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CEREBELLUM AND READING DEVELOPMENT 2 

 

Highlights 

 

 Current literature offers compelling evidence of cerebellar engagement in reading. 

 Meta-analytic approach identified a cerebro-cerebellar dorsal and ventral circuit. 

 Circuits characterized by specific attributes associated with reading development. 

 Cerebellum indirectly supports the development of fluent visual word recognition. 

 

 

 

 

 

Abstract 

 

The dominant neural models of typical and atypical reading focus on the cerebral cortex. 

However, Nicolson and colleagues (2001) proposed a model, the cerebellar deficit hypothesis, in 

which the cerebellum plays an important role in reading. To evaluate the evidence in support of 

this model, we qualitatively review the current literature and employ meta-analytic tools 

examining patterns of functional connectivity between the cerebellum and the cerebral reading 

network. We find evidence for a phonological circuit with connectivity between the cerebellum 

and a dorsal fronto-parietal pathway, and a semantic circuit with cerebellar connectivity to a 

ventral fronto-temporal pathway. Furthermore, both cerebral pathways have functional 

connections with the mid-fusiform gyrus, a region implicated in orthographic processing. 

Consideration of these circuits within the context of the current literature suggests the cerebellum 

is positioned to influence both phonological and word-based decoding procedures for 

recognizing unfamiliar printed words. Overall, multiple lines of research provide support for the 
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CEREBELLUM AND READING DEVELOPMENT 3 

cerebellar deficit hypothesis, while also highlighting the need for further research to test 

mechanistic hypotheses. 

Keywords: cerebellar deficit hypothesis, reading development, network, decoding, 

phonological, semantic 

 

 The predominant theories of developmental dyslexia view the underlying disorder as 

arising from dysfunction in the cerebral cortex (for review see Richlan, 2012). Similarly, efforts 

to understand the neural basis of reading development have focused largely upon the cerebral 

cortex. Central to the current review is the recognition that the predominant theories of dyslexia 

do not capture the full behavioral phenotype associated with dyslexia (Nicolson and Fawcett, 

1990; Tallal, 1980). This has motivated continued consideration of alternative perspectives on 

the neural substrates of developmental dyslexia and reading. The current review evaluates one 

such alternative theory, the “cerebellar deficit hypothesis” proposed by Nicolson and colleagues 

(2001). Specifically, this review addresses three major questions: 1) Does a qualitative review of 

the literature provide compelling evidence linking abnormalities in the cerebellum with atypical 

reading development? 2) Is there meta-analytic evidence of functional connectivity between the 

cerebellum and cerebral regions involved in reading? 3) If so, does the pattern of functional 

connectivity yield insights into cerebellar involvement in reading development and dyslexia?  

 

1. Current literature and open questions  

 1.1. The cerebellar deficit hypothesis. For decades, the predominant theories of 

developmental dyslexia have emphasized an underlying deficit in phonological (Liberman, 1973; 

Stanovich, 1988) and visual processing (Lovegrove et al., 1980; Stein, 1991), with a presumed 
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locus of dysfunction in the cerebral cortex (Richlan, 2012). At the same time, there have been 

individuals who have raised questions about the completeness of this account. As one example, 

Nicholson and Fawcett (1995, 1990) proposed a cerebellar role that contributes to the acquisition 

and automatisation of reading procedures. Their alternative theory arose out of a series of 

investigations examining reading performance and motor skills in children with and without 

dyslexia. Importantly, in addition to reading impairments, they found that many of the children 

with dyslexia also exhibited behavioral impairments in sensorimotor function, such as poor 

balance and coordination, and slowed information processing (Nicolson et al., 1999; Nicolson 

and Fawcett, 1995, 1990). This observed pattern led Nicolson and colleagues (2001) to propose 

the “cerebellar deficit hypothesis” as an alternative account of developmental dyslexia.  

 The “cerebellar deficit hypothesis” (Nicolson et al., 2001) proposes that the cerebellum 

contributes to reading skills via two indirect processes: articulatory/phonological ability and skill 

automatisation. In the model, impairments of articulatory fluency lead to difficulties in engaging 

speech processes that contribute to reading development. This aspect of the model is consistent 

with the reviewed evidence that the cerebellum contributes to articulatory motor control (Marvel 

and Desmond, 2010), and that speech-based processes contribute to reading and phonological 

representation (Baddeley, 2003; Hickok and Poeppel, 2000). Importantly, Nicolson and 

colleagues’ consideration of skill automatisation draws a parallel beyond the reading and 

language literature, to theories of sensorimotor learning in which cerebellar error detection 

mechanisms help to establish automatic and accurate motoric actions (Llinas et al., 1973; Marr, 

1969). Nicholson and colleagues reasoned that if this cerebellar procedural learning system was 

impaired, it could similarly lead to disadvantages in the automatic recognition of printed words.  

 The idea that reading development involves procedural learning systems has gained some 
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traction in the literature. This has come through studies that have compared the procedural 

learning of individuals with or without dyslexia.  One widely used task, the serial recall task 

(Nissen and Bullemer, 1987), measures unintentional motor learning by testing participants’ 

uninstructed improvements in accuracy and reaction time in response to a stimulus presented in a 

repeating sequence or a random order. A second widely used task, the artificial grammar learning 

paradigm (Reber, 1967), measures unintentional language learning by testing participants’ ability 

to learn the compositional structure of verbal or visual pattern sequences (i.e., grammatically 

legal versus illegal strings) without ever being explicitly informed about the rules of the 

grammar. The collective results are mixed for both tasks (for review, see Schmalz et al., 2017), 

with several studies reporting significant differences between individuals with or without 

dyslexia (e.g., Pavlidou et al., 2010; Pothos and Kirk, 2004; Stoodley et al., 2006; Vicari et al., 

2005, 2003), and others reporting equivalent learning effects (e.g., Kelly et al., 2002; Laasonen 

et al., 2014; Nigro et al., 2016; Roodenrys and Dunn, 2008; Rüsseler et al., 2006; Waber et al., 

2003). Overall, there is at least suggestive evidence that individuals with dyslexia have general 

difficulty with procedural learning tasks, as predicted by the cerebellar deficit hypothesis.  

