb; however, this analysis did 

reveal additional activation in left lobule VI when contrasting arithmetic with fixation. 

Additionally, there was no significant activation when comparing arithmetic with the active 

control (Figure 15; Table 20). 
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Differences between-groups 

There were no findings for either the whole cerebellum or cerebellar sub-region analyses. 

 

 

 
Figure 14. Functional activation maps constrained to whole cerebellum in Control and RDMD children, 
during arithmetic processing. (A) Arithmetic > Fixation and (B) Arithmetic > Active Control contrasts.  
Significant activation in left lobule VI and right lobule VI, as well as regions not shown including vermis VI, vermis 
VIIb, and left lobule V in the Control group, height threshold p <.001, p <.05 FWE-corrected. Also, activation in 
right lobule VIIIa, as well as regions not shown including, vermis VI, left crus I, right lobule VI, and right lobule 
VIIb in the RDMD group. No activation for Arithmetic > Active Control for either group and no between-group 
differences for either contrast (A or B). 
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Table 19. Functional activation results for whole cerebellum analysis for Control and 
RDMD children during arithmetic processing. 

 
Significance was determined by height threshold = .001, p < .05 FWE-corrected. p-values for all significant findings 
are listed. ‘none’ indicates no significant findings for group and/or between-group comparison. 

Volume
Group Contrast x y z (voxels) p -value Anatomical Region
Control

Arithmetic > Fixation -4 -80 -24 59 0.018 Vermis VI
6 -70 -30 61 0.015 Vermis VIIb
0 -60 -18 92 0.002 Left V

-20 -56 -18 93 0.002 Left Lobule VI
22 -64 -14 109 0.001 Right lobule VI

Arithmetic > Active Control

RDMD
Arithmetic > Fixation -4 -72 -16 281 <0.001 Vermis VI

-38 -60 -32 38 0.036 Left Crus I
34 -48 -28 39 0.033 Right VI
42 -60 -52 35 0.046 Right VIIb
28 -54 -48 97 0.001 Right Lobule VIIIa

Arithmetic > Active Control

Control > RDMD & RDMD > Control
Arithmetic > Fixation
Arithmetic > Active Control

ANOVA (conditions: Addition, Subtraction & Groups: Controls, RDMD)
Main effect of Task
Main effect of Group
Task by Group Interaction

none
none
none

MNI Coordinates

none

none

none
none
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Figure 15. Functional activation maps constrained to eight cerebellar sub-regions in Control and RDMD 
children, during arithmetic processing. (A) Arithmetic > Fixation and (B) Arithmetic > Active Control contrasts.  
Significant activation in left and right lobule VI in Control group, height threshold p <.001, p <.05 FWE-corrected. 
Also, there was activation in left lobule VI, right lobule VI, and right lobule VIIb in the RDMD group. No activation 
for Arithmetic > Activate Control for either group and no between-group differences for either contrast (A or B). 
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Table 20. Functional activation for cerebellar sub-region analyses for Control and RD 
children during arithmetic processing.  

 

There were no significant between-group differences. Significance was determined by height-threshold <.001, p-
FWE <.05 and Bonferroni-corrected for the comparison of multiple cerebellar sub-regions. p-values for all 
significant findings are listed. ‘n.s.’ indicated no significant findings. 

  

Volume

Group Cerebellar Sub-regions Contrast x y z (voxels) p -value

Control
L Lobule VI Arithmetic > Fix -4 -80 -24 51 0.003

-20 -56 -18 61 0.001

Arithmetic > Active Control n.s.

R Lobule VI Arithmetic > Fix 22 -64 -14 74 0.001

Arithmetic > Active Control n.s.

All other sub-regions Arithmetic > Fix n.s.
Arithmetic > Active Control n.s.

RDMD
L Lobule VI Arithmetic > Fix -4 -72 -16 116 <.001

Arithmetic > Active Control n.s.

R Lobule VI Arithmetic > Fix 8 -70 -14 85 <.001

Arithmetic > Active Control n.s.

R Lobule VIIb Arithmetic > Fix 30 -60 -44 44 0.003

Arithmetic > Active Control n.s.

All other sub-regions Arithmetic > Fix n.s.
Arithmetic > Active Control n.s.

Control > RDMD
All sub-regions Arithmetic > Fix n.s.

Arithmetic > Active Control n.s.
RDMD > Control

All sub-regions Arithmetic > Fix n.s.
Arithmetic > Active Control n.s.

ANOVA (conditions: Addition, Subtraction & Groups: Controls, RDMD)

All sub-regions Main effect of Task n.s.
Main effect of Group n.s.
Task by Group Interaction n.s.

MNI Coordinates
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Background functional connectivity of the cerebellum with cortical math-related regions 

Control children 

To test for intrinsic FC, independent of arithmetic processing, we performed background FC 

analyses of predetermined cerebellar seed (Ashburn et al., 2020) and cortical target regions 

related to math (Matejko et al., in prep). Specifically, left lobule VI had positive FC with right 

lobule VI and left hippocampus. Right lobule VI had positive FC with left lobule VI, left 

hippocampus, and right hippocampus. Left Crus I only had positive FC with right crus I. Right 

Crus I had positive FC with left crus I and middle frontal gyrus as well as right hippocampus and 

interparietal lobule PF. Left Crus II had positive FC with right crus II and middle frontal gyrus as 

well as left middle frontal gyrus. Right Crus II had positive FC with left crus II, middle frontal 

gyrus, and superior parietal lobule. Left lobule VIIb only had FC with right lobule VIIb. Right 

lobule VIIb had positive FC with left lobule VIIb, middle frontal gyrus, superior parietal lobule, 

and right superior parietal lobule (Figure 16; Table 21). 

 

RDMD children 

In RDMD children, left lobule VI had positive FC with right lobule VI and left intraparietal 

sulcus. Right lobule VI had positive FC with left lobule VI and left intraparietal sulcus. Left Crus 

I only had positive FC with right crus I.  Right crus I had positive FC with left crus I and left 

middle frontal gyrus. Left crus II only had positive FC with right crus II and vice versa. Left 

Similarly, left lobule VIIb only had positive FC with right lobule VIIb and vice versa (Figure 

16; Table 21). 
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Differences between-groups 

When testing for differences between the groups in background FC we found that RDMD 

children had more positive FC compared to Control children between left and right lobule VIIb. 

However, we found no significant between-group differences between any of the cerebellar 

seeds and the predetermined cortical target regions related to math processing (Figure 16; Table 

21). 
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Figure 16. Cerebellar background functional connectivity with cortical math-related target regions in Control 
and RDMD children. Left and right cerebellar seed regions: lobule VI, crus I, crus II, and lobule VIIb with math-
related cortical target regions. Brain are oriented from a superior view In Controls, FC of cerebellar seed regions 
was largely with bilateral hippocampal cortex, middle frontal gyrus, and superior parietal lobule. RDMD children 
had FC from left and right lobule VI with left intraparietal sulcus as well as left and right crus I with the 
contralateral middle frontal gyrus for each. No differences of cerebellar FC with cortical target regions between the 
two groups. Note, FC between left and right lobule VIIb had greater positive FC for RDMD > Control. All results 
corrected for multiple comparisons, p-FDR < .05, two-sided statistic. 
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Table 21. Cerebellar background functional connectivity with cortical math-related target 
regions in Control and RDMD children. 

 
Background functional connectivity in Control children, RDMD children, and between-group differences (Control > 
RDMD).  Corrected for multiple comparisons, p-FDR < .05. 

 

  

Seed Region FC with… T(15) FC with… T(13) FC with… T(28)
Left Lobule VI R Lobule VI 7.29  R Lobule VI 8.01

L HC 3.29
L IPS 3.72

Right Lobule VI L Lobule VI 7.29 L Lobule VI 8.01
L HC 3.28
R HC 3.12

L IPS 4.12

Left Crus I R Crus I 5.85 R Crus I 5.06
R MFG 4.14

Right Crus I L Crus I 5.85 L Crus I 5.06
R HC 3.22
L MFG 3.21 L MFG 4.55
R SMG -3.19

Left Crus II R Crus II 6.40 R Crus II 11.44
L MFG 3.18
R MFG 3.21

Right Crus II L Crus II 6.40 L Crus II 11.44
L MFG 3.65
L SPL 4.23

Left Lobule VIIb R Lobule VIIb 7.77 R Lobule VIIb 22.73 R Lobule VIIb -3.39

Right Lobule VIIb L Lobule VIIb 7.77 L Lobule VIIb 22.73 L Lobule VIIb -3.39
L MFG 2.96
L SPL 4.32
R SPL 2.87

Control RDMD Control > RDMD
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Functional connectivity modulated by arithmetic tasks (gPPI analysis) 

Control children 

The gPPI analysis, conducted to determine FC between cerebellar seed and cortical target 

regions (same regions as described above) specific to arithmetic processing, revealed no 

significant results.  

 

RDMD children 

We found no significant results for the RDMD group. 

 

Differences between-groups 

Although arithmetic processing did not reveal significant results for either of the two groups, a 

direct between-group comparison revealed that RDMD children had greater positive FC of right 

lobule VI with left intraparietal sulcus (Figure 17; Table 22). 

 

 
Figure 17. Cerebellar task-modulated functional connectivity with cortical math-related target regions in 
Control and RDMD children. All eight cerebellar seeds were tested; however only those with findings are 
displayed here. There were neither within- nor between-group findings for Arithmetic > Active Control.  However, 
if we separate the tasks (Addition and Subtraction), we found that right lobule VI had positive task-modulated FC 
with left intraparietal sulcus, such that RDMD > Controls.   
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Table 22. Cerebellar task-modulated functional connectivity with cortical math-related 
target regions in Control and RDMD children. 

