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Abstract

Little is known about the white matter integrity of cerebellar-cortical pathways in individuals with
dyslexia. Building on previous findings of decreased volume in the anterior lobe of the cerebellum,
we utilized novel cerebellar segmentation procedures and probabilistic tractography to examine
tracts that connect the anterior lobe of the cerebellum and cortical regions typically associated with
reading: the temporoparietal (TP), occipitotemporal (OT), and inferior frontal (IF) regions. The
sample included 29 reading impaired children and 27 typical readers. We found greater fractional
anisotropy (FA) for the poor readers in tracts connecting the cerebellum with TP and IF regions
relative to typical readers. In the OT region, FA was greater for the older poor readers, but smaller
for the younger ones. This study provides evidence for discrete, regionally-bound functions of the
cerebellum and suggests that projections from the anterior cerebellum appear to have a regulatory
effect on cortical pathways important for reading.
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1. Introduction

Reports of structural differences, reduced functional activation, and atypical connectivity
(functional and structural) in adults and children with dyslexia relative to typical readers
have contributed to the idea of dyslexia as a “brain based” disorder with genetic and
environmental components (Fletcher, Lyon, Fuchs, & Barnes, 2007; Gabrieli, 2009). Studies
of children and adults with dyslexia have reliably documented the contributions of left
hemisphere regions typically associated with language and sensory processing:
temporoparietal (TP), occipitotemporal (OT), inferior frontal (IF), and to a lesser extent
subregions of the corpus callosum, in accurate and fluent word reading (Fletcher et al., 2007;
Pugh et al., 2010). Despite the growing body of literature on the role of the cerebellum in
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speech and language (Ackermann, 2013), and reports of regional structural differences in the
cerebellum of children with dyslexia (Fernandez et al., 2013; Eckert et al., 2003, 2005;
Kibby & Hynd, 2008; Leonard, Eckert, Given, Berninger, & Eden, 2006), very little is
known about the integrity of cerebellar-cortical white matter in individuals with dyslexia
relative to typical readers. The lack of empirical data is especially noteworthy because a
cerebellar theory of dyslexia has been proposed (Nicolson & Fawcett, 2005). The present
study examined cerebellar-cortical white matter pathways in children with dyslexia relative
to typical readers to evaluate measures of white matter integrity which may help to explain
the role of regional volumetric differences in the cerebellum.

1.1. Cerebellar theory of dyslexia

The cerebellar theory of dyslexia suggests that cerebellar abnormalities reduce the
automaticity of decoding skills in children with dyslexia. Proponents of the theory argue that
the cerebellum is active during early stages of skill acquisition (Nicolson & Fawcett, 2005,
2007), a process with which some children with dyslexia have difficulty (Reynolds,
Nicolson, & Hambly, 2003). Theoretically, associated procedural learning deficits could
prevent automatization of accurate word decoding and phonological processing in children
with dyslexia.

This hypothesis has been evaluated behaviorally by comparing children with dyslexia and
typically developing children on neuropsychological and cognitive tasks presumably
associated with the cerebellum (Nicolson & Fawcett, 1994, 1999). There have been efforts to
train the cerebellum through physical exercise, with claims that reading and cerebellar
functions improved (Reynolds et al., 2003). However, these findings have been controversial
because, among other issues, the children with dyslexia were defined in part by performance
on these tasks (Bishop, 2007). In other studies, the same cerebellar tasks have not been
strongly related to reading or to reading difficulties (Barth et al., 2010). Finally, it is not
clear why the cerebellum would be involved in accurate decoding, a skill typically measured
by untimed single-word reading tests without regard for efficiency, as opposed to problems
with reading fluency, a skill that requires automaticity as proposed by the theory.

Despite these issues, there is evidence from postmortem studies and from quantitative MRI
analyses for differences in cerebellar structure and volume between children and adults with
dyslexia and typically developing comparison groups. To appreciate these differences, we
will first review structural MRI studies of the cerebellum and then diffusion tensor imaging
(DTI) studies of dyslexia more generally. Thus far, there are no published DTI studies of
white matter integrity involving the cerebellum in individuals with dyslexia.

1.2. Structural MRI studies of the cerebellum

Structural imaging studies have been conducted that yielded findings concerning the
cerebellum in children and adults with dyslexia. This area of research was influenced by
early, small-sample postmortem studies (5 with dyslexia, 7 controls) in which abnormalities
in the medial (Galaburda, Menard, & Rosen, 1994) and lateral geniculate nuclei
(Livingstone, Rosen, Drislane, & Galaburda, 1991), auditory cortex (Galaburda & Kemper,
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1979), and primary visual cortex (Eckert, 2004; Jenner, Rosen, & Galaburda, 1999) were
identified.