In summary, an important strength of Nicolson and colleagues' (2001) theoretical 

framework is that it integrates ideas about cerebellar contributions to articulation and learning 

with cerebral systems implicated in reading and reading development. However, the authors 

concluded that the cerebellar deficit hypothesis remained in need of neuroanatomical evidence to 

directly link developmental dyslexia to the cerebellum (Nicolson and Fawcett, 2005). Below, we 

consider the available evidence to date and where there is a need for further research.  

 1.2. Neuroimaging evidence for a link between the cerebellum and dyslexia. 

Neuroimaging offers several approaches that can be used to test for links between the cerebellum 
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and dyslexia. One approach is to search for evidence of aberrant functional engagement of the 

cerebellum during reading or reading-related tasks (e.g., implicit learning, lexical-decision) in 

individuals with or without dyslexia. This approach has yielded conflicting evidence. 

Specifically, functional neuroimaging investigations comparing individuals with or without 

dyslexia report both the absence (e.g., Cao et al., 2006; Georgiewa et al., 1999) and presence 

(e.g., Feng et al., 2017; Kronschnabel et al., 2013; Menghini et al., 2006; Yang et al., 2013) of 

aberrant cerebellar activation. In fact, the few meta-analytic studies of dyslexic versus normal 

reading do not report significant group differences within the cerebellum (Pollack et al., 2015; 

Richlan, 2012; Richlan et al., 2009). To this point, Richlan and colleagues (2009) note that the 

majority of reading studies do not provide coverage of the cerebellum, and therefore null results 

could be a sampling problem. Overall, comparisons of functional activation between individuals 

with or without dyslexia have not provided consistent information to merit a solid conclusion.  

 A second approach is to probe for links between neural tissue abnormalities within the 

cerebellum and reading ability (Eckert, 2004). A recent meta-analysis examined differences in 

cerebellar cortical volume between controls and individuals with three developmental disorders: 

autism spectrum disorder, attention deficit hyperactivity disorder, and dyslexia (Stoodley, 2014). 

This analysis revealed anatomic cerebellar sub-regions in which volumetric differences were 

specifically associated with only one of the developmental disorders. Notably, reduced cerebellar 

grey matter was found in clusters within bilateral lobule VI and right Crus2 that were specific to 

dyslexia. Partially convergent evidence for a link between cerebellar tissue abnormalities and 

reading comes from a study that examined the reading abilities of adults with acquired damage to 

the cerebellum (lesion group), as compared to a group of matched controls (Ben-Yehudah and 

Fiez, 2008). The authors did not find significant differences in reading ability between the lesion 
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and control group. However, they did find that the lesion group performed more poorly on a 

rhyme judgment and a verbal working memory task. They concluded that cerebellar dysfunction 

might create a deficiency in phonological or articulatory monitoring, which could in turn impact 

reading development if it occurred in childhood.  

 Finally, a third approach is to test for differences in cerebro-cerebellar functional and 

structural connectivity in individuals with or without dyslexia. Stanberry and colleagues (2006) 

examined functional connectivity between these groups during a reading-related task (phoneme-

mapping). While both groups exhibited synchronous signal changes between the left inferior 

frontal gyrus and right cerebellar lobules III-VI and Crus1, the individuals with dyslexia 

exhibited less synchrony than did controls. Fernandez and colleagues (2015) examined the 

integrity of microstructural white-matter tracts that connect the cerebellum and three reading-

associated cerebral regions: the inferior frontal, temporoparietal, and occipitotemporal cortex. 

Relative to typical readers, children with dyslexia had aberrant white matter integrity in 

cerebellar tracts that connect to the inferior frontal and temporoparietal cortex. Furthermore, 

younger children with dyslexia exhibited decreased white matter integrity in an 

occipitotemporal-cerebellar tract, whereas older children with dyslexia had aberrant tract 

integrity. The authors speculated that the increase in older children’s inferior frontal and 

temporoparietal tracts could be a product of increased dependence on these tracts for the 

integration and automation of the motor, cognitive, and sensory processes needed to produce 

accurate and fluent word recognition.   

 Collectively, neuroimaging studies of cerebellar function, structure, and connectivity 

have provided a growing base of evidence that links differences in the cerebellum to differences 

in reading ability. Thus, while the field has yet to test the mechanistic details of the cerebellar 
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deficit hypothesis, there is growing support for an association between cerebellar dysfunction 

and dyslexia. 

 1.3. Evidence for cerebellar contributions to normal reading. Thinking beyond dyslexia 

per se, the cerebellar deficit hypothesis posits that the contributions of the cerebellum are 

important for normal reading development. Therefore, another way to evaluate the cerebellar 

deficit hypothesis is to consider what is known about the cerebellum and typical reading 

development.  

 Unfortunately, theoretical perspectives on the neural basis of reading rarely consider the 

cerebellum (e.g., Taylor et al., 2012; Turkeltaub et al., 2002). Nonetheless, cerebellar activation 

is frequently observed during reading or reading-related tasks (for review, see Stoodley and 

Stein, 2011; Vlachos et al., 2007). The challenge has been to understand the significance of this 

functional engagement. This difficulty is summarized in an excellent consensus paper by Mariën 

and colleagues (2014), wherein the authors tried to gather and integrate various theoretical 

conceptualizations of cerebellar function. The authors particularly focused on linking potential 

aspects of cerebellar function to processes that might drive reading development. Their graphical 

summary, reprinted in Figure 1, illustrates the breadth of speculated cerebellar contributions to 

the development of skilled reading. The authors proposed that any (or even all) of the proposed 

cerebellar functions might help to scaffold skilled reading. They concluded that “the insights of 

developmental cognitive neuroscience—especially the role of the cerebellum and cerebellar 

networks in reading—are crucial to the understanding and acceleration of reading development” 

(Mariën et al., 2014, p. 399). The reviews of Mariën et al. and others (Stoodley, 2012; Vlachos et 

al., 2007) make clear that the field has progressed as far to believe that there is a cerebellar 

contribution to reading, but the specific nature of that contribution remains an enigma.  
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 In considering how to gain traction on this issue, it is worth noting that theories about the 

cerebellum and reading have tended to focus more on articulatory and phonological than 

semantic processes (Ackermann, 2008; Ben-Yehudah and Fiez, 2008; Chen and Desmond, 2005; 

Peeva et al., 2010). This is interesting because neural models of reading often posit the existence 

of separable neural correlates of phonological and semantic processing (e.g., Fiez, 1997; Gold et 

al., 2005; Price et al., 1997). Typically, the phonological stream is thought to comprise dorsal 

brain regions in the parietal and frontal cortex, and to play a critical role in orthographic to 

phonologic mapping (i.e., decoding the pronunciation of the printed word). The semantic stream 

is thought to involve ventral brain regions in the occipital and temporal cortex, and to contribute 

to mapping visual word-forms to their meaning and corresponding conceptual and lexical-level 

phonological knowledge. This sets up the expectation that if the cerebellum does indeed interface 

with the reading network, it may predominantly interconnect with cerebral regions implicated in 

phonological as compared to semantic aspects of reading. 