 

Task-modulated functional connectivity in Control children, RDMD children, and between-group differences 
(Control > RDMD).  Corrected for multiple comparisons, p-FDR < .05. 

 

Summary of results 

For Study 1 comparing RDMD and Controls during single word processing, while there was 

activity in the Control and RDMD groups for RW > Fixation contrast, there was no significant 

activation for either groups specific to reading (RW > FF) and no between-group differences 

when using either baseline comparison (both at the level of the whole cerebellum and for the 

cerebellar sub-regions). There was background FC in both Control and RDMD groups but none 

of these emerged in the between-group comparisons. Lastly, for both Control and RDMD 

groups, the cerebellum had few points of FC with cortical regions involved in reading and there 

again were no between-group differences. For Study 2 comparing RDMD and Controls on 

arithmetic processing, there was activity in the Control and RDMD groups for Arithmetic > 

Fixation contrast, but not specific to arithmetic (Arithmetic > Active Control) and no differences 

between the two groups (both at the level of the whole cerebellum and for the cerebellar sub-

regions), just as for word processing in Study 1. There was background FC in both the Control 

and RDMD groups between the cerebellum and cortical (math-related) regions, but none of these 

emerged in the between-group comparison. This again was the same pattern of results as those 

observed for Study 1 (other than that this time there was a between-group difference in FC 

Contrast Seed Region FC with… T(15) FC with… T(13) FC with… T(28)
Arithmetic > Active Control All cerebellar seeds n.s. n.s. n.s.

Addition > Active Control All cerebellar seeds n.s. n.s. n.s.

Subtraction > Active Control Right Louble VI L IPS -3.24
All other cerebellar seeds n.s. n.s. n.s.

Control RDMD Control > RDMD
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amongst two cerebellar regions). Finally, there was no task-modulated FC during arithmetic task 

in either group, yet relative stronger connectivity for the connection between right lobule VI and 

left intraparietal sulcus was found in the RDMD relative to Controls. 

 

Discussion 

Based on the cerebellar deficit hypothesis of dyslexia (Roderick I. Nicolson et al., 2001), one 

would expect functional alteration of the cerebellum during word processing for RDMD children 

in comparison to Controls because of their dyslexia. One might also expect that differences in 

cerebellar function would manifest during arithmetic processing, especially in children with 

additional math disability. Therefore, we conducted two studies to test the cerebellum’s 

involvement in single word processing (Study 1) and arithmetic processing (Study 2) in typical 

children and those with RDMD. However, our results provide no support for functional 

cerebellar aberrations (activation or connectivity) for either task in children with co-occurring 

reading and math disabilities in comparison to Controls. Below we offer interpretations of these 

results in the context of the literatures on the neural bases of reading and arithmetic.  

 

Functional activation of the cerebellum during single word processing 

For children in the Control group, there was activation in vermis VI, left crus I, and right lobule 

VI when comparing RW processing with Fixation in the whole cerebellum analysis. The same 

comparison at the level of the cerebellar sub-regions, revealed similar results: left and right 

lobule VI and left crus I, as one would expect given that the locations of these sub-regions 

coincided with areas of activation in the whole cerebellum analysis. However, when contrasting 

Real Word with False Font processing, we did not find activity for the whole cerebellum or its 
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sub-regions analyses, suggesting that the cerebellum is not specifically activated by single word 

processing. Our results are similar to that of a meta-analysis in children on reading-related tasks 

(Martin et al., 2015), which did not find a convergence of cerebellar activation during reading-

related tasks.  In that meta-analysis, only six of the twenty original studies reported cerebellar 

activation (J. R. Booth et al., 2001; Gaillard et al., 2003; Hoeft et al., 2006; Noble et al., 2006; 

Rimrodt et al., 2009). These studies are reviewed in detail in a report by Ashburn et al., (2020) 

where we note that all of the studies included in the meta-analysis, including those six, were 

contrasted to a low-level baseline condition. This raises the question whether cerebellar 

activation within these six studies can be attributed to the reading component of the task, or 

whether the activation can be accounted for by other components of the task.  Given our own 

results in the Controls when comparing the reading task with fixation (vermis VI, left crus I, and 

right lobule VI), it might be surprising that the meta-analysis did not reveal a convergence in 

activation within the cerebellum. However, the meta-analysis reflects activations that are 

consistent across studies.  

 

There are few studies that report cerebellar activation during reading in children. There is 

one report using letter identification, orthographic decision, phonological decision, and semantic 

organization tasks relative to a visual line judgement baseline task and found activity within 

bilateral crus I of the cerebellum (Liebig et al., 2017). Another study found cerebellar activation 

(bilateral crus I and right crus II) during phonological processing task and during an orthographic 

processing task (bilateral crus I and right lobule VI) when contrasted with fixation (Feng et al., 

2017). However, taking this into account with those in the meta-analysis and the present study, 

there is little evidence to suggest that the cerebellum plays a critical role in word processing in 

children. This point was already made previously in a similar study as the present study, when 
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comparing children with RD to Controls; notably we used the same Control group as in the 

present study (Ashburn et al., 2020). 

 

For RDMD children, the whole cerebellum results showed activation in vermis VI, right 

lobule VI, left crus I, right VIIb, and right VIIIa when contrasting Real Word reading to Fixation. 

However, there was no cerebellar activation when contrasting Real Word to False Fonts. The 

cerebellar sub-region analyses revealed similar activation in right lobule VI, as well as additional 

activation in left lobule VI and right crus I for RW contrasted with Fixation, but again there were 

no between-group differences.  These results are similar to our earlier study where we compare 

the same group of Controls to children with RD, except that in the present study the group with 

RDMD showed some within group activity in the cerebellum for the comparison to fixation 

(both at the level of the whole cerebellum and cerebellar sub-regions analyses). Yet, in the end 

there were no difference between the Controls and the group with RD when conducting 

comparisons between the groups (Ashburn et al., 2020). Neuroimaging research in children with 

co-occurring dyslexia and dyscalculia is limited. One study has compared RDMD, RD-only, 

MD-only, and typically developing children during a reading task (Peters et al., 2018). Using a 

whole brain analysis, researchers found no brain regions that differed between children in any of 

the three groups with learning disability compared to the Control group during a phoneme 

detection and tall feature detection tasks when contrasted with fixation (Peters et al., 2018). Of 

note, these results were based on a small sample size and the findings in the groups with RD 

versus Controls are surprising given the literature showing differences during these types of tasks 

when comparing groups with RD with Controls (Richlan et al., 2009, 2011).  Future studies will 

need to study RDMD during word processing as a way to characterize this comorbid group. 
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Background functional connectivity of the cerebellum to cortical reading-related regions 

As reported in Ashburn et al., (2020), for children in the Control group, left and right crus I and 

lobule VI had positive background (intrinsic) FC with left occipital-temporal cortex. In the 

present study we also found that in the Control group left lobule VI had positive FC with right 

supplementary motor area (SMA). Furthermore, right lobule VI as well as left lobule VIIb had 

positive FC with left and right SMA. Of note, left and right SMA were not included in Ashburn 

et al., (2020) study comparing children with RD to Controls.  Previous studies of intrinsic 

connectivity have demonstrated that the cerebellum has contralateral intrinsic FC with motor-

related cortical regions (Buckner et al., 2011; Riedel et al., 2015), which is consistent with 

evidence from animal models (Kelly & Strick, 2003). However, most motor representations in 

the cerebellum are in the anterior lobe, namely lobules I-V, and rostral lobule VI (Guell et al., 

2018; Habas et al., 2009; Krienen & Buckner, 2009). Positive FC between left lobule VI and 

right SMA, combined with positive FC between right lobule VI with left and right SMA fits with 

these prior studies (Buckner et al., 2011; Riedel et al., 2015). Additionally, while lobule VI has 

connections to cortical regions associated with motor and cognitive processing, the bilateral 

nature of this result and the fact that SMA serves motor function, suggest that this FC reflects a 

motor-related correlation. 

 

Within group maps for children with RDMD revealed that each of the cerebellar seed 

regions, except for right crus II, had background FC with at least one cortical reading-related 

region. These cortical regions included left occipital-temporal cortex, left supplementary motor 

area, right supplementary motor area, and left inferior frontal gyri. Of note, all background FC 

was positive, except for background FC of three seed regions (left lobule VI, right lobule VI, and 

left crus I) with inferior frontal gyri.  Also, only right crus I had background FC with posterior 
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superior temporal gyrus. Generally speaking, as in our investigation into children with RD 

(Ashburn et al., 2020) the within group FC maps gave the impression that the children with 

learning disability had more regions that showed FC. However, when comparing background FC 

between Control and RDMD children, we found no significant differences between the two 

groups. Of note, we did not replicate our earlier finding of greater positive FC in the group with 

dyslexia compared to Controls between right crus I and left angular gyrus, posterior superior 

temporal gyrus, and inferior frontal gyrus in our group of RDMD children (Ashburn et al., 2020). 

This could reflect the difference in intrinsic FC between RD-only and RDMD children as 

previous research has suggested that RDMD children have altered patterns of FC that are distinct 

from either RD- or MD-only (Skeide et al., 2018); however, future research would need to 

confirm this since we do not directly test for differences between learning disability groups.  