Subsequent volumetric MRI studies of the cerebellum have yielded inconsistent findings in
adult samples. Some have found differences in regional cerebellar volume between adults
identified as having dyslexia (either by testing or history) and those without such problems
(Brambati et al., 2004; Brown et al., 2001; Leonard et al., 2001; Rae et al., 2002). Other
studies have found no differences in cerebellar volume using similar methods (Menghini et
al., 2008; Pernet, Poline, Demonet, & Rousselet, 2009; ; Laylock et al., 2008). However,
reduced volume in the right anterior lobe of the cerebellum has been more reliably identified
in reading impaired children relative to typical readers (Eckert et al., 2003, 2005; Kibby &
Hynd, 2008; Leonard et al., 2006).

Fernandez et al. (2013) investigated the role of regional variation in cerebellar anatomy in
children with single-word decoding impairments (A= 23), children with impairment in
fluency alone (V= 8), and typically developing children (A= 16). Children with single-
word decoding impairments demonstrated no statistically significant differences in overall
gray and white matter volumes or cerebellar asymmetry; however, reduced volume
bilaterally in the anterior lobe of the cerebellum relative to typical readers was observed.
These results supported previous findings in the child literature suggesting cerebellar
involvement in dyslexia, and provided additional groundwork for the proposed study on the
integrity of white matter connecting the cerebellum and cortical regions that are typically
associated with reading impairment.

1.3. White matter integrity in adults and children with reading impairment

Fractional anisotropy (FA) is a complex measure of white matter structural integrity. It is a
composite measure that expresses the proportion of the longest eigenvalue, A4, to the two
shorter eigenvalues, A, and A3, in an ellipsoid (Beaulieu, 2002). In the central nervous
system, Aq represents the water diffusivity parallel to the axonal fibers and is referred to as
the axial diffusivity (AD). The water diffusivities perpendicular to the axonal fibers, A, and
A3, are averaged and referred to the radial diffusivity (RD) (Basser, 1995; Basser, Pajevic,
Pierpaoli, Duda, & Aldroubi, 2000; Song et al., 2002; Xue, van Zijl, Crain, Solaiyappan, &
Mori, 1999). Changes in RD in the absence of changes in AD are typically associated with
myelin abnormalities (Keller & Just, 2009; Beaulieu, 2002; Song et al., 2002, 2005) while
changes in AD in the absence of changes in RD are typically associated with an increase in
axon diameter (Keller & Just, 2009; Dougherty et al., 2007).

Studies of white matter integrity in adults and children with dyslexia have generally focused
on regions typically associated with the language network and do not involve the
cerebellum. In adults, DTI studies have identified differences in FA in the frontotemporal
and TP regions important for language comprehension and articulatory processes (Fletcher
et al., 2007; Klingberg et al., 2000; Pugh et al., 2010; Steinbrink et al., 2008). DTI studies of
children with dyslexia have also implicated bilateral (Deutsch et al., 2005) and left TP
regions (Niogi & McCandliss, 2006; Rimrodt, Peterson, Denkla, Kaufmann, & Cutting,
2010) and, more broadly, the left superior longitudinal fasciculus (Carter et al., 2009).
Abnormal orientation of fibers (specifically an increase in superior—inferior oriented fibers
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in its TP projection that ordinarily runs anterior-laterally) in the right superior longitudinal
fasciculus (Carter et al.) and Aigher FA in right frontal regions have also been described
(Rimrodt et al., 2010). Taking a slightly different approach, longitudinal studies of children
with dyslexia reported that left TP regions were significant predictors of reading outcomes
(Hoeft et al., 2011; Meyers et al., 2014) while intensive intervention was associated with
increases in FA in the left centrum semiovale (anterior to TP region) (Keller & Just, 2009).

In the only published DTI study which included the cerebellum, Richards et al. (2008) also
conducted a whole-brain DTI study of fathers of children in a familial study of dyslexia, 14
with dyslexia and 7 without dyslexia. Typical readers had greater FA in language-related
white matter tracts (28 bilateral frontal, temporal, parietal, and occipital areas as defined by
Anatomical Automatic Labeling (AAL) atlas boundaries and an additional 7 by DTI atlas
boundaries). Notably, 9 regions showed greater FA for the group with dyslexia, including the
left and right cerebellum (using the AAL atlas) and middle cerebellar peduncle (using the
DTI atlas boundaries). The presence of greater FA raises the question of whether the
cerebellum is somehow over-compensating for a weak reading network (Richards et al.,
2008).