 To our knowledge, this prediction has yet to be tested. Indeed, only a few studies have 

specifically examined the connectivity of the cerebellum with cerebral regions implicated in 

reading, and no systematic review of this topic is available. Fortunately, shared datasets and 

meta-analytic software provide the ability to comprehensively tackle this question. In the next 

section, we take advantage of these resources to examine the patterns of functional connectivity 

between the cerebral reading network and the cerebellum. 

 

2. Linking the cerebellum into the reading network  

 Functional connectivity analyses involve identifying one or more seed-regions and 

identifying those voxels throughout the rest of the brain volume that exhibit correlated patterns 
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of blood-oxygen-level dependent (BOLD) signal. When performed using resting-state data, it is 

thought that the degree of signal correlation between two regions provides a measure of their 

connectivity (Biswal, 2012; Buckner et al., 2013). In the context of the current study, the intent is 

to use cerebral seed-regions that are clearly established constituents of the reading network, and 

to then test whether any of these regions are functionally connected with regions within the 

cerebellum.  

 2.1. Characterizing the cerebral reading network. Because the neural constituents of the 

reading network are not fully specified within the literature, we first used a meta-analytic 

approach to identify a set of reliable seed-regions for our planned functional connectivity 

analysis. More specifically, we identified our reading-related seed-regions using two popular 

online meta-analytic tools in the following manner: (1) Neurosynth– we extracted the “term-

based” reverse inference imaging map for the term reading1, (2) GingerALE (ALE) – we 

conducted a secondary meta-analytical contrast of previously published meta-analytic results that 

specifically focused on phonological versus semantic processing in word recognition2. Table 1 

provides details about the studies and foci included in this ALE analysis.  

                                                        
1The popular online platform Neurosynth can automatically synthesize and generate information 

(e.g., coordinates, term frequency) from extensive amount of collected neuroimaging studies, 

allowing for an efficient systematic review practice (Yarkoni et al., 2011). The Neurosynth 

reading map was generated using this program’s reverse inference “term-based” feature. This 

meta-analysis provided a statistical map (i.e., z-values for each voxel) comparing coordinates for 

studies that contain the term “reading” with studies that do not (false discovery rate corrected at 

p < 0.01, localization was set at a voxel-wise threshold of z > 6.5, and minimum cluster volume 

of 50 mm3).  

2The GingerALE meta-analytic program computes and extracts voxel-by-voxel activation 

likelihood estimates that represent the convergence of article coordinates, which allow for a 

subsequent analysis to identify brain regions more strongly associated with a contrast of interest 

(Eickhoff et al., 2009; Turkeltaub et al., 2012). The ALE phonological > semantic and semantic 

> phonological maps were determined by first assigning coordinates from previously published 

meta-analyses as weighted towards phonological or semantic demands, based upon the 

comparison in which they were identified (see Table 1), and then entering each group of 
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 Because the reading network is predominantly lateralized within the left hemisphere, we 

considered only left-hemisphere clusters within the statistical images that resulted from our two 

meta-analytic tools. Within each map, we identified those activation clusters that surpassed our 

significance criteria, and extracted their centroid voxel loci to serve as seeds for our subsequent 

functional connectivity analysis. As detailed in Table 2, we identified 14 regions associated with 

reading-related processing: eight derived from the Neurosynth inference map for the term 

reading, and six from our ALE analysis contrasting differential phonological versus semantic 

processing. Somewhat surprisingly, the majority of the ALE phonological versus semantic 

clusters localized to the periphery of the Neurosynth reading map (Figure 2a), suggesting that the 

Neurosynth reading regions are less biased towards phonological or semantic processing than the 

neighboring regions identified through the ALE analysis. To test this interpretation, we inspected 

the patterns of functional activation at each of 14 regions. This was accomplished by placing a 3 

mm sphere around each seed-voxel locus and extracting each sphere’s average z-value within 

Neurosynth’s reverse inference maps for the terms phonological, semantic, and reading (Figure 

2b). As anticipated, for the ALE phonological > semantic spheres the highest z-values were 

found for the phonological term map, and for the ALE semantic > phonological spheres they 

were found for the semantic term map. The Neurosynth reading spheres had a generally impartial 

weighting for any of the three reading-related inference maps. Thus, while we do not claim to 

                                                                                                                                                                                   
coordinates into a first level ALE analysis. This process established significant peak voxel 

overlap (i.e., probability-of-convergence) of phonological-demand clusters and semantic-demand 

clusters (thresholded at a cluster-level inference of p < .05 over 1000 iterations, corrected for 

multiple comparisons). These extracted probability-of-convergence maps were then used in a 

second level contrast analysis to identify specific cortical regions more strongly associated with 

components of phonological processing (phonological > semantic) than with components of 

semantic processing (semantic > phonological). Localization for this contrast analysis was 

thresholded at p < .05, uncorrected, and a minimum cluster volume of 50 mm3. 
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have identified every neural constituent of reading processing, our 14 identified regions seem to 

be clearly part of the cerebral network for reading and reading-related processes.  

 2.2. Functional attributions of cerebro-cerebellar circuits. Having identified reliable 

cerebral constituents of the reading network, as well as their bias towards phonological or 

semantic processing, we next used Neurosynth’s “location based analysis” feature3 to determine 

whether there is evidence in support of cerebellar engagement with any of our 14 reading-related 

cerebral regions. More specifically, the centroid coordinates reported in Table 2 were entered 

into Neurosynth’s functional connectivity analysis as seed-voxels to search for cerebellar 

connectivity. For the purpose of this review’s main aim -- crosstalk between the cerebral reading 

network and the cerebellum -- we chose to focus on positive correlations within the right 

hemisphere of the cerebellum, which is anatomically connected to the left cerebral hemisphere. 