 

Again, there are few studies in the literature by which to draw comparisons to prior 

studies. An intrinsic FC study compared RDMD children to RD-only, MD-only and Controls  

(Skeide et al., 2018). They found weaker FC in RDMD children between right para-hippocampal 

gyrus and left posterior fusiform gyrus in comparison to the other three groups (Skeide et al., 

2018). Of note, this was an ROI-to-ROI FC analysis, which did not include the cerebellum 

However, in our own study, we found no significant between-group differences in intrinsic FC 

between the predetermined seed regions of the cerebellum and cortical reading-related regions 

between Control and RDMD children. 
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Task-modulated FC of connections between cerebellum and reading-related regions during 

single word processing 

The cerebellar deficit hypothesis would predict aberrations in functional connections between 

cerebellar and cortical reading-related regions (Roderick I. Nicolson et al., 2001), identifiable by 

testing for functional connectivity that is modulated by single word processing. Our results found 

no cerebellar FC with cortical target regions that was modulated by single word processing in the 

Control group (Ashburn et al., 2020). In RDMD children, right lobule VI had positive FC with 

left and right supplementary motor area that was modulated by the single word processing task.  

Both of these functional connections also emerged for the background connectivity analyses. 

Despite the within-group task-modulation for RDMD children, we found no significant 

differences of task-modulated FC between the two groups. With respect to existing literature, 

few previous studies have examined task-modulated connectivity during reading. Of those that 

do, none have studied RDMD children in the context of the reading network and they did not 

include a cerebellar seed region of interest. Therefore, we will review studies that compare task-

modulated FC in Control and RDMD groups of children during reading task and also report a 

cerebellum-related finding. Overall, there are three studies that have examined task-modulated 

connectivity of RD-only in comparison to a control group. First, a study using Positron Emission 

Tomography (PET) found lower correlations between left angular gyrus and left superior 

temporal and fusiform gyri, and left cerebellum during exception word reading (Horwitz et al., 

1998). Second, another study found that young adults with dyslexia had reduced FC in 

comparison to Controls between left parietal lobule and right cerebellum (lobule VI/crus I and 

crus II) during silent reading and phonological lexical decision tasks (Schurz et al., 2015). Lastly, 

a study used seed-to-voxel connectivity analysis during a phoneme-mapping task and found no 
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significant differences in their cerebellar seed region of interest with cortical regions (Richards & 

Berninger, 2008). When considering these results in the context of our findings, one explanation 

might be that the cerebellum’s FC with cortex is modulated by tasks that require phonological 

processing and/or explicit reading. However, none of these studies report differences in task-

modulated FC between cerebellum and supplementary motor area as found in the present study. 

Moreover, these studies focused on RD-only but similar to our previous study (Ashburn et al., 

2020), did not report math ability (or disability) and therefore may have a heterogeneous sample 

of RD-only and RDMD children. 

 

It is worth noting here that the results of no activation differences between Controls and 

the group with RDMD in the cerebellum (irrespective of whether looking at the whole 

cerebellum or subregions, or active control baseline condition or the fixation condition) are the 

same as previously reported for the exact same group of Controls and a group with RD, of which 

12 participants were included in the present study (Ashburn et al., 2020). For background FC, the 

Ashburn et al. (2020) study found that children with dyslexia had greater positive FC than 

Controls between right crus I and left angular gyrus, posterior superior temporal gyrus, and 

inferior frontal gyrus pars triangularis. In the present study there were no between-group 

differences for Controls and the RDMD group; and our prior study in RD as well as the current 

study in RDMD had no between-group differences for task-related FC. This suggests that when 

broadening the investigation of dyslexia to children who also have poor math calculation and/or 

fluency, we still do not find support for a cerebellar deficit during single word processing.  

 

  



 149 

Functional activation of the cerebellum during arithmetic processing 

We tested for activation during arithmetic task and compared between Control and RDMD 

children. At the level of the whole cerebellum in Controls, we found activation in vermis VI, 

vermis VIIb, left lobule V, left lobule VI, and right lobule VI.  Likewise, the cerebellar sub-

region analysis found activation in left and right lobule VI. A meta-analysis on math-related 

processing in adults, found a convergence of activation in bilateral lobule VI (Arsalidou & 

Taylor, 2011). Of the 53 studies included in the meta-analysis, only nine reported cerebellar 

activation (S. Dehaene, 1999; Fehr et al., 2007; Grabner et al., 2007; Kong et al., 2005; Kuo et 

al., 2008; Piazza et al., 2007; Sammer et al., 2007; Wood et al., 2008; Zago et al., 2008). The 

nine studies included one number task (Piazza et al., 2007), two calculation tasks (S. Dehaene, 

1999; Zago et al., 2008), three multiplication tasks (Fehr et al., 2007; Grabner et al., 2007; Wood 

et al., 2008), three addition tasks (Kong et al., 2005; Kuo et al., 2008; Sammer et al., 2007), and 

one subtraction task (Kuo et al., 2008). Meta-analyses conducted separately for addition and 

subtraction found activation for both operations. Specifically, researchers found activation for 

addition in bilateral lobule VI; however, the cerebellar coordinates for subtraction were not 

reported (Arsalidou & Taylor, 2011). Of the studies that contributed to these meta-analyses, one 

contrasted addition (with carrying) to fixation (Kong et al., 2005).  The other studies compared 

single digit serial addition with a number recognition task (Kuo et al., 2008), addition with 

viewing a series of zeros (Sammer et al., 2007), and a single digit serial subtract task with a 

number recognition task (Kuo et al., 2008). Therefore, cerebellar activation in adults seems to 

occur during arithmetic tasks that require calculation.  

 

However, a similar meta-analysis of arithmetic processing in children found no 

convergence of cerebellar activation during arithmetic tasks (Arsalidou et al., 2017). Of the 
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studies included in this meta-analysis, ten of the 17 studies with calculation tasks did not find 

cerebellar activation in typically developing children (Berteletti et al., 2015; Chang et al., 2016; 

Davis et al., 2009a, 2009b; Iuculano et al., 2015; Kawashima et al., 2004; Krinzinger et al., 2011; 

Metcalfe et al., 2013; Prado et al., 2014; Rosenberg-Lee et al., 2011). However, seven of the 

studies did find activation in the cerebellum in children for various math-related tasks 

(Ashkenazi et al., 2012; De Smedt et al., 2011; Du et al., 2013; Meintjes et al., 2010; Mondt et 

al., 2011; Peters et al., 2016; Qin et al., 2014). Specifically, these studies found activation in left 

cerebellum when comparing complex to simple arithmetic problems (Ashkenazi et al., 2012), 

contrasting approximate to exact addition (Du et al., 2013), for addition or subtraction equations 

(Mondt et al., 2011), and contrasting addition to solving ‘plus 1’ addition problems as a control 

(Qin et al., 2014). Also, right cerebellum was active for exact greater than approximate addition 

(Meintjes et al., 2010). Lastly, two studies found bilateral cerebellar activation in children during 

subtraction task when contrasting to addition (De Smedt et al., 2011) and contrasting stimuli 

types (i.e. dots > digits and dots > words) (Peters et al., 2016). Of note, the majority of these 

seven studies involve complex arithmetic tasks which involve multiple skills and processes, such 

as ‘complex arithmetic problems’ (Ashkenazi et al., 2012) and ‘subtraction tasks in various 

formats’ (Peters et al., 2016). Although our findings of no cerebellar activation when comparing 

arithmetic processing with an active control in children is largely consistent with the literature, 

the studies that reported cerebellar activation used tasks that had a higher demand for calculation 

and/or task maintenance. Therefore, cerebellar activation may be reserved for more complex 

arithmetic tasks that require calculation.  

 

For the RDMD group, for the whole cerebellum analyses there was activation during 

arithmetic versus fixation in vermis VI, left crus I, right lobule VI, right lobule VIIb, and right 
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lobule VIIIa. Similarly, the cerebellar sub-region analyses found activation in right lobule VI and 

right lobule VIIb when comparing to fixation.  The sub-region analyses also identified additional 

activation within left lobule VI when comparing to fixation. Moreover, we found no within-

group nor differences between groups activation when contrasting arithmetic with the active 

control. Since the measure for arithmetic was a combination of addition and subtraction blocks, 

we also performed a repeated measures ANOVA on the comparison to fixation to assess whether 

there was a main effect of task when considering addition and subtraction separately as well as 

whether there are task by group interactions. This is a crucial analysis as the literature has shown 

that addition and subtraction can use different mechanisms, namely retrieval and calculation 

respectively (S Dehaene & Cohen, 1997; Peters & De Smedt, 2017; Rosenberg-Lee et al., 2011); 

and thus may active different brain regions (Arsalidou et al., 2017; Arsalidou & Taylor, 2011). 