In an effort to summarize DTI findings in white matter, Vandermosten, Boets, Wouters, and
Ghesquiere (2012) conducted an activation likelihood estimation (ALE) analysis resulting in
two clusters of significant ALE value: a region near the left TP region and the IF gyrus
(Vandermosten, Boets, Wouters et al., 2012). The lack of reported cerebellar findings may
reflect the fact that the cerebellum is rarely included in quantitative analyses. These studies
are notable because they have continued to advance the notion that myelination, important
for rapid conduction of action potentials, could disturb accurate decoding and the
transmission of rapidly changing stimuli (Klingberg et al., 2000).

1.4. Rationale

Evidence of differences in white matter between adults and children with dyslexia and
typically developing readers clearly demonstrates the importance of a neural networks
approach to the study of dyslexia. However, because the cerebellum is rarely included in
analysis, very little is known about white matter integrity in cerebellar-cortical tracts and
how they relate to impaired reading. Conventional descriptions of cerebellar-cortical
connectivity describe a circuit in which motor cortices influence the cerebellum via the pons
and where efferent projections from the deep cerebellar nuclei influence regions of the
cortex through the ventrolateral nucleus of the thalamus (Schmahmann & Pandya, 2008).
Although cerebellar cortical fibers are mostly crossed, a fair number of projections from the
neocortex (20-30%) terminate on ipsilateral cerebellum via the pons (Krienen & Buckner,
2009). It has been proposed that these circuits play a critical role in the automatization and
optimization of behavior, including cognition and emotion (Schmahmann & Pandya, 2008).
This is important because a direct role of the cerebellum in reading is not clearly established:;
if the cerebellum is involved, it may reflect tracts that originate in the cerebellum and
influence cortical regions involved in reading.

Laylock et al. (2008) suggested that the changes in white matter they detected in a
postmortem sample in addition to an abnormal ratio of metabolites in the right cerebellar
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hemisphere may indicate either excessive connectivity or abnormal myelination. As
previously mentioned, Richards et al. (2008) found greater FA in the left and right
cerebellum in a group of individuals with dyslexia relative to typical readers. This study was
limited by lack of regional segmentation but it represents an important area for future
research. Finally, Fernandez et al. (2013) found less volume in the anterior lobe of the
cerebellum bilaterally in a group of children with dyslexia relative to typical readers. This
study aimed to examine the white matter integrity of cerebellar-cortical tracts in children and
adolescents with specific deficits in decoding. To that end, we examined ipsilateral and
contralateral tracts that originate in the anterior lobe of the cerebellum and connect with
cortical regions typically associated with reading: the TP region, OT region, and IF gyrus.

1.5. Hypotheses

Based on the results obtained by Richards et al. (2008) in which greater FA was observed in
adults with dyslexia in the cerebellum bilaterally and consistent with our previous findings
(Fernandez et al., 2013) demonstrating reduced volume of the anterior cerebellum bilaterally
in children with dyslexia, we expected to find (1) greater FA values in the white matter fiber
tracts that connect the anterior cerebellum and the TP region bilaterally in the group of
children with dyslexia relative to typical readers. This would indicate larger than expected
axonal volume, excessive or greater myelination, or both. It should be noted that the
development of the anterior lobe of the cerebellum has an inverted U-shaped trajectory with
age at peak volume at 13.5 years for girls and 15.7 years for boys (Tiemer et al., 2010),
therefore it will be important to consider age in the analysis.

An alternate hypothesis is that only the contralateral white matter between the right anterior
lobe of the cerebellum and the left TP region will demonstrate abnormal white matter
integrity. This result would be consistent with existing literature implicating both the right
anterior lobe of the cerebellum and the left TP region in dyslexia.

Structural differences in the IF gyrus and OT regions have also been associated with dyslexia
(Fletcher et al., 2007). The white matter pathways connecting these areas, which

respectively contribute to articulatory mapping and graphemic analysis, with the cerebellum
have not been adequately investigated. However, given the role of these regions in accurate
decoding, we expect to find “abnormal” (either greater or lesser) FA in the white matter
connections between the anterior cerebellum and these regions.