The centroids of cerebellar clusters with significant functional connectivity to our seed 

coordinates, as well as further methodological details, are provided in Table 3. Overall, three 

reading-related cerebral seed-voxels revealed significant functional connectivity to the 

cerebellum: 1) the inferior frontal junction (IFJ), 2) inferior parietal lobule (IPL), and 3) the 

middle temporal gyrus (MTG). Interestingly, these cerebral regions also displayed significant 

functional connectivity to some of the same cerebellar regions. To further test for functional sets 

of connectivity, we examined the functional connections between those cerebral regions that also 

revealed connectivity convergence to the same cerebellar region. As illustrated in Figure 3, this 

analysis revealed three distinct sets of functionally connected regions. For the first set, we found 

                                                        
3Neurosynth’s “location-based analyses” uses meta-analytic image mapping to detect 

information (e.g., correlation, co-activation) about the relationship between the indicated 

coordinate-of-interest and other regions in the website’s large database. Although uncorrected for 

multiple comparisons, the resting-state fMRI time series’ effects are relatively reliable with the 

remarkably large sample size acquired (N = 1000).   
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functional connections between our IFJ and IPL regions, which converged to a region in the right 

lateral posterior inferior cerebellum, at or near lobule HVIIb/CrusII (Figure 3a). For the second 

set, we found functional connectivity between our IFJ and MTG regions, which converged to a 

region in the right posterior superior cerebellum, at or near lobule CrusI/CrusII (Figure 3b). For 

the third set, our MTG region also exhibited functional connectivity with the right lateral anterior 

inferior region of the cerebellum, at or near lobule CrusI (Figure 3c). 

 We next attempted to characterize the functional roles of our three sets of interconnected 

cerebro-cerebellar regions. To do so, we made use Neurosynth’s “word association” metrics to 

identify overlapping cognitive terms within each set of regions. Anatomical terms associated 

with a coordinate were excluded (e.g., fusiform, FG, frontal). As shown in Figure 4, this process 

revealed evidence of terminology consistent with a phonological role for the first set of regions, a 

semantic role for the second set of regions, and no common terminology for the third set of 

regions4.  

 2.3. Interconnectivity to mid-fusiform gyrus. As a final point of exploration, we 

considered the interconnections between all of our identified seed-regions to the mid-fusiform 

gyrus (mFG). The mFG territory has received considerable attention for its role in reading. 

Functional neuroimaging studies have reported greater mFG activity for word reading as 

compared to pseudowords (Cohen et al., 2002b; McCandliss et al., 2003), non-words, digits 

(Polk et al., 2002), or false-fonts (Brunswick et al., 1999; Cohen et al., 2002a). Neuroanatomical 

investigations show that individuals who sustain damage to this territory exhibit letter-by-letter 

reading strategies, a hallmark of acquired alexia (Cohen et al., 2003; Gaillard et al., 2006; 

                                                        
4Not only was there no term convergence for the temporal-cerebellar pathway, the word metric 

report for this cerebellar coordinate generated broad terms: heat, consecutive, chronic, pain, 

progressive, executive, and painful. 
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Hirshorn et al., 2016). These findings implicate the mFG territory in the representation and 

processing of orthographic knowledge, leading some to argue for its specialization as a visual 

word-form area (e.g., Cohen and Dehaene, 2004; Dehaene and Cohen, 2011). We therefore 

reasoned that if the cerebellum influences reading development, it should have direct or indirect 

functional connectivity with the mFG.  

 The Neurosynth functional connectivity analysis for the mFG seed-voxel [-46, -58, -12] 

revealed functional connections with both our IFJ and the IPL regions. None of the remaining 12 

seed-regions were found to have significant connectivity with the mFG seed-voxel, and no 

voxels with significant connectivity to the mFG seed voxel were found in the cerebellum.  

 

3. Theoretical implications of cerebro-cerebellar connectivity 

 Overall, our meta-analytic results support the cerebellar deficit hypothesis (Nicolson et 

al., 2001) by providing evidence that specific regions of the cerebellum are functionally 

connected with the cerebral reading network. Our most coherent evidence identified two 

functionally connected sets of cerebro-cerebellar regions, both of which also possess functional 

connections with the mFG. The first set is a cerebro-cerebellar dorsal circuit comprising IFJ and 

IPL regions that are functionally connected with the mFG, and with the lateral posterior inferior 

cerebellum (Figure 4). The second set is a cerebro-cerebellar ventral circuit, comprising IFJ and 

MTG regions that have partial interconnectivity with the mFG, and with the posterior superior 

cerebellum. In the following sections, we consider these circuits in greater detail and evaluate 

them within the context of the current literature.  

 3.1. Cerebro-cerebellar dorsal circuit. Turning first to the dorsal circuit, it is noteworthy 

that our meta-analytic review identified only one common term (phonological) across all four 
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regions of this circuit (this includes the mFG). The observed cerebral regions are consistent with 

previous work implicating the IFJ and IPL in orthographic to phonological decoding (Taylor et 

al., 2012; Vigneau et al., 2006). Specifically, these regions have been posited as components of a 

fronto-parietal pathway that supports visual-verbal conversions for unfamiliar words via 

phonological decoding of letter-sound spelling patterns.  

 This decoding interpretation is supported by the considerable amount of evidence linking 

the fronto-parietal pathway to phonological processing. For example, functional neuroimaging 

investigations have reported evidence of stronger IFJ activation for multiple task contrasts 

indicative of phonological processing, such as reading rhymes versus synonyms (Roskies et al., 

2001), pseudowords versus real words (Herbster et al., 1997), and syllable versus semantic 

judgment of words (Poldrack et al., 1999). The IFJ territory has also been implicated in resolving 

phonological output demands (Cao et al., 2006; Taylor et al., 2011; Thompson-Schill et al., 

1998). Finally, this territory is recruited during tongue movements and laryngeal articulation of 

sounds (Braun et al., 1997; Riecker et al., 2000), supporting the notion of its involvement in 

phonology within the subvocal rehearsal system (Chen and Desmond, 2005; Paulesu et al., 

1993). In all of these cases, the reported frontal coordinate of activation fell within 20 mm of our 

IFJ seed-voxel.   

 Research addressing the role of IPL in reading has frequently implicated its involvement 

in associating written word-forms with their spoken constituents (Taylor et al., 2012). 