The ANOVA revealed no significant effect of task (addition and subtraction) and no significant 

effect of group (Control and RDMD). With respect to the literature, only one empirical study has 

examined functional activation during an arithmetic (subtraction) task in RDMD children (Peters 

et al., 2018). RDMD children show distinct neural activation patterns in comparison to typically 

developing children, as revealed by a multivoxel subject classification. Specifically, when using 

regions-of-interest, researchers found that all seven regions-of-interest were able to classify 

between RDMD children and Controls, including inferior parietal lobule, superior parietal 

lobule, supramarginal gyrus, inferior frontal gyrus, superior frontal gyrus, angular gyrus, and 

fusiform gyrus. Although the cerebellum was not included in these regions of interest, when 

using a whole brain analysis approach, this study did not report cerebellum as a region of 

significance. Thus, our functional activation results seem to be in accordance with the current 

literature. 
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Background functional connectivity of the cerebellum to cortical math-related regions 

In the Control group, all cerebellar seed regions had background FC with at least one cortical 

math-related region of interest except for left crus I and left lobule VIIb. These included positive 

FC with left hippocampus, right hippocampus, left middle frontal gyrus, and superior parietal 

lobule, as well as negative FC with left supramarginal gyrus. Also, an ROI-to-ROI analysis 

found intrinsic FC in Control children between frontal and parietal regions of interest (Emerson 

& Cantlon, 2012). Lastly, another intrinsic connectivity analysis revealed that the strength of 

functional coupling among these regions also predicted gains in numerical abilities (Evans et al., 

2015). 

 

In the RDMD group only three of the cerebellar seed regions revealed background FC 

with at least one cortical math-related region. Specifically, right lobule VI, left lobule VI, and 

left crus II. Right lobule VI and left lobule VI had positive FC with intraparietal sulcus, while 

left crus II had positive FC with middle frontal gyrus. Importantly, there was no significant 

difference in background FC of cerebellar seed regions with cortical math-related regions 

between the two groups. Only one study has examined resting-state (intrinsic) connectivity in co-

occurring reading and math disability (Skeide et al., 2018). This region-of-interest analysis found 

that RDMD had reduced intrinsic connectivity between right para-hippocampal gyrus and right 

intraparietal sulcus in comparison to RD, MD, and Control children (Skeide et al., 2018).  
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Task-modulated FC of connections between cerebellum and math-related regions during 
arithmetic processing 
 

Lastly, we performed task-modulated functional connectivity on the arithmetic task in 

Control and RDMD children. Neither children in the Control nor RDMD group had significant 

task-modulated FC during arithmetic processing.  However, the results did reveal a between-

group difference such that right lobule VI had had greater positive FC (hyper-connectivity) with 

left intraparietal sulcus in the RDMD in comparison to Control children. Right lobule VI has 

known connections to left intraparietal lobule and inferior frontal gyrus (Bernard et al., 2012), 

which are regions involved in reading (Martin et al., 2015; Pugh et al., 2000, 2001) and are also 

regions implicated in MD (Ashkenazi et al., 2012).  Although task-modulated connectivity 

studies have yet to performed in RDMD children for arithmetic tasks, task-related connectivity 

studies on MD children are useful for the interpretation of this result. One such study used 

effective, a form of task-modulated, connectivity and reported hyper-connectivity between 

intraparietal sulcus and multiple brain systems including the lateral frontal-parietal and default 

mode networks in children with MD during arithmetic (addition and subtraction) processing 

(Rosenberg-Lee et al., 2015). Another study found that intraparietal sulcus had positive FC with 

cortical regions (bilateral superior frontal cortex, left inferior frontal gyrus, right inferior parietal 

lobule, and right inferior temporal cortex) as well as with left cerebellum (a region that 

corresponds to left lobule IX) that was greater in the MD group in comparison to Controls 

(Michels et al., 2018). This finding is consistent with our between-group difference of hyper-

connectivity in RDMD children for right lobule VI and intraparietal sulcus. 
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Conclusions 

We tested the cerebellar deficit hypothesis of dyslexia by comparing activity and functional 

connectivity during single word processing as well as during arithmetic processing in typically 

reading children and those with co-occurring reading and math disabilities. In a region of interest 

analysis examining the cerebellum, and also sub-regions of the cerebellum, we found no activity 

specific to reading or arithmetic processing in either group, and no between-group differences. 

There were no between-group differences in intrinsic cerebellar-cortical FC for word processing 

or arithmetic. The same was true for FC that were specific to single word processing, yet there 

was an isolated finding of a difference in FC specific to arithmetic processing for a connection 

between left lobule VI and right IPS. Overall, our results do not support the cerebellar deficit 

hypothesis of dyslexia in terms of cerebellar differences for children with reading disabilities.  
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Discussion 
 
The overarching goal of this thesis research was to provide insight into the cerebellum’s potential 

involvement in reading in typical readers, and those with the reading disability (RD) 

developmental dyslexia, as well as in co-occurring RD and math disability (MD).  For all three 

studies we used a similar approach, using functional neuroimaging to measure the activity of the 

cerebellum during single word processing (whole cerebellum as well as eight predetermined 

subregions in the cerebellum known to be associated with cognitive/linguistic processing) and 

the functional connectivity (FC) between these predetermined subregions in the cerebellum (seed 

regions) with left hemisphere cortical regions (seven target regions) known to be involved in 

reading. In Chapter 2, we first sought to compare functional activation and connectivity in the 

cerebellum between typically reading children and adults. This was largely motivated by the 

Martin et al., (2015) meta-analysis demonstrating that adults but not children had cerebellar 

activation during reading-related tasks, leading to differences between the two groups’ meta-

analyses maps in left and right cerebellum, likely lobule VI. However, we found cerebellar 

activation for both groups and no between-group differences when examining single word 

processing compared to fixation (a contrast that is similar to those used in studies included in the 

meta-analysis by Martin and colleagues). Interestingly, right cerebellar seed regions had greater 

positive intrinsic (background) FC with at least one of the cortical target regions in adults when 

compared to children.  In this first step, the functional connectivity findings from Chapter 2 

suggest that while intrinsic connections between right cerebellar subregions and the left cortical 

regions strengthen with age, as described by Fair and colleagues (2009), the activity in the 

cerebellum during word processing (versus fixation) is not significantly different between 

children and adults.  
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Our next step, in Chapter 3 was to test whether the cerebellum is functionally different 

(as measured by activation and connectivity) when comparing these same typically reading 

children and those with Developmental Dyslexia. We found no activity during real word 

processing in the cerebellum in each group when comparing the tasks to the active baseline 

condition, and we found no between-group differences when single word processing was 

contrasted to either fixation or the active control condition, false fonts. There were also no 

between-group differences for task-modulated FC during single word processing; however, 

intrinsic background FC was stronger in the children with dyslexia between right crus I and three 

cortical regions known to be involved in reading.  Together, the lack of differences in functional 

activation and task-modulated connectivity during word processing lends no support for the 

cerebellar deficit hypothesis of dyslexia, although there may be one isolated difference in right 

crus I for intrinsic FC that does not seem to be directly attributed to reading.  

 

Lastly, in Chapter 4 we extended our study of the cerebellar deficit hypothesis in RD to 

children with co-occurring reading and math disabilities (RDMD) by comparing their activity 

and functional connectivity during single word processing as well as during arithmetic 

processing to our group of typically reading children. We reasoned that the cerebellar deficit 

hypothesis should also apply to simple arithmetic and therefore children with this more complex 

learning disability may show differences in the cerebellum during single word processing and 

during arithmetic relative to controls. However, we found no activity specific to reading or 

arithmetic processing in either group when comparing the tasks to the active baseline conditions, 

and no between-group differences for reading or arithmetic when comparing the tasks to the 

active baseline or low-level fixation condition.  There were also no between-group differences 
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during single word processing for intrinsic or task-related FC and this was similar for arithmetic, 

which revealed no differences in intrinsic (background) FC between the cerebellum and cortex, 

and none for task-modulated FC. Of note, if we separate the component of the arithmetic task 

(addition and subtraction), there one finding of stronger FC in the RDMD group relative to the 

controls between right lobule VI and left intraparietal sulcus, which was specific for subtraction. 

As such, these results for RDMD children also did not lend support for the cerebellar deficit 

hypothesis. Given these results from Chapters 2-4, this discussion section aims to address: (i) 

the literature on the cerebellar deficit hypothesis, (ii) our experimental design, (iii) 

methodological considerations of functional connectivity analysis, and (iv) the role of other 

potentially influential cognitive variables on our results. 

 

The Cerebellar Deficit Hypothesis   

The leading theory for dyslexia, known as the phonological deficit hypothesis, states that 

the reading deficits arise from poor phonological processing skills (Bradley & Bryant, 1978; 

Snowling, 1981; Vellutino, 1981), which is frequently attributed to left perisylvian cortical 

regions (Eraldo Paulesu et al., 1996; Pugh et al., 2000; B. A. Shaywitz et al., 2002; S. E. 

Shaywitz et al., 1998). However, this theory does not account for other deficits observed in 

children with dyslexia.  Therefore, the cerebellar deficit hypothesis for dyslexia (Roderick I. 

Nicolson et al., 2001) stood as an explanation for dyslexia that could not only account for 

reading deficits, but also for the wide range of non-reading deficits observed in children with 

dyslexia.  This hypothesis identifies cerebellar dysfunction as the primary cause for the reading 

disability. Specifically, dysfunctional cerebellar connections with cortical regions involved in 

phonological processing (such as left inferior frontal gyrus), was thought to lead to phonological 
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processing impairments, which then led to the reading deficits seen in dyslexia. Simultaneously, 

a cerebellar dysfunction would also account for poor balance, handwriting, and skill 

automatization, which are all skills that can be directly impaired due to cerebellar dysfunction. 