2. Methods

2.1. Participants

Participants in the present study were recruited from two large-scale reading intervention
studies (Vaughn, Cirino et al., 2010; Vaughn, Wanzek et al., 2010) that began in 2005 and
extended through 2010. All students and their parents provided informed consent in
accordance with the rules and regulations of the Committees for the Protection of Human
Subjects (CPHS) of the University of Houston and the University of Texas Health Science
Center in Houston. In the first study sample, typical and struggling readers in grade 5-7
were randomly selected to participate in the reading intervention study during grades 6-8 of
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the following year. Students were excluded from participation in the study if: (a) they were
enrolled in a special education life skills class; (b) their State-Developed Alternative
Assessment (SDAA) Reading performance levels were equivalent to a 3rd grade reading
level or lower; (c) they presented a significant sensory disability; or (d) were not taught
primarily in English. These children were assessed on a variety of reading measures pre- and
post-intervention. Of these children, 21 were included in the present sample. In the second
study sample, children with poor reading skills were identified in the first grade. Their oral
reading progress was monitored every 2 weeks for 8 weeks to ensure their at-risk status and
children who continually failed a reading screener went on to participate in an intervention
program, 15 of which were included in the present study (Denton et al., 2011).

A third study sample of third graders with math and reading difficulties recruited for a math
intervention study which began in 2003 yielded 6 participants in the group of children with
dyslexia (Fuchs et al., 2007). Additionally, a study of children with spina bifida (Juranek,
Dennis, Cirino, EI-Messidi, & Fletcher, 2010) that began in 2005 provided 14 of the
typically developing children. Selection criteria and imaging protocols were deliberately
similar across all these studies to build a larger sample for neuroimaging analyses even as
technological advances and improved scanner capabilities were developed.

Only right-handed children were included in the present study. The children completed a
structural MRI at baseline prior to intervention as part of their participation in the functional
imaging study (e.g. magnetoencephalography). From these children, two groups were
formed. Children in the group with decoding impairment scored below the 26th percentile
on a measure of single word decoding. Most of these children also had comprehension and
fluency deficits. Typically developing children did not show impairment on reading
measures and had no history of reading difficulties. The 25th percentile was selected
because it has been commonly employed in studies of people with learning disabilities
(Fletcher et al., 1994). All children had a composite 1Q score of at least 70 on the Kaufman
Brief Intelligence Test-2nd edition (KBIT-2) (Kaufman & Kaufman, 2004) to be included in
the study.

2.2. Measures

2.2.1. Decoding—The Woodcock-Johnson I11 Letter-Word Identification (LWI) was used
to assess word reading accuracy. This measure has been widely used in studies of dyslexia
(e.g., Fletcher et al., 1994) and has excellent reliability (LWI r=0.918) (Woodcock,
McGrew, & Mather, 2001). A subset of participants from the math study received the Wide
Range Achievement Test, Third Edition (WRAT-3). Alternate form correlations (.92) of
Reading, a word decoding test, support the reliability of the measure (Wilkinson, 1993).

2.2.2. Fluency—A composite score combining the Sight Word Efficiency (SWE) and
Phonemic Decoding Efficiency (PDE) subtests from the Test of Word Reading Efficiency
(TOWRE) was utilized to assess real and pseudoword reading ability. Excellent reliability is
also reported for these measures (SWE r= .91, PDE r= .90, Total WRE r=.93) (Torgensen,
Wagner, & Raschotte, 1999). A portion of the group of typical readers with archival data did
not receive a reading fluency measure.
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2.2.3. Comprehension—All participants received the Passage Comprehension measure
from the Woodcock-Johnson I11 Tests of Achievement (r=.88). This measure was used to
screen for reading comprehension issues among participants in the typical developing group
and to characterize the group of students with dyslexia (Woodcock et al., 2001).

2.2.4. Intelligence—The KBIT-2, an individually administered intellectual function
measure, was used primarily to preclude intellectual disability. Because all assessments
occurred in the schools as part of the intervention studies, assessment time was limited. The
Matrices subtest was administered pre-intervention and Verbal Knowledge subtest was
administered post-intervention and prorated for the verbal domain score. The reliability of
the Verbal (r=0.90) and Nonverbal (r=0.86) scores is high among children and adolescents
aged 4-18 and excellent for the 1Q Composite among ages 10-18 (r=0.93) (Kaufman &
Kaufman, 2004). The subgroup of typically developing children with archival data received
the Stanford-Binet Intelligence Scales-4; reliabilities range from .94 to .96 for children
under age 17 (Becker, 2003).

2.3. MRI acquisition

T1-weighted MR images were collected on a 3T Philips Intera system with an 8 channel
SENSE (Sensitivity Encoding) technology head coil. Images were acquired in the coronal
plane with voxel dimensions of .9375 x .9375 x 1 mm and a matrix of 256 x 256. Repetition
time was either 8.5 ms or 8.6 ms; echo time was either 3.9 ms or 4.0 ms; flip angle was 6.0°.
For DTI acquisition, a single-shot spin-echo diffusion sensitized echo-planar imaging (EPI)
sequence was implemented using a balanced Icosa21 encoding scheme with 21 uniformly
distributed orientations. The following DTI parameters were utilized: TR = 6100 ms; TE =
84 ms; 44 slices total; square FOV = 24 cm?; acquisition matrix = 256 x 256; slice thickness
=3 mm; bvalue = 1000 s/mm2. A single non-diffusion weighted or “low b” image with a &
value = 0 s/mm? was acquired as an anatomical reference volume.