Engagement of IPL has been found for cross-modal word-judgment tasks that specifically 

involve judging whether acoustically presented words have the same spelling patterns or judging 

whether visually presented words rhymed (Booth et al., 2003). Greater activation has also been 

reported following training on novel symbol-phoneme versus novel symbol-nonspeech 
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associations, further implicating this region in the acquisition of visual-verbal knowledge 

(Hashimoto and Sakai, 2004). In all of these cases, the reported parietal coordinate of activation 

also fell within 20 mm of our IPL seed-voxel. 

 More recently, investigations have gone beyond thinking about the IFJ and IPL regions 

separately to considering how they work together to support or transform orthographic 

representations. This interest has been driven by an expanding body of evidence demonstrating 

that the IFJ and IPL territories both interact with the mFG, a critical site for orthographic 

processing (Thiebaut De Schotten et al., 2014; Zachariou et al., 2014). Consistent with these past 

findings, not only did we replicate functional connectivity between the mFG and our IFJ and IPL 

seed-voxels, these were the only two of our 14 seed-voxels that met our significance threshold 

for connectivity with the mFG. 

 If fronto-parietal connectivity with the mFG influences orthographic processing, then 

individual differences in this interconnectivity should be associated with individual differences 

in visual word recognition. Recent studies involving individuals with and without dyslexia have 

provided evidence in support of this prediction (Cao et al., 2008; Koyama et al., 2013; Schurz et 

al., 2015; van der Mark et al., 2011; Vogel et al., 2012a). One noteworthy study demarcated the 

left occipitotemporal cortex into five non-overlapping seed-regions (posterior to anterior), which 

includes the mFG, to examine functional connectivity differences in children with or without 

dyslexia (van der Mark et al., 2011). Children without dyslexia exhibited mFG connectivity to 

frontal and parietal regions comparable to the localized clusters in our dorsal circuit (within 20 

mm), but significant connectivity was not found for children with dyslexia. No significant group 

differences were found for IFJ and IPL connectivity from any of the other demarcated 
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occipitotemporal seed regions. Based on these results, the authors concluded that a functionally 

connected fronto-parietal-mFG system plays a special role in visual print processing.  

 Relatedly, Cao and colleagues (2008) had children with and without reading difficulties 

perform a rhyme judgment task. Pairs of words were viewed under a difficult conflicting 

condition (e.g., similar/different orthography and different/similar phonology) and easier non-

conflicting condition (e.g., matching phonology and orthography or different phonology and 

orthography). Their effective connectivity analysis found three main modulatory effects relevant 

to the current review. First, children without reading difficulties exhibited a stronger modulatory 

effect from both the mFG and the IPL to the IFJ for the conflicting versus non-conflicting 

condition. Second, there was a modulatory effect from mFG to the IPL that was stronger in 

children without reading difficulties than children with reading difficulties for conflicting trials 

only. Finally, a top-down modulatory effect from the IFJ to the IPL was positively correlated 

with reading skills (as assessed by the word-attack task) for non-conflicting trials. Findings such 

as these are indicative of a sophisticated fronto-parietal-mFG cerebral system that is relevant for 

skilled reading.  

  Overall, the existing literature supports ideas about a fronto-parietal route that 

contributes in some fashion to phonological processing. Moreover, phonological influences on 

visual word recognition might be represented by the interactivity between this frontal-parietal 

pathway and the mFG. Having reviewed the idea of an interactive network comprising frontal, 

parietal and mFG regions, we next focus on how the cerebellum might interface with network. 

 As noted in the introduction, cerebellar connectivity to the cerebral reading network has 

received relatively little attention. However, most theories about a cerebellar contribution to 

reading have emphasized a role in phonological and articulatory processing (Ackermann, 2008; 
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Ben-Yehudah and Fiez, 2008; Chen and Desmond, 2005). Therefore, we hypothesized that 

cerebellar functional connectivity would be observed to a dorsal phonological route for reading. 

Our results, which show functional connectivity between the cerebellum and our IFJ and IPL 

regions, support this general prediction.  

 The next question pertains to how the cerebellum may interface with this dorsal pathway. 

As previously discussed, the cerebellar deficit hypothesis describes an indirect association with 

reading that stems from cerebro-cerebellar loops that support phonological and articulatory skill 

(Nicolson et al., 2001; Nicolson and Fawcett, 2011). We provide anatomical support for this 

theoretical claim, with evidence that the cerebellum is functionally connected with a dorsal 

phonological pathway, but no evidence of direct cerebellar connectivity to mFG. This suggests 

that the cerebellum supports phonological decoding by exerting a modulatory role on 

phonological processing, which can then indirectly influence orthographic processing (Figure 5). 

For instance, cerebellar fine-tuning and coordination of phonological information held within IFJ 

and IPL, such as sensorimotor representations of speech content (Peeva et al., 2010), could 

contribute to more accurate and rapid phonological processing.  

 Improving the performance of the dorsal pathway could improve the accuracy of 

decoding, which could in turn bootstrap skilled visual word recognition. This link is explained by 

Share's (1995) model of reading development, which posits that each successful decoding 

experience leads to the accrual of word-specific orthographic information, so that eventually a 

familiar word can be recognized “on sight” without effortful decoding. This idea is consistent 

with the broad claims of the cerebellar deficit hypothesis (Nicolson et al., 2001; Nicolson and 

Fawcett, 1995), which posits that the cerebellum contributes to the automatisation of visual word 

recognition. However, whereas the cerebellar deficit hypothesis conceptualizes articulatory 
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fluency and automatisation as separable mechanisms of reading development, our account 

suggests that they are intertwined through the common process of decoding, and the modulatory 

influence of the cerebellum on decoding performance. 

 3.2. Cerebro-cerebellar ventral circuit. Our meta-analytic review also identified a 

cerebro-cerebellar ventral circuit. The common term (semantic) across the four regions of the 

ventral circuit suggests a semantic interpretation. Interestingly, the frontal region of this circuit 

involves the same IFJ centroid that is also a component of our cerebro-cerebellar dorsal circuit. 

We will return to this subject in the section. 