This hypothesis was primarily built upon observations of behavioral impairments (R. I. Nicolson 

& Fawcett, 1994; Roderick I. Nicolson et al., 2002; Overy et al., 2003; C. J. Stoodley et al., 

2005), and later received support from studies revealing structural differences (S. M. Brambati et 

al., 2004; Linkersdörfer et al., 2012; Pernet et al., 2009; Rae et al., 2002; C. J. Stoodley, 2014) 

and functional activation differences in the cerebellum in dyslexia (Simona Maria Brambati et 

al., 2006; Brunswick et al., 1999; Hu et al., 2010; Roderick I. Nicolson et al., 1999; Rimrodt et 

al., 2009; Yang et al., 2013). Next we review each of these domains in relation to the cerebellar 

deficit hypothesis as well as in the context of findings from Chapters 2-4. 

 

 First we consider evidence from behavioral studies comparing individuals with dyslexia 

and controls (R. I. Nicolson & Fawcett, 1994; Roderick I. Nicolson et al., 1999, 2002; Overy et 

al., 2003; C. J. Stoodley et al., 2005). Children with dyslexia performed more poorly than age-

matched controls on motor and vestibular tasks, namely bead-threading and balance tasks (R. I. 

Nicolson & Fawcett, 1994).  This study also found behavioral impairments in phonemic and 

word recognition skills. Similarly, another study used a balancing task with two levels of 

difficulty to demonstrate balance impairment in children with dyslexia (C. J. Stoodley et al., 

2005). Specifically, balance was more impaired during an eyes-closed condition, a condition 

which would demand the cerebellum for proprioception rather than a compensation of outside 

cues. The cerebellum is also known to be involved with classical conditioning (Green & 

Woodruff-Pak, 2000). In fact, cerebellar patients show severe acquisition deficits in the 
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acquisition of classical conditioning (Daum et al., 1993; Woodruff-Pak et al., 1996). In line with 

the concept of a broad cerebellar dysfunction in dyslexia, young adults with dyslexia were found 

to have poor habituation for a learned eyeblink conditioning in comparison to age-matched 

controls (Roderick I. Nicolson et al., 2002). In fact, three (of the total 13) dyslexic participants 

did not show any habituation. Moreover, studies have shown poor motor sequence learning in 

adults with dyslexia (Roderick I. Nicolson et al., 1999). Regardless of this evidence of behavioral 

deficits that can be attributed to cerebellar dysfunction, it is crucial to note that only ~50% of 

individuals with dyslexia demonstrate signs of cerebellar and motor deficits, whereas 90% have a 

phonological deficit (Ramus, 2003).  Thus, although the cerebellar deficit would explain these 

observations, these behavioral cerebellar manifestations are not found consistently in those with 

dyslexia.   

 

An intervention has been created, largely based on these behavioral findings. These 

interventions are meant to target the cerebellum and have been implemented with the goal of 

improving reading skills. One such intervention is known as the DDAT exercise treatment. A 

behavioral study evaluating the benefits of this treatment measured cerebellar as well as reading-

related skills before and after 6 months of intervention in children with a notable reading 

impairment (Reynolds et al., 2003).  Results showed improvement of posture, visual eye 

tracking, saccade latency & accuracy, reading, phonemic segmentation, semantic fluency, bead 

threading, and postural stability. Although there were improvements in reading and related skills 

is it important to note that children were also receiving reading intervention during this 

timeframe. There was a reading-impaired control group that only received a reading intervention 

(rather than training on cerebellar skills), and they also showed significant gains in some of these 
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measures. The study does not quantitatively report whether either group made more gains; 

however, qualitatively it does not seem that controls gained more in reading than in those 

receiving DDAT. A critique of this study is that there was no control task corresponding to the 

DDAT exercise treatment (Rack et al., 2007). Additionally, there are no studies showing the 

long-term efficacy of these suggested gains nor results of only performing the DDAT exercise 

treatment. Moreover, cerebellar regions that are implicated in dyslexia are generally not the same 

cerebellar regions that underlie balance and other functions targeted by DDAT. Given the 

inconsistent evidence for the cerebellar deficit hypothesis and its treatment from behavioral 

studies, there is minimal support for this hypothesis.  A limitation of our own studies is that we 

did not include behavioral measures that could behaviorally assess cerebellar function.  

 

With respect to neuroanatomy, there is a somewhat robust literature of anatomical 

differences within the cerebellum when comparing those with and without reading disabilities. 

For example, Linkersdörfer and colleagues (2012) conducted a meta-analysis of studies on gray 

matter volume (GMV) those with dyslexia (adults and children) and found less GMV in the 

cerebellum (lobule VI) in comparison to controls.  Five out of the nine studies included in this 

meta-analysis found reduced cerebellar GMV in individuals with dyslexia, specifically in 

bilateral cerebellar nuclei (S. M. Brambati et al., 2004), bilateral lobule VIIb (Brown et al., 

2001), right anterior cerebellum (Eckert, 2003), bilateral anterior cerebellum (Kronbichler et al., 

2008), and right lobule VI (Pernet et al., 2009). Other meta-analyses of GMV combining 

children and adults found less GMV in dyslexia in lobule VI (C. J. Stoodley, 2014), crus II (C. J. 

Stoodley, 2014), and right posterior cerebellum (Eckert et al., 2016). Of note, one meta-analysis 

did not find a convergence of reduced cerebellar GMV in those with dyslexia (Richlan et al., 

2013).  However, four of the nine studies included in the meta-analysis did report that the groups 
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with dyslexia had reduced GMV in left cerebellum (S. M. Brambati et al., 2004; Brown et al., 

2001; Kronbichler et al., 2008). Three of these four studies were also included in the 

Linkersdörfer et al., (2012) meta-analysis (S. M. Brambati et al., 2004; Brown et al., 2001; 

Kronbichler et al., 2008). In a study separate from all of these, children with dyslexia have been 

reported to have an anatomical symmetry in cerebellar gray matter while controls showed greater 

right than left cerebellar gray matter (Rae et al., 2002). Also, GMV in crus II/lobule VIIb has 

been shown to positively correlate with reading ability in typical readers (Moore et al., 2017), 

while others have found that spelling is correlated negatively with GMV in the left posterior 

cerebellum (Tamboer et al., 2015). Overall, some but not all studies speak to a relationship 

between poor reading and less GMV in the cerebellum, with variability between studies on the 

exact location within the cerebellum.   

 

In a similar vein, a diffusion tensor imaging (DTI) study has also shown altered white 

matter tracts in dyslexia.  For example, children with dyslexia had higher fractional anisotropy 

(FA) values between anterior cerebellum and occipital temporal region in comparison to typical 

readers (Fernandez et al., 2016). This difference was unique to older children with dyslexia, as 

younger children with dyslexia had lower FA values within this tract in comparison to controls. 

Also, tracts terminating in left inferior frontal gyrus had higher radial diffusivity in younger 

children with dyslexia than typical readers. However, it is important to note that this study 

limited its cerebellar seed region to left and right anterior cerebellum, which are sub-regions 

known to be associated with motor function (Buckner et al., 2011; Guell et al., 2018; Kelly & 

Strick, 2003; C. J. Stoodley et al., 2012; C. Stoodley & Schmahmann, 2009). Although there is 

evidence that individual with dyslexia have structural cerebellar differences, we did not test for 

structural differences in the present study. Therefore, a future direction would be to test whether 
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reduced cerebellar gray matter volume is present in our groups with dyslexia compared to 

controls, to better assess the relationship between structural evidence from the literature and the 

functional findings of the present study. 

 

Although there are multiple examples for structural cerebellar differences in dyslexia, the 

functional activation literature is less robust. Some studies have reported altered cerebellar 

activation in dyslexia in comparison to controls. For example, a meta-analysis found greater 

cerebellar activation within lobule VI during reading-related tasks in those with dyslexia 

(combined adults and children). Of note, this sub-region of altered activation also overlapped 

with neuroanatomical differences, namely reduced gray matter volume (Linkersdörfer et al., 

2012). Yet, it is important to note that when the adult and children groups are separated, the 

dyslexic children did not have altered cerebellar activation in comparison to controls. Also, it is 

important to note that two meta-analyses did not find a difference between those with and 

without dyslexia in the convergence of cerebellar activation during reading-related tasks (Maisog 

et al., 2008; Richlan et al., 2011).  (For a more in-depth review of functional activation studies, 

please refer to Chapter 3 Discussion.) With respect to the results of the present study, we did not 

find cerebellar activation in typically reading children during single word processing when 

contrasted with an active control (RW>FF). Moreover, we found no functional differences in 

children with RD (Chapter 3) or children with RD and co-occurring MD (Chapter 4) in 

comparison to controls during single word processing. Thus, our results are largely consistent 

with the results of the meta-analyses (Linkersdörfer et al., 2012; Maisog et al., 2008; Richlan et 

al., 2011).   
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Furthermore, although it was not the focal point of the article, a recent research study 

conducted a functional activation multi-domain task battery on the cerebellum which consisted 

of 26 tasks and 47 conditions (King et al., 2019). The battery included a verb generation task, 

which included verb generation and word reading conditions.  The reading condition required a 

covert response (reading) to visually presented stimulus and activated right cerebellar crus I and 

right crus II. The battery also included an arithmetic task, which included a math and digit 

judgement conditions. For the math condition, participants indicated whether simple 

multiplication equations were correct or incorrect. This condition produced cerebellar activation 

in left crus I extending into lobule VI, left crus II extending into lobule VIIb, right crus I 

extending into lobule VI and right crus II extending into lobule VIIb. However, it is important to 

note that these activation findings were produced in adults and that they were not contrasted with 

an active control. As we make the case in Chapter 3, activation against a simple baseline rather 

than an active control task makes the interpretation of the results difficult, as we cannot be 

certain that the activation is directly attributed to the reading (or math task, for Chapter 4).  