2.4. Image processing procedures

To analyze structural connectivity between cortical and cerebellar regions involved in
reading we used probabilistic tractography (Behrens et al., 2003). Our processing pipeline
can be summarized as the following sequence of steps:

2.4.1. Parcellation of T1-weighted images—The Lonestar cluster at TACC (Texas
Advanced Computing Center) was utilized to perform resource-intensive computations
involved with the recon-all processing stream included in FreeSurfer software version 5.3.0
(http://surfer.nmr.mgh.harvard.edu/). Briefly, T1-images were skull-stripped and brain tissue
was segmented into gray or white matter and CSF, and then parcellated into cortical regions
of interest according to the Desikan (Fischl et al., 2004) and Destrieux (Destrieux, Fischl,
Dale, & Halgren, 2010) atlases. Cortical masks for angular gyrus, sulcus intermedius primus
and supramarginal gyrus were merged together to create a single TP mask in each
hemisphere. Masks for inferior occipital gyrus and sulcus and middle occipital sulcus and
lunatus sulcus were merged to create a single OT mask in each hemisphere. Masks for pars
opercularis and pars triangularis were merged to create a single IF mask in each hemisphere

(Fig. 1).
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A cerebellar parcellation procedure described by Juranek (2010) and utilized by Fernandez
(2013) was used to mask the anterior lobe of the cerebellum as defined by lobules I-V, a
region bounded by the most posterior point of the fourth ventricle, corpus medullare, and
primary fissure (Fernandez et al., 2013; Juranek et al., 2010; Pierson et al., 2002;
Schmahmann, Doyon, Toga, Petrides, & Evans, 2000).

2.4.2. Transformation of T1-weighted image and parcellations into diffusion
space—The linear transformation tool (FLIRT) from FMRIB’s Software Library (FSL)
version 5.0.1. (Jenkinson, Beckmann, Behrens, Woolrich, & Smith, 2012; Smith et al., 2004;
Woolrich et al., 2009) was used to co-register the T1-weighted volume with the same
individual’s 5= 0 s/fmm? non-diffusion weighted volume using a 12 degree of freedom
affine transformation matrix. The inverse of this transformation matrix was used to bring the
parcellation labels into diffusion space.

2.4.3. DTI metrics—Diffusion tensor data was processed using FSL version 5.0.1
(Jenkinson et al., 2012; Smith et al., 2004; Woolrich et al., 2009). Images underwent a
quality assurance protocol which evaluated motion and corrected for eddy current
distortions. The non-diffusion weighted volume (6= 0 s/mm?) was skull-stripped to create a
brain mask using the brain extraction toolbox (Smith, 2002). Tensors were reconstructed
using DTIFIT to generate fractional anisotropy (FA), axial diffusivity (AD), and radial
diffusivity (RD) maps (Behrens, Barker et al., 2003).

2.4.4. Probabilistic tractography—To ensure that cerebellar-cortical tractography
occurred only within brain tissue, the FA map underwent erosion with a three-dimensional
kernel of 3 x 3 x 3 voxels. As demonstrated in Fig. 2, a total of twelve probabilistic
tractography outputs were created using FSL’s PROBTRACKX (Behrens, Barker et al.,
2003). Six of these outputs were ipsilateral to the cerebellar seed mask. The first three
ipsilateral tracks were seeded from the left anterior cerebellum (LAC) to the left TP, left OT,
and left IF. The second set of ipsilateral tracks was seeded in the right anterior cerebellum
(RAC) to homologous cortical masks in the right hemisphere. The other six probabilistic
tractography outputs were contralateral to the cerebellar seed mask. While three of these
were seeded from the LAC to TP, OT, and IF in the right hemisphere, the other three were
seeded from the RAC to TP, OT, and IF in the left hemisphere. Fig. 3 demonstrates a 3D
display showing trajectory of ProbtrackX output between RAC and left IF in high resolution
T1-space for a representative study participant. Five thousand streamlines were generated
from each voxel in the seed area. We used a curvature threshold of 0.2 (approximately 80
degrees) for stopping streamline trajectories (Behrens et al., 2003). Furthermore, tracking
was restricted to only white matter by thresholding voxels with FA values between 0.2 and
1.0. The final tracts were binarized before obtaining mean FA, AD, and RD values for each
tract. Fig. 4 illustrates an FA scalar map (heat scale) demonstrating FA values in a pathway
resulting from probabilistic tractography between RAC and left IF in a poor reader (A) and a
typical reader (B). The entire process of computations for steps 2—4 was fully automated
through the use of in-house developed bash scripts executing FSL commands. Computations
were performed on a local Linux Red Hat 6 workstation.
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Statistical analyses were conducted on Statistical Analysis Software (SAS) 9.3.