 Within the current literature, most discussions of prefrontal cortex and semantic 

processing have focused on the contributions of the ventral territory of the inferior frontal gyrus 

(Vigneau et al., 2006), as opposed to the more dorsal IFJ territory. However, there have been 

some proposals that IJF plays a role in the selection and retrieval of semantic information 

(Thompson-Schill et al., 1998; Wagner et al., 2001). Similarly, proposals have been made about 

the involvement of the MTG in verbal knowledge and generation (Binder et al., 2000; Fiez et al., 

1996b). Unlike the previously discussed IFJ-IPL pathway, however, there has been little 

investigation of an interactive IFJ-MTG ventral pathway. Thus, while prior work supports a 

semantic interpretation for our ventral pathway, it provides comparatively little evidence about 

how this pathway may function and interact with the mFG to support reading development. 

 Similarly, there is a sparse literature about how the cerebellum might contribute to 

semantic processes that support reading development. For instance, Nicholson and Fawcett’s 

(1995) cerebellar model of reading development does not include any terminology or 

consideration of semantic influence. For this reason, we did not predict cerebellar 

interconnectivity into a ventral semantic route. Therefore, our results are somewhat surprising, 
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and it is not clear how elements of semantic processing might fit into the cerebellar deficit 

model.  

 Some clues may come from considering evidence that the cerebellum contributes to cued 

word-level retrieval tasks. For instance, early neuroimaging and neuropsychological research 

implicated the posterior cerebellum in the performance of verb generation tasks, in which 

participants are given a noun that serves as a cue to produce an appropriately related verb (Fiez 

et al., 1992; Petersen et al., 1989). Interestingly, the verb generation task is also associated with 

MTG activation (Fiez et al., 1996a). As another example, Desmond and colleauges (1998) found 

significant cerebellar activation when subjects performed a word-stem retrieval task, especially 

for items in which there are few words that complete the stem (e.g., produce a word that begins 

with the letters PSA___). More recently, Mariën and colleagues (2014) reviewed a compelling 

literature associating the cerebellum with verbal fluency tasks, in which a letter or semantic 

category label serves as a cue for the retrieval of a semantically related word. Although the form 

of these tasks varies, as does the degree to which the cue emphasizes semantic, orthographic, and 

phonological features, they share the common the need to produce an appropriate word-level 

response. 

 This common task demand brings to the fore perspectives on the dorsal and ventral routes 

that have emphasized their respective involvement in sub-lexical versus lexical processing 

(Mechelli et al., 2003; Simos et al., 2002). Most germane for our purposes is the idea that the 

dorsal pathway may support visual word recognition through sub-word phonological analysis, 

while the ventral pathway may support visual word recognition through word-level semantic 

analysis (Patterson and Lambon Ralph, 1999; Wilson et al., 2009). Thus, through its 

interconnectivity with the ventral route, the cerebellum may be modulating word-level semantic 
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processing, and thereby indirectly influencing the representation and processing of the 

corresponding orthographic forms in the mFG.  

 Interestingly, Share's (1995) model of reading development argues that decoding can 

transition from a primarily sub-lexical phonological process to one in which unfamiliar words 

are recognized by analogy to a previously learned and visually similar word (i.e., lexicalized 

decoding). This shift towards lexicalized decoding might be a function of the ventral pathway, 

and could involve the use of the cerebellum to fine-tune word-level selection and retrieval, and 

thereby improve the performance of lexicalized decoding.  

 

4. Alternative perspectives, limitations, and directions for future work 

 4.1. Considering an attentional perspective. In speculating about the functional roles of 

our two identified cerebro-cerebellar circuits, we have emphasized associations with 

phonological and semantic processing. However, given that IFJ emerged as a common node 

across the dorsal and ventral circuits, and that furthermore the IFJ is functionally 

interconnectivity with mFG, our findings can also be viewed from a broader attentional 

perspective. Proponents of this perspective have posited that the IFJ territory serves as a source 

of attentional top-down constraints on the selection of visual representations (Vogel et al., 2012a, 

2012b). This framework aligns well with alternative perspectives on the mFG, which have 

highlighted its broad engagement in linguistic tasks (Price and Devlin, 2011, 2003), and evidence 

of activation in response to both orthographic and non-orthographic stimuli (Ben-shachar et al., 

2007; Kherif et al., 2011; Price and Devlin, 2003; Vogel et al., 2012b).  

 An attention-based account of the IFJ raises alternative perspectives on the modulatory 

influence of the cerebellum. For instance, a timing perspective reasons that the cerebellum may 
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function as part of an internal monitoring network that participates in the sequencing and 

organization of visual and articulatory codes (Kujala et al., 2007). Drawing from this idea, it is 

possible that the cerebellum could modulate the cerebral reading network by fine-tuning 

selective attention to properties that are relevant for reading. For instance, through its 

interconnectivity with the IFJ, the cerebellum may help to attentionally constrain lower-level 

properties, such as the detection of spatial features and locations, and minimize non-pertinent 

spatial features and locations (Corbetta and Shulman, 2002).  

 It considering future work on this topic, it is important to recognize that alternative 

accounts of IFJ function may not be mutually exclusive. For instance, some have suggested that 

the IFJ territory can be subdivided into different sectors with specific patterns of connection to 

the occipitotemporal gyrus (Ben Shalom and Poeppel, 2008; Bookheimer, 2002). Therefore, it is 

possible that our work has blurred together what are separable streams for phonological, 

semantic, or attentional control. Alternatively, IFJ might have the capacity for broad 

contributions to cognition, but become more specific when dynamically engaged in tandem with 

specific posterior cerebral regions. Future work will be needed to disentangle competing 

perspectives, and the implications they have for how the cerebellum influences the cerebral 

reading network. 

Another issue for future work concerns the relationship between articulation and our 

dorsal phonological circuit. We were intrigued to find that for some of the functionally 

connected cerebro-cerebellar regions the terms “rehearsal” (VIIB/Crus2) and “working-memory” 

(VIIB/Crus2 and IPL) were found in the Neurosynth’s term association metrics. This suggests 

that speech-based or articulatory coding and maintenance may be important in the function of the 

dorsal circuit, as predicted by the cerebellar deficit hypothesis (Nicolson et al., 2001) and 
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empirical studies of orthographic learning (Kyte and Johnson, 2006; Tree et al., 2011). It is also 

consistent with past reviews of cerebellar contributions to covert speech associated with reading 

and verbal working-memory tasks (Desmond and Fiez, 1998; Strick et al., 2009). The absence of 

a full term overlap for “rehearsal” or “working-memory,” as was found for the term 

"phonological," may reflect proposed ideas about topographic distinctions between cerebellar 

support for distinct articulatory functions, such as the production of novel versus familiar 

articulatory sequences (Ben-Yehudah and Fiez, 2008), or the integration of pre versus post 

articulatory verbal codes (Ackermann, 2008). Alternatively, it could reflect biases in the 

terminology used by authors to describe their studies and findings, such as a propensity to use 

the general term "phonological." 