 

The cerebellar deficit hypothesis would argue that the cerebellum influences reading 

through its connection with cortical regions involved in phonological processing (Roderick I. 

Nicolson et al., 2001), such as inferior frontal gyrus.  Therefore, it is also important to consider 

studies of functional connectivity. In terms of cerebellar connectivity, several studies have linked 

the cerebellum to non-motor networks (Alvarez & Fiez, 2018; Buckner et al., 2011; Guell et al., 

2018; Riedel et al., 2015). Across the three data chapters, we find background (intrinsic) FC to 

cortical regions involved in reading within each group of interest: typically reading adults, as 

well as typically reading children, children with RD, and children with RDMD. With regards to 

Chapter 2, in adults we found that crus I and crus II had positive FC with left angular gyrus, left 
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supramarginal gyrus, left superior temporal gyrus, and left inferior frontal gyri. Children had 

cerebellar FC, specifically bilateral lobule VI and crus I, with left occipital temporal cortex. 

Likewise, in Chapter 3 crus I and II in RD children had positive FC with multiple cortical target 

regions of interest. Also, in Chapter 4, in RDMD children lobule VI and crus I had positive FC 

with multiple cortical target regions of interest. Across the three groups, we find cerebellar FC of 

crus I and II with multiple regions of the reading network, which has been indirectly reflected in 

other connectivity studies. For example, a meta-analysis of co-activation of cerebellum with 

cortical activation patterns found in a cluster containing bilateral crus I and crus II as well as left 

lobule VIIb, was significantly associated with language functions and cognition such as 

phonology, semantics, and speech (Riedel et al., 2015). Another resting FC study relates bilateral 

crus I and crus II with cortical language network (Guell et al., 2018). Lastly, a reverse inference 

analysis relates right crus II/lobule VIIb to inferior parietal lobule as well as inferior frontal 

regions (Alvarez & Fiez, 2018). Thus, overall our findings are supported by the resting state FC 

literature and provide further support that the cerebellum is highly connected with cortical 

networks, particularly those related to language processing. 

 

Some evidence has challenged the cerebellar deficit hypothesis and has suggested that 

differences in the cerebellum are a consequence of another brain abnormality (Zeffiro & Eden, 

2001). In this instance, the cerebellar dysfunction would solely be a consequence of cortical 

dysfunction. Furthermore, some researchers oppose the cerebellum’s involvement in higher 

cognitive function altogether and propose that its activation during functional tasks, particularly 

those that are reading-related, is due to the involvement of saccadic eye-movements needed for 

efficient reading, and the cerebellum’s anatomical connections to frontal eye fields (Mitchell 

Glickstein & Doron, 2008). Overall, when considering the studies from the behavioral, 
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structural, and functional literatures, behavioral differences in dyslexia relative to cerebellar-

related functions exist; however, these are not present in the majority of individuals with 

dyslexia. Some, but not all studies, report structural differences when comparing dyslexics and 

controls. Also, there are few functional studies that have found altered cerebellar activation. 

Neither structural nor functional differences emerge from meta-analyses conducted in children 

with and without dyslexia. Moreover, the present study does not find differences in functional 

activation during single word processing when comparing typically reading and RD children 

(Chapter 3) or typically reading and RDMD children (Chapter 4). While these findings do not 

negate sensory and motor deficits observed in dyslexia, one explanation could be that these 

deficits are components of sub-types of dyslexia (Norton et al., 2014). Therefore, future 

functional neuroimaging studies could benefit from including behavioral measures of cerebellar 

function and comparing those with and without behavioral cerebellar deficits.  

 
Experimental Design 

All three studies make use of the same control group of children, employ similar analyses 

and use the “implicit reading task”. This task is uses single real words and the participants have 

to make a visual discrimination (is there a tall feature or not); the resultant activity elicited is 

compared to that from an active control task which involves the same decision (is there a tall 

feature or not), this time in response to false font words (pseudofont words). The task relative to 

its active control condition was designed to broadly activate areas involved in orthographic, 

semantic, and phonological processing (C. J. Price, Wise, & Frackowiak, 1996), while matching 

both task for sensorimotor and decision making components. In the face of our negative findings 

in all three studies (no between group differences), it behooves us to consider whether the 
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implicit reading task is the same as other tasks of reading employed in the field, in that it engages 

regions sub-serving reading in typically reading children and adults as reported in the literature.  

 

Indeed, prior publications from our lab that use this implicit reading task in typically 

reading children have reported activation in areas known to be involved in reading such as left 

superior temporal cortex (Turkeltaub et al., 2003), left inferior frontal and fusiform gyri (O. A. 

Olulade et al., 2015), and left superior temporal and inferior frontal cortices (Evans et al., 2016). 

Some of these regions are involved in phonological processing (considered to be impaired in 

dyslexia, even for the cerebellar deficit hypothesis). These studies were conducted to compare 

typically reading children and adults (Turkeltaub et al., 2003; O. A. Olulade et al., 2015), as well 

as to compare children with and without dyslexia. (O. A. Olulade et al., 2015).  For the latter we 

reported differences in left fusiform gyrus, left insula, right lingual gyrus, and right superior 

temporal gyrus (O. A. Olulade et al., 2015). Another study outside of our laboratory reported 

differences between adults with and without dyslexia using this implicit reading task: Brunswick 

et al., (1999) found less activation in adults with dyslexia in comparison to adult controls in left 

inferior/middle temporal, left frontal operculum/anterior insula, and bilateral cerebellum (a sub-

region that is most likely lobule VI) when combining data from studies using either an explicit or 

the implicit word reading tasks. When looking at each task separately, less activation was found 

in the dyslexic group during explicit word reading (reading aloud) in left cerebellum, medial 

extrastriate/lingual gyrus, basal temporal, caudate/thalamus, and premotor area. Importantly, 

during implicit word reading (similar to our task) less activation was found in the dyslexic group 

in left posterior basal temporal region bordering the cerebellum, left inferior temporal, left 

middle temporal, and left inferior parietal areas. These studies demonstrate that this task can be 
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used to differentiate the two groups. In fact, Brunswick et al., (1999) specifically noted that the 

within-group activation patterns, as well as between-group differences were similar regardless of 

whether the explicit or implicit reading task was used. These prior studies should mitigate any 

concerns that the implicit task is so different from an explicit reading task that it is the reason for 

the null results found in our study of the cerebellum. 

 

However, it has to be noted that in one study from our lab involving typically reading 

adults (Olumide A. Olulade et al., 2013), the implicit reading task for real words (RW) 

contrasted to False Fonts (FF) resulted in few regions of activity, although other studies in adults 

resulted in activity (Brignoni-Perez et al., 2020; Jamal et al., 2012). However, the contrast 

between RW and Fixation, resulted in activity in perisylvian cortex in the left hemisphere 

associated with reading (O. A. Olulade et al., 2015). In fact, the resulting map is similar to that 

published for the meta-analysis of 20 reading studies in adults using a low-level baseline 

condition (Martin et al., 2015). Since our investigation in Chapter 2 used the contrast of RW 

versus Fixation to be consistent with the meta-analysis report by Martin et al., 2015 (which 

included studies of reading or reading-related tasks compared to a low-level baseline condition), 

we are not concerned about this potential limitation.  

Chapters 3 and 4 focus on children and all prior studies from the laboratory 

involving a contrast of real words (RW) to False Fonts (FF) in children resulted in 

activation in areas associated with reading (Evans et al., 2016; Turkeltaub et al., 2002, 

2003). To confirm this held true for this specific group of children (serving as the control 

group for both the RD and the RDMD groups), a whole-brain analysis was performed using 

standard methods and threshold and revealed the expected activations: RW versus Fix 
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resulted in activation in left supplementary motor area, superior parietal lobule, as well 

as right angular gyrus, right crus I, and vermis IV/V; RW versus FF resulted in 

activation in left middle temporal gyrus, precuneus, and precentral gyrus as well as right 

lingual, right rolandic operculum, and caudate. The children with RD in Chapter 3, 

similar to the published literature had the following: for RW versus Fix, activity in left 

supplementary motor area, middle occipital gyrus, insula, as well as right precentral 

gyrus; for RW versus FF activity in left cuneus. When comparing the two groups we 

found more activity in the Control compared to the RD group as follows: RW versus Fix 

in left inferior frontal orbitalis, inferior parietal, and fusiform as well as right fusiform 

gyrus; RW versus FF in left superior temporal gyrus and paracentral lobule. Overall, 

these important ad hoc analyses demonstrate that the implicit reading task when compared 

to the active control condition (False Fonts), does elicit functional activation in cortex for 

typically reading children and identifies relatively less activity in the RD group in left 

superior temporal gyrus. This is consistent with a prior meta-analysis of studies of reading 

comparing those with and without dyslexia (Maisog et al., 2008) 

 Since we had no activation in the cerebellum for the arithmetic processing task, one may 

wonder whether a whole brain analysis in the Control group would reveal activity in the 

expected cortical regions. A prior study from our laboratory combining both adults and children 

reported activation for the subtraction condition in left cerebellum, right supramarginal gyrus, 

right inferior frontal gyrus, left angular gyrus, and left medial frontal gyrus; and activation for 

the addition condition in right middle frontal gyrus, left inferior frontal gyrus, and left 

supplementary motor area (Evans et al., 2016). In another report (Evans, Flowers, Napoliello, 