3.1. Demographic data

The participants ranged in age from 6 to 15 years. Table 1 presents information about group
demographics, while Table 2 contains summaries of the behavioral data. The groups differed
significantly in age, {1, 54) = 3.29, p=0.0018; the group of children with dyslexia was two
years older than the typical readers. There were no differences in sex, /1/2(1) =0.2968, p=
0.59, or ethnicity ;(2(3) =2.25, p=0.5228. Females represented approximately half of the
sample in each group (D= 48%, TR = 56%). The majority of participants in each group
were of Black or Hispanic racial/ethnic background by self-report. Race and ethnicity were
well balanced between the groups and accurately reflected the racial/ethnic breakdown of
the communities from which the samples were obtained (e.g. greater Houston metropolitan
area).

As Table 2 shows, on average, the group of readers with dyslexia performed over one and a
half standard deviations below the typical reader group on standardized measures of
decoding and reading comprehension and one standard deviation below the typical readers
on a standardized measure of reading fluency. Group differences in 1Q (full-scale and index
scores) were observed and were expected; however, research has demonstrated that children
with reading difficulties with higher 1Q scores have similar cognitive (Stuebing, Barth,
Molfese, Weiss, & Fletcher, 2009; Stuebing, Fletcher, LeDoux, Lyon, & Shaywitz, 2002)
and functional neuroimaging (Simos, Sideridis, Kasselimis, & Mouzaki, 2013; Tanaka et al.,
2011) characteristics to those with lower 1Q. In addition, matching or covarying for 1Q
differences is generally inappropriate because 1Q is related to reading, creating artificial
groups of typical and atypical readers and generally causing regression to the mean and
violating the assumptions of covariance analysis (Campbell & Erlebacher, 1979; Dennis et
al., 2009).

3.2. Probabilistic diffusion tractography

3.2.1. Hypotheses 1 and 2: Between-group differences in cerebellar-cortical
pathways—Summary statistics organized by group and by tract for each of the DTI
metrics (FA, RD, and AD) are provided in Table 3. A mixed-effects model with a single
between-subjects variable (group) and four within-subjects variables: age at MRI, seed
region (LAC, RAC), terminal hemisphere (left, right), and terminal cortical region (TP, OT,
IF) were utilized to analyze tract structure and interactions with age. This procedure was run
separately for each DTI metric (e.g. FA, RD, AD).

3.2.2. Fractional anisotropy—The five-way and four-way interactions were not
significant, F< 1. A statistically significant three-way interaction of age, group, and region
H2,571) = 6.43, p=0.0017, was observed. Seed region and terminal hemisphere data was
collapsed to address the relation between group and age among the three regions of interest,
which are illustrated in Fig. 5. On visual inspection of the figure, the difference between FA
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in children with dyslexia and typical readers is greater for the older children in each of the
three groups of tracts.

To follow-up the three way interaction of group, age, and region, age by group analyses were
conducted within region with collapsed data for seed region and terminal hemisphere. A
significant interaction between age and group was revealed in the group of tracts terminating
in the OT region, A1, 168) = 7.75, p= 0.006. Inspection of Fig. 5d reveals that younger
children with dyslexia have lower FA in white matter tracts terminating in the OT region
relative to typical readers, while older children have greater FA. Age interactions were not
significant in the other two groups of white matter pathways.

Main effects of group were observed in the group of tracts terminating in the TP region, A1,
168) = 17.84, p=0.0001, and in those terminating in the IF gyrus, A1, 168) = 6.87, p=
0.0095. The main effects of group are illustrated for each region in Fig. 6a.

The analysis also demonstrated an interaction between seed region and terminal hemisphere,
A1, 571) = 6.98, p=0.0085. This interaction reflected typical tract organization, with tracts
crossing the midline displaying higher FA than tracts terminating in the hemisphere
ipsilateral to the seed region of the left or right anterior cerebellum. The interaction is
illustrated in Fig. 7a.

3.2.3. Radial diffusivity—Radial diffusivity was examined using a mixed-effects model
with the same structure described above for FA. The five-way interaction was not
significant, £< 1. However, a statistically significant four-way interaction between age,
group, terminal hemisphere, and terminal region was observed, A2, 571) = 3.21, p=0.041.
Additionally, there was a significant interaction between age, group, and seed region, A1,
571) = 10.88, p=0.001.