Similarly, as noted earlier, the dorsal and ventral routes have sometimes been described 

as sub-lexical versus lexical routes, respectively, and we draw upon this distinction in 

speculating about their functional roles in reading development. However, these terms did not 

appear in any of our term lists for any of our seed-regions. To confirm this surprising result, we 

examined the Neurosynth reverse inference map for the term "lexical." We observed z-values 

that exceeded our statistical threshold in over half of our regions, albeit less robustly than 

observed for our other terms. Most notably, the z-values were well below our threshold for the 

IPL seed-voxel in the dorsal pathway, and the MTG seed-voxel in the ventral pathway (z = 0.00 

and 0.62, respectively). Thus, our data-driven approach does not provide evidence in support of a 

dorsal/sub-lexical versus ventral/lexical pathway distinction. This could once again reflect 

terminology biases that impact Neurosynth results, or perhaps the association of these terms with 

regions outside of our identified dorsal and ventral pathways (Graves et al., 2010). 
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 Finally, it is important to acknowledge that we focused on the left cerebral hemisphere 

and the right cerebellum. This stems from our focus on investigating cerebellar connectivity to 

the cerebral reading network, which is predominantly considered left-lateralized. This means that 

our data do not provide a window into what might be happening in the right cerebral network 

and left cerebellar hemisphere, and how these structures might provide an additional causal or 

compensatory role. Recent results suggest this is a fruitful avenue for further investigation (Feng 

et al., 2017). Specifically, as compared to typical readers, individuals with dyslexia have 

displayed overactivation of the bilateral cerebellum (lobules VI) during both an orthographic and 

phonological task. Interestingly, greater activity was also found to be negatively correlated with 

measures of literacy. Individuals with dyslexia also revealed atypically stronger functional 

connectivity between the left Fusiform Gyrus and left cerebellar VI in the orthographic task, and 

left supramarginal gyrus and right VI in the phonological task. These results are suggestive of a 

potential compensatory role for the cerebellum and reading-related processes. As the field 

continues to offer more work that examines this possibility, a future review will be warranted to 

provide an overview of the collective research.  

 

4. Summary and conclusion 

 The current review made systematic attempts to evaluate the cerebellar deficit hypothesis, 

which claims that the cerebellum contributes to dyslexia and normal reading development. We 

first reviewed neurobiological evidence implicating the cerebellum as a region associated with 

both normal and dyslexic reading. Based upon the accumulated findings, we concluded that there 

is compelling evidence linking individual differences in cerebellar structure and function with 
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individual differences in reading ability. However, considerable speculation remains as to the 

specific nature of cerebellar contributions to reading development.   

 To address this knowledge gap, we used meta-analytical tools to examine 

interconnectivity between the cerebellum and cerebral regions involved in reading. From this 

effort emerged evidence for two circuits in which there is functional connectivity between 

specific sectors of the cerebellum, and dorsal and ventral cerebral reading pathways. Based upon 

the term overlap across the regions within the circuits and the extent literature, we propose that 

the dorsal circuit supports orthographic-phonological decoding at the sub-lexical level, with the 

cerebellum playing a modulatory role that improves phonological processing and thus decoding 

performance. We also propose that the ventral circuit supports lexicalized decoding, in which the 

pronunciation of unfamiliar words is based upon analogy to previously learned words. Although 

sparse, a literature on cued-word retrieval tasks suggests the cerebellum may play a modulatory 

role that improves the retrieval of word knowledge from semantic memory, and thus decoding 

performance. Because successful decoding is linked to the acquisition of orthographic 

knowledge, the interconnection of the cerebellum with dorsal and ventral reading pathways may 

thus indirectly support the automatisation of visual word recognition.  

 Collectively, our results provide support for the broad claims of the cerebellar deficit 

hypothesis. Specifically, they link specific ideas within the model, such as articulatory fluency 

and automatisation, to particular cerebro-cerebellar circuits. Our findings are also consistent with 

the idea that the cerebellum does not need to be directly connected with the mFG for it to 

contribute to the development of orthographic knowledge. Thus, dysfunction in the cerebellum 

could put an individual at risk for a developmental reading disorder. Continued efforts to 

integrate the cerebellum – a brain structure with an enormous computation power that drives 
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learning (Marr, 1969) – into neuroanatomical models of reading and dyslexia is important for 

understanding the neural mechanisms that underlie reading development and which contribute to 

individual differences in reading ability. 
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Table 1 

List of meta-analyses included in the GingerALE process 

    Number of foci  

(left hemisphere) 

Meta-analysis Cluster procedure Contrast 

# of 

articles Phon Sem 

Cattinelli et al. (2013) Binomial test Item 35 1 8 

Jobard et al. (2003) 
Hierarchical 

clustering 
Item 35 5 3 

Maisog et al. (2008) ALE Ability 9 7 0 

Martin et al. (2015) ES-SDM Stage 20 1 4 

McNorgan et al. (2015) ALE Item 33 3 4 

Paulesu et al. (2014) 
Hierarchical 

clustering & ALE 
Ability 53 9 2 

Richlan et al. (2009) ALE Ability 17 9 5 

Taylor et al. (2012) ALE Item 37 22 20 

Note. In-house analysis began by identifying published reviews of the neural basis of reading indexed 

within either Pubmed (http://www.ncbi.nlm.nih.gov/pubmed/) or PsychINFO 

(http://search.proquest.com/) databases, filtering the results to papers that reported coordinates in standard 

stereotactic space (MNI or Talairach) from a quantitative meta-analysis examining functional MRI or 

PET studies of reading-related tasks (e.g., lexical decision, rhyme judgment). The search was further 

narrowed to eight papers, chosen because they report meta-analytic results from one of three contrasts 

theoretically associated with phonological processing (Phon) versus semantic processing (Sem) weighting 

within the reading network: (1) item-level – nonword (Phon) vs. word (Sem) single-word reading in 

adults (n = 4), (2) stage-level – children (Phon) vs. adults (Sem) reading (n = 1), and (3) ability-level – 

control (Phon) vs. dyslexic (Sem) reading (n = 3). ES-SDM = Effect-size signed differential mapping.  
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Table 2     