Olulade, et al., 2014) the same tasks also revealed a main effect for activity by group (children 
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with and without RD) as well as an interaction between group and task (addition versus 

subtraction). When we performed a whole brain functional activation analysis for the two 

arithmetic tasks combined relative to the active control, we find no significant activation in 

math-related cortical regions, nor differences between the Control and RDMD groups reported in 

Chapter 4. However, for whole brain analysis for arithmetic > fixation, we found activation in 

left inferior frontal gyrus pars opercularis, supplementary motor area, post central gyrus, middle 

temporal gyrus, thalamus, and cerebellum (lobule VI), as well as right post central gyrus in the 

Control group.  Also, the RDMD group had activation in left inferior frontal gyrus pars 

triangularis, left inferior parietal lobule, as well as right calcarine sulcus and putamen. However, 

there were no differences in activation differences between the two groups. Considering that this 

task has been used previously and has yielded activation in cortical math-related regions (Evans 

et al., 2016; Evans, Flowers, Napoliello, Olulade, et al., 2014), it is likely that the null results for 

arithmetic > activate control condition are due to the small sample size (Controls n= 15, RDMD 

N=14). As such Study 2 in Chapter 4 should be considered somewhat preliminary. This means 

that while we cannot interpret the results in Study 2 on arithmetic with certainty, Study 1 

nevertheless substantiates our main claim, which is that during the word processing task we do 

not see differences between children with RDMD and the Control group, even though the 

RDMD group represents a more complex type of dyslexia, one where we might have expected 

more aberration in brain function. 

 

Methodological Considerations of Data Analyses 

Researchers have questioned the reliability of resting state functional connectivity within 

the cerebellum in comparison to the cortex (Marek et al., 2018).  Given that the cerebellum has 
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almost four times as many neurons as cortex and the complex folding of the folia, are methods 

that are typically applied to the cortex suitable in their application to the cerebellum? A study 

that directly addresses this question finds several differences (Marek et al., 2018).  First, results 

suggest that standard data quantities used for resting-state connectivity is not sufficient to 

provide estimates of individual cerebellar resting state FC. Second, the study recommends 90 

minutes of high-quality data to achieve respectable reliability. Third, individual variability of 

network organization was greater in the cerebellum than in cortex. Lastly, there were deviations 

across individuals from group averaged data relative to the specific positioning and quantity of 

cerebellar real estate for each network. Although other studies have published FC studies outside 

of these parameters (Fair, Schlaggar, et al., 2007; Norman-Haignere et al., 2012), a future goal 

would be to reproduce the study using resting-state, rather than background FC, and with much 

longer runs. Although 90 minutes does not seem to be a reasonable amount of time when 

considering the practical aspects of scanning children. 

 

 The cerebellum has 10 sub-regions, known as lobules (Roostaei et al., 2014) and contains 

approximately 80% of the brain neurons (Herculano-Houzel, 2009).  Each lobule is relatively 

large in comparison to anatomical distinctions that are generally made in cortical regions. 

Therefore, there are a substantial number of neurons within any given single lobule. Due to this, 

cerebellum researchers have advocated for the use of smaller regions of interest in the 

cerebellum.  Additionally, King et al., (2019) suggests that performing region of interest analyses 

with entire cerebellar lobules may be inadequate since functional regions do not follow 

anatomical boundaries within the cerebellum.  With respect to the present dissertation, this 

would most impact the functional connectivity analyses which used an anatomical representation 
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of cerebellar lobules as seed regions. Although the functional activation analyses for the eight 

cerebellar sub-regions used the same anatomically defined regions, this analysis uses a small 

volume correction which is a voxel-wise analysis that is statically adjusted for the size of the 

ROI. In contrast, the functional connectivity analyses average the time course across the entire 

ROI.  Based on the analyses by King et al., (2019) averaging the time course across such a large 

anatomical region would encompass the time course(s) of multiple functional sub-regions, which 

may obscure the results. Therefore, we used the data from Study 1 in Chapter 4 to determine 

whether using smaller cerebellar seed regions would affect the results in background and task-

modulated connectivity of the within- or between-group results in the Control and RDMD 

groups. To define the new cerebellar seed regions, we used the contrast maps from the Multi-

Battery Task Domain to identify coordinates with activation during the word reading task and 

created three spheres with a 10mm diameter (King et al., 2019). However, for the math 

processing task, we did not run the study of arithmetic (Study 2) due to the small sample size. 

The reading spheres included right crus II (28 -81 -45), right crus II extending into crus I (36 -73 

-41), and left crus I (-46 -72 -41). All coordinates are MNI.  For background FC in the RDMD 

group we found that left crus I had positive FC with posterior superior temporal gyrus, a 

functional connection that was not revealed in the original analysis. When comparing Controls to 

the RDMD group we found a significant difference in background FC such that the RDMD 

group had greater positive FC between left crus I and left posterior superior temporal gyrus in 

comparison to Controls, another finding that was not revealed by the original analysis. In fact, 

the original analysis found no differences between Control and RDMD groups. Moreover, there 

were no within- nor between-group results for FC modulated by the arithmetic task. These 

additional results can be used to emphasize the importance of cerebellar location, even within a 
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given lobule. As King et al., (2019) demonstrates, multiple functions can be localized within any 

given anatomical sub-region of the cerebellum. Thereby defining cerebellar seeds for FC based 

on anatomical lobules may mask underlying results that could be revealed with smaller seed 

regions, as demonstrated with our exploratory analyses. Thus, it would behoove future research 

to select smaller (and potentially functionally defined) seed regions within the cerebellum. 

 
The Role of Other Potentially Influential Cognitive Variables  

Developmental disorders are heterogenous.  For example, approximately half of 

individuals with RD have an additional behavioral and/or emotional disorder (Goldston et al., 

2007; Maughan et al., 2003; E. G. Willcutt & Pennington, 2000). Also, roughly half of children 

with RD have a math disability and it has been shown that poor working memory skills are 

common to RD and MD (Willcutt et al, 2013).  Some have described RD with or without deficits 

in rapid naming (Wolf et al., 2000; Wolf & Bowers, 1999). The double deficit theory for 

dyslexia states that the most severe form of reading impairment (and most difficult to treat) 

arises from having both  phonological awareness and rapid naming deficits (Wolf & Bowers, 

1999).  A functional neuroimaging study has focused on these two deficits in children with 

dyslexia and  found a significant rapid naming gradient effect in right cerebellar lobule VI 

(Norton et al., 2014). This study also showed that right lobule VI has FC with bilateral occipital 

cortices as well as dorsolateral prefrontal cortex during task. However, other studies have 

focused on other subtypes (Morris et al., 1998). As such there are a range of variables that might 

play a role and that could modulate the result of our studies. To address some of these 

contributing factors, we have conducted a series of post hoc analyses to determine whether 

ADHD, working memory, rapid naming, or age influenced our present findings.  
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First, we addressed ADHD in the present set of studies and found that the scores on an 

ADHD assessment test, the Conners’ Parent Rating Scale (Conners, 2008), were not significantly 

different when comparing Controls with RD or with RDMD children. This was somewhat 

surprising given that ADHD has been found to be comorbid with both RD and MD. 

Approximately 10-40% of individuals with RD (Rucklidge & Tannock, 2002; Trzesniewski et 

al., 2006; E. G. Willcutt & Pennington, 2000) and 12-36% of those with MD also have ADHD. 

Moreover, this is an important issue to address because there is consistent evidence linking 

ADHD with cerebellar functions (Kieling et al., 2008). With respect to Chapter 4, controlling 

for ADHD score as a covariate of no interest did not change either the functional activation or 

the functional connectivity results for either single word or arithmetic processing, i.e. we still 

found no between-group differences. Therefore, it is unlikely that the presence of children with 

ADHD attributed to our findings.  

 

Second, research has shown that working memory can activate a wide range of cerebellar 

regions including right and left Crus I, left and right lobule VI, right lobule VIIB, right crus II, 

left crus II, and lobule VIIb (Guell et al., 2018). As such, we investigated working memory using 

Digit Span (we did not have a spatial working memory test in our testing battery). The Control 

and RDMD groups did significantly differ on this measure. Specifically, the Control group 

scored an average of 104.7 (± 16.2), while the RDMD group had an average score of 90.1 (± 

89.3). This is not surprising given that RD and MD are known to perform relatively poorly on 

this task (Erik G. Willcutt et al., 2013) , even if they are matched on Performance IQ. However, 

used Digit Span as a covariate of no interest, we still found no between-group differences in 

either cerebellar activation or connectivity during single word or arithmetic processing. Working 
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memory overlaps in left supramarginal gyrus and left intraparietal sulcus with arithmetic tasks 

(Metcalfe et al., 2013). Of note, the original result of task-modulated FC between right lobule VI 

and left intraparietal sulcus that is greater in the RDMD than in control group still stands.  

Therefore, one might be concerned that this result was due to working memory functions rather 

than arithmetic; however, that is alleviated by this post hoc analysis.  

 

Third, we tested the presence of rapid naming.  This is thought to be one of the major 

deficits of reading disabilities (Wolf et al., 2000; Wolf & Bowers, 1999) and thereby can be 

considered a potential source for heterogeneity within our sample. We used Rapid Automatized 

Naming (RAN) score as our measure. In the current study, controls had an average standardized 

score of 111.1 (±15.2) and RDMD had an average standardized score of 83.8 (± 8.3), which did 

significantly differ between the two groups.  However, when we use RAN as a covariate of no 

interest, again we find no change in the within- nor between-group for either functional 

activation or connectivity results for single word or arithmetic processing. Thus, heterogeneity of 

rapid naming skill is not likely a contributor to the present results. 