To examine the four-way interaction, seed region data was collapsed, and the interaction of
age, group, and terminal hemisphere were analyzed by region. No significant interactions
were observed in the TP tracts. Only a main effect of age was observed in the OT tracts. In
contrast, the age, group, and terminal hemisphere interaction was statistically significant for
the tracts terminating in the IF gyrus, A1, 164) = 4.15, p=0.043. An analysis of age and
group by hemisphere in the IF gyrus revealed a statistically significant interaction between
age and group in the left hemisphere, A1, 55) = 6.51, p=0.0129, and significant main effect
of age in the right hemisphere, A1, 55) = 4.13, p=0.047.

In the tracts terminating in the left IF gyrus, younger children with dyslexia had higher RD
than typical readers, while the older children had lower RD. Because no interactions were
present in the analysis of the tracts terminating in the TP region, an examination of
interactions between age and group was conducted by hemisphere, which revealed no
significant interactions. Age was removed from the model to examine group and hemisphere
interactions. Only a main effect of group, in which the children with dyslexia had reduced
overall FA relative to the typical readers, was observed, A1, 166) = 6.75, p=0.0102
(illustrated in Fig. 6b).
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Further analysis of the three-way interaction between seed region, group, and age, revealed a
significant interaction between age and group for the tracts coming from the RAC, A1, 280)
=5.04, p=0.0256. In the tracts coming from the LAC, only a main effect of age was
observed, A1, 280) = 4.13, p=0.043. A pattern similar to the one previously described was
observed in the RAC in which the younger children with dyslexia have greater RD which
decreases with age, while the typical readers have greater RD which decreases with age.
This results in group differences that are most apparent in the older children with children
with dyslexia having decreased RD relative to the typical readers.

3.2.4. Axial diffusivity—A similar model to the one previously described was applied to
the analysis of axial diffusivity. The five-way interaction was not significant, /< 1. A
significant interaction between seed region and end hemisphere was observed, A1, 571) =
4.29, p=10.0389. On visual inspection, the pattern was identical to that observed for FA in
which the tracts that cross the midline demonstrated greater AD relative to ipsilateral tracts.
Again, this pattern likely represents typical development.

A statistically significant interaction between age, group, and region was observed, A2, 571)
=15.95, p=0.001. In follow-up analysis in which seed region and hemisphere data were
collapsed, examining group and age interactions by region, no significant main effects or
interactions were observed in the tracts terminating in the TP region or OT region. A
significant interaction was observed in the tracts terminating in the IF gyrus, A1, 168) =
5.81, p=0.017, illustrated in Fig. 5i. The pattern is similar to the one described for RD; the
older children with dyslexia demonstrate lower AD, while the older typical readers have
greater AD. For all the tracts described with this pattern, the gap continues to widen with
age.

4. Discussion

This study was motivated by our previous study showing volumetric reductions in the
anterior cerebellum bilaterally in children with dyslexia (Fernandez et al., 2013) and by the
cerebellar theory of dyslexia, which has received mixed support. It was not clear why
reductions in the anterior region per se would be related to poor word reading, unless there
was aberrant connectivity to cortical areas involved in this region. We hypothesized aberrant
white matter integrity between the cerebellum and TP regions and possibly other regions in
the reading network.

4.1. Fractional anisotropy

The first hypothesis was supported. Greater FA values were apparent in the white matter
fiber tracts that project to the TP region bilaterally in the group of children with dyslexia
relative to typical readers. These results are not entirely surprising given the abundance of
functional neuroimaging research, implicating the TP circuit in reading and writing
disorders (Pugh et al., 2001). Although this finding is consistent with Richards et al. (2008),
who found greater FA in this region in adults with dyslexia, the mechanism by which FA, a
measure of microstructural integrity, would be greater in children with dyslexia is unclear.
Reading requires a careful orchestration of motor, cognitive, and sensory process to produce
accurate and fluent word reading, a process that becomes fairly automatic for most children.
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An increase in FA in poor readers may indicate greater reliance on the regulatory functions
of the cerebellum to integrate and automate these skills.

Additionally, bilateral findings are somewhat unexpected given the leftward lateralization
findings in the literature (Niogi & McCandliss, 2006; Rimrodt et al., 2010), but this may
reflect the use of only 21 directions for DT acquisition.