Peak centroid clusters of the direct ALE contrast for phonological vs. semantic processing, and the 

Neurosynth reverse inference map for the term “reading” 

  

 

   MNI coordinates  

Meta-analytic approach 

Cerebral-

cortical region BA mm3 x y z 

ALE (phonological > semantic)             

 

IPL* 40 10136 -42 -44 42 

  mFG 37 8296 -46 -58 -12 

  STG 22 4784 -60 -24 4 

  IFGop 44/6 1504 -52 6 18 

ALE (semantic > phonological)       
   

 AG 39 1880 -48 -66 22 

 MTG* 21/20 168 -62 -44 -8 

Neurosynth (reading)       

 mFG 37 5624 -44 -52 -14 

 MTG/STG 22 3144 -56 -40 4 

 IFJ*  9 1096 -46 12 30 

 vIFG 46 944 -46 32 4 

 IFGtr 45 776 -52 22 16 

 SFG 6 392 -6 12 60 

 PreCG 6 280 -52 0 48 

 PostCG 3/4 184 -52 -10 46 

Note. * Indicates a region with significant functional connectivity to the cerebellum in subsequent 

analysis, MNI = Montreal Neurological Institute, BA = Brodmann’s Area (nearest), mm3 = cluster 

volume, IPL = inferior parietal lobe, mFG = mid-fusiform gyrus, STG = superior temporal gyrus, IFGop = 

inferior frontal gyrus (opercularis), AG = angular gyrus, MTG = middle temporal gyrus, IFJ = inferior 

frontal junction, vIFG = inferior frontal gyrus (ventral), IFGtr = inferior frontal gyrus (triangularis), SFG = 

superior frontal gyrus, PreCG = precentral gyrus, PostCG = postcentral gyrus. Cluster centroids were 

localized utilizing Brainmap.org’s recommended Multi-Image Analysis Program Mango; 

http://ric.uthscsa.edu/mango/.  
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Table 3    

Reading-related seed-regions revealing significant functional connectivity to clusters within the right 

cerebellar hemisphere 

   Coordinate 

Cerebral  

seed-region 

Correlated  

cerebellar region mm3 x y z 

      

IFJ R VIIb/Crus2 152 30 -68 -50 

 R Crus1/Crus2 224 10 -76 -28 

IPL R VIIb/Crus2 56 28 -70 -50 

MTG R Crus1 560 42 -66 -42 

 R Crus1/Crus2 320 10 -82 -28 

Note. The cerebellar coordinate overlap in IFJ and IPL functional connectivity to right VIIb/Crus2, and 

IFJ and MTG’s connectivity to Crus1/Crus2 are shown in Figure 3. The identified cerebellar regions were 

structurally normalized and localized using a hi-resolution Spatially Unbiased Atlas Template (SUIT; 

Diedrichsen et al., 2011, 2009). Time-series correlation for peak centroid coordinates to the regions 

within the cerebellum was set at a voxel-wise threshold of r > .25, and minimum cluster volume of 50 

mm3.   
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Figure 1. Proposed cerebellar components that contribute to the development of reading according to a 

consensus paper. Image reprinted from “Consensus Paper: Language and the Cerebellum: An Ongoing 

Enigma” by P. Mariën et al., 2014, Cerebellum, 13, p. 399. Permission to be obtained. 
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Figure 2. Comparison of the three reading-related networks as determined by the ALE and Neurosynth 

map. (A) Activation comparison of the fractionated reading network regions for the six ALE phonological 

> semantic (green) and semantic > phonological (blue) clusters with the Neurosynth reverse inference 

map for the term reading (red). Spheres indicate each localized ALE cluster’s centroid voxel. Images 

were analyzed in MNI space and overlaid onto a 2x2x2 anatomical template provided by Brainmap.org 

(http://brainmap.org/). (B) Bar graph of the ALE phonological > semantic, semantic > phonological, and 

Neurosynth reading seed-voxels’ preferential bias towards functional terms. A 3 mm sphere was centered 

on each seed-voxel and placed onto the Neurosynth reverse inference maps for the terms phonological 

(green bars), semantic (blue bars), and reading (red bars). For each sphere, the average z-values were 

extracted and compared across the three reverse inference maps. Horizontal line indicates the significance 

threshold (z > 1.96). Regions in boldface font indicate functional connectivity with the cerebellum in 

subsequent analysis.   
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Figure 3. Functional connectivity results between the cerebral regions within the reading network and the 

cerebellum. (A) Functional connections between the inferior frontal junction from the Neurosynth reading 

map and the inferior parietal lobule from the ALE phonological > semantic map showed functional 

connectivity convergence with a cerebellar region localized in lobule HVIIb/Crus2 (cerebellar coordinate 

is the mean centroid voxel from the IFJ and IPL connectivity analyses). (B) Functional connectivity 

between the inferior frontal junction and the middle temporal gyrus from the ALE semantic > 

phonological map showed functional connectivity convergence to a medial section of the cerebellum 

localized around Crus1/Crus2 (cerebellar coordinate is the mean centroid voxel from the IFJ and MTG 

connectivity analyses). (C) The middle temporal gyrus also revealed a direct connection to a more 

posterior-lateral cerebellar region of lobule Crus1. The identified cerebellar regions were structurally 

normalized and localized using a hi-resolution Spatially Unbiased Atlas Template (SUIT; J. Diedrichsen 

et al., 2011; Jörn Diedrichsen, Balsters, Flavell, Cussans, & Ramnani, 2009). Time-series correlation for 

peak centroids was set at a voxel-wise threshold of r > .25, and cluster volume of 50 mm3. 
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Figure 4. Top 12 terms (highest z-value) corresponding to the seed-voxel for the functionally connect 

cerebro-cerebellar regions, as determined by Neurosynth’s term association metrics. Neuroanatomical and 

redundant terms were excluded and replaced with the next greatest associated term.  
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Figure 5. Cerebro-cerebellar dorsal circuit. Dashed line indicates a proposed indirect cerebellar support in 

developing orthographic knowledge stored in the mFG via direct modulatory connections with the fronto-

parietal pathway for phonological processing.  
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