 

Finally, we consider whether the age range of our participants had an impact on the 

results. We know that the age did not significantly differ for with Study 1 or Study 2.  However, 

for Study 1, the Control group had ranged in age from 7.2 to 13.4, while the RDMD group 

ranged in age from 7.8 to 12.7.  Also, for Study 2, the Control group ranged in age from 6.8 to 

12.8 and the RDMD group ranged from 9.4 to 12.7 years old. If we control for age as a covariate 

of no interest for the functional activation analyses, we found still found no significant within- 

nor between-group differences in activation during single word or arithmetic processing. 

Likewise, when controlling for age during the arithmetic task-modulated analysis, we found no 
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significant results for either within- nor between-group when testing the cerebellar seed regions. 

Therefore, the age range of our participants is not a likely contributor to our results. 

 

Interpreting Null Results 

For all studies presented in this thesis, there were no differences in either functional activation or 

task-modulated connectivity when comparing typically reading children with (i) adults (Chapter 

2), (ii) RD children (Chapter 3), or (iii) RDMD children (Chapter 4). These outcomes are not 

entirely surprising given that the framework for the cerebellar deficit hypothesis is considered to 

be controversial (Vellutino et al., 2004; Zeffiro & Eden, 2001). Nevertheless, our results raise the 

question whether absence of evidence is truly evidence of absence. Our comparisons rely on the 

framework of null-hypothesis significance testing (Fisher, 1925) where assessments of the null 

hypothesis are based on the p-value. In this statistical framework, we can either reject the null 

hypothesis which demarks a significant difference between two groups or we can fail to reject 

the null which indicates no significant difference. The latter is the case across our three studies 

when testing for between-group differences in cerebellar activity and task-modulated functional 

connectivity (Chapter 2-4). Due to the nature of the null-hypothesis significance test, failing to 

reject the null cannot directly be used to support the absence of a difference for the group 

comparisons because this statistical framework was built to provide support against a null 

hypothesis.  Therefore, we can only responsibly state that our results do not lend support for the 

cerebellar deficit hypothesis of dyslexia. As such we never state that our results are proof that the 

cerebellar deficit hypothesis of dyslexia is wrong.  To make a stronger claim we would need to 

perform further analyses, such as Bayes or examine effect size, to state the degree of certainty 

that the null result can be supported. The publication of null results, together with careful 
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consideration for any experimental limitations, are important for counteracting publication bias, 

the phenomena where positive findings are published over negative ones. 

 

 Aside from statistical limitations, it is also important to consider the impact of the 

experimental design when encountering null findings, namely the age of the participant sample 

and the task (implicit reading). When considering whether the age group of the participants 

(children) could be the reason for our null results, it is important to note that we chose to study 

children with reading disabilities because studies on adults cannot account for the effects of the 

lifelong experience of having dyslexia would have on the brain.  Therefore, studying children 

would avoid potential compensatory effects that could have developed over time. The null 

finding could also be explained by the implicit reading task, if the task is not optimal for eliciting 

activation from brain regions involved in reading.  However, previously published studies in 

typical readers that use this same task have found activation within cortical regions within the 

reading network, including superior temporal cortex (Turkeltaub et al., 2003) and left inferior 

frontal gyrus (O. A. Olulade et al., 2015). Also, the implicit reading task has been used to yield 

between-group differences in cortical regions when comparing children with and without 

dyslexia (O. A. Olulade et al., 2015). Specifically, this study reported that children with dyslexia 

had reduced activation in left fusiform gyrus, left insula, right lingual gyrus, and right superior 

temporal gyrus (O. A. Olulade et al., 2015). Finally, it is important to note that we had a null 

finding for the study involving children with RD as well as the study involving children with 

RDMD, which is a more complex form of learning disability. As such our two studies came up 

with consistent negative results.  
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Although we have discussed elements that may be specific to our research program, we 

must also consider these null findings in the context of the existing literature. With regards to the 

literature suggesting cerebellar involvement in reading, as described in Chapter 2, the meta-

analysis by Martin and colleagues (2015) found a convergence of cerebellar activation during 

reading-related tasks in adults but not in children. In total, 15 of the 20 adult studies showed 

cerebellar activation, while only 6 of the 20 children studies showed cerebellar activation when a 

reading task was compared to a low-level baseline task (rest or fixating). As such the literature 

does suggest that there is more evidence to support no cerebellar activation in children during 

reading when using a low-level baseline, which is inconsistent with our results in our own typical 

reading children in Chapters 2-4. On the other hand the literature does suggest that the majority 

of studies that speak for cerebellar activation in adults during reading when compared to a low-

level baseline, which is consistent with our results in our adults in Chapters 2. These 

inconsistencies in the children findings may have to do with variability of activation location 

which may result in a null finding for the meta-analysis, while we observed activation (relative to 

baseline). However, an important aspect is the low-level baseline condition used for the meta-

analyses by Martin and colleagues. The use of a low-level fixation condition raises the question 

whether the activity can unequivocally be attributed to reading rather than other aspects of the 

task. Indeed, when we use the active baseline condition instead of fixation as a contrast, there is 

no activity associated with word processing in our group of children (who also serve as the 

control group) or the adults.  

 

As for published studies comparing groups with and without reading disability (relevant 

to Chapter 3 & 4), only three find a between-group difference. One of these is a study in 
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children (using alphabetic languages) and shows less activation in the cerebellum (Hu et al., 

2010), but this study used a fixation comparison condition (as well as very lenient statistics). 

Two studies in adults reported less activity in the cerebellum in the group with dyslexia used an 

implicit (as well as an explicit) word processing task (Brunswick, et al., 1999) in comparison to 

eyes closed, and the other used a silent reading task in comparison to false font string 

observation (Simona Maria Brambati et al., 2006). There is also a fourth study, but this was 

performed in a non-alphabetic language: a study of Chinese readers found reduced cerebellar 

activation as well as task-modulated FC in children with dyslexia (Feng et al., 2017). When 

considering the large corpus of studies conducted in dyslexia, there are very few studies 

demonstrating cerebellar activation differences in dyslexia. As such our null findings and our 

lack of evidence for the cerebellar deficit hypothesis should not be considered to be surprising. 

 

Lastly, while this thesis focused specifically on the cerebellar deficit hypothesis 

(Roderick I. Nicolson et al., 2001), it cannot be ruled out that the cerebellum is affected by 

dyslexia in ways outside of the parameters of this hypothesis. In this instance, cerebellar function 

would need to be studied in tasks other than the one employed in this dissertation. Here we 

consider this option, while noting that in the context of dyslexia, the connections are 

hypothetical. From the perspective of motor function, the cerebellum is thought to support 

implicit or procedural skill learning through internal models of behavior, which include error-

driven modifications to adjust motor movements (Manto et al., 2012). Therefore, a theory has 

been that the cerebellum applies a similar computation to all of cortex, with the purpose of 

providing feedback for various forms of learning (Courchesne & Allen, 1997; Manto et al., 

2012). In this way, a proposed function of the cerebellum is that it may serve as a learning 
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machine to support adaptive plasticity to optimize cognitive function (Courchesne & Allen, 

1997; Leiner et al., 1989). In accordance with this theory, the cerebellum is activate during tasks 

that elicit error (Moberget et al., 2014), require learning (Roderick I. Nicolson et al., 1999), and 

have high demands of cognitive maintenance. These aspects were not the focus of our studies 

and would not have been captured by our implicit reading task, which was created to target 

reading while eliciting minimal error and cognitive maintenance so that children could efficiently 

and reliably perform the in-scanner task regardless of reading ability. While our study was 

focused on children, future studies may want to focus on younger children who are beginning 

readers or use a reading task that requires learning and/or induces errors. This would provide 

another way to test the role of the cerebellum in reading and reading disability, this time from the 

perspective of the cerebellum’s role in other (supportive) cognitive functions which may (or may 

not) be intertwined with reading.   

 
 
Summary and Future Directions 

The purpose of this dissertation was to clarify the cerebellum’s potential involvement in reading 

in typical readers as well as RD (developmental dyslexia) and RD with co-occurring MD 

(dyscalculia). Our findings suggest that the cerebellum does not differ in activity during single 

word processing when comparing children and adults; but we did find more positive intrinsic FC 

between right cerebellar seeds and cortical regions known to be involved in reading for adults 

when compared to children. Next, we found no differences in activation in children with RD, or 

children with RDMD during single word processing when each were compared to typically 

reading children. However, our study shows that RD children have hyper-connectivity of right 

cerebellum (right crus I) with cortical reading regions; yet there were no differences is task-
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modulated FC. Overall, these results do not support the cerebellar deficit hypothesis.  However, 

there are several future directions that would continue to enrich the field and our understanding 

of the cerebellum. First, it would behoove future studies to include behavioral measures of 

cerebellar tasks and anatomical MRI measures to assess GMV. Second, future studies should 

examine functional connectivity using true resting-state scans and with longer runs to acquire 

more data points. Third, and also relevant to functional connectivity findings, these should use 

smaller cerebellar seed regions based on functional findings, as this may lead to the identification 

of additional functional connections, as demonstrated by the ad hoc analyses for Chapter 4. 

These future directions would be crucial to consider in both children within typically reading as 

well as those with reading disabilities.  
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