Evidence was also found in support of the second hypothesis. Group differences were found
in the other two groups of tracts of interest originating in the anterior cerebellum: those
terminating in the OT region, a region hypothesized to underlie fluency in word recognition,
and the IF gyrus, which has been associated with articulatory processes involved in decoding
and reading silently (Pugh et al., 2001). In the OT tracts, younger children with dyslexia had
decreased FA, which might be expected given that decreased FA is usually associated with
the presence of some sort of functional deficit in clinical research. However, greater FA was
observed in the older children with dyslexia while lower FA was observed for the older
typical readers, giving the appearance of an increasing gap between groups with age. The
difference in FA between the two groups in the tracts terminating in the IF gyrus was more
direct and greater FA was observed despite age in the group of children with dyslexia.

As a measure of white matter integrity, higher FA can indicate increased myelination, more
dense axonal packing, or both. However, this finding is rarely reported in clinical
populations (Alexander et al., 2011). The nature of these findings is somewhat unclear,
especially in terms of how these types of differences might relate to impaired reading
functions. Greater FA has been linked to disability progression in multiple sclerosis
(Harrison et al., 2013), a propensity for auditory hallucinations in schizophrenia (Shergill et
al., 2007), and crossed cerebro-cerebellar diaschisis in supratentorial brain tumors (Patay et
al., 2014). Because this is the first study of its kind, direct comparisons cannot be made. The
technology needed to examine white matter microstructures closely enough to determine
what axonal differences lead to greater FA in some disorders is currently unavailable and
represents an opportunity for growth in the field.

4.2. Radial diffusivity

RD typically has an inverse relation to FA, in the absence of changes to AD. We found this
to be true in the present study; in the TP and OT tracts, the greater FA observed in the
children with dyslexia was driven by smaller RD relative to typical readers rather than by
lesser AD. In all tracts, RD was smaller for the older children with dyslexia relative to older
typical readers. These findings are notable, because RD typically decreases with age in
healthy children (Faria et al., 2010). The mechanism by which children with dyslexia would
demonstrate greater reductions in RD than typically developing children is unclear. As with
increased FA, reductions in RD, a measure inversely related with myelination, may indicate
an over-reliance on cerebellar processes that adjust and automatize the various cortical
functions necessary for accurate and fluent word reading.

This pattern is consistent with previous research involving the corpus callosum,
demonstrating greater FA that is driven by lesser RD, including Hasan et al. (2012) who
found similar patterns in the CC5 region of the corpus callosum. Similarly, Keller and Just
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(2009) found increases in RD in struggling readers (and not typical readers) in response to
intervention. Although these studies examined the corpus callosum, the body of work
suggests that when it comes to reading, increased myelination, rather than smaller axonal
diameter or crossing fibers which are indicated by changes in AD, may be the
microstructural mechanism of change.

4.3. Axial diffusivity

With regard to AD, no significant group differences were found in the tracts originating in
the anterior cerebellum and terminating in the TP or OT region. An interaction similar to the
one described above for RD was found in the tracts terminating in the IF gyrus. Notably, the
group of tracts terminating in the IF gyrus was the only set to have significant group effects
or interactions in all three metrics (FA, RD, and AD). It has been suggested that the IF
region is more heavily used by readers with dyslexia, perhaps in compensation for their
failure to develop the posterior (TP and OT) reading system adequately (Pugh et al., 2001).

4.4. Hemisphere effects

Significant hemisphere effects were found for the overall sample without regard for group
structure, such that cortical target masks contralateral to the seed mask in the cerebellum had
greater FA than ipsilateral tracts. Although group differences were not identified with regard
to hemisphere, this finding is relevant because it describes white matter tracts that have
never been examined at the regional level of cerebellar anatomy in reading impaired children
relative to typical readers, and illustrates similar patterns of organization in both groups.

Additionally, the absence of an interaction between group and cerebellar seed region is not
surprising given the bilateral reduction in volume observed in our previous research
(Fernandez et al., 2013). However, given that language dominance typically lateralizes to the
left, one may have expected greater group differences in the tracts terminating in the left
hemisphere, and this was not the case.

5. Limitations and future directions

Current research is limited by the fact that quantitative magnetic resonance imaging
including DTI utilizes measurements in the order of millimeters whereas axonal diameters
range between 1 and 20 pm and the thickness of a healthy myelin sheath is approximately 1
um. As a result, DTI lacks the sensitivity to detect the specific microstructural differences of
interest (e.g., fiber intersections within the cerebellar folia) (Alexander et al., 2011). More
sophisticated techniques, such as diffusion spectrum imaging may help bridge that gap
(Weeden et al., 2008).

The current study was limited by MRI scanner technology at the time of data acquisition.
The spatial resolution of the DTI acquisition (3 mm slice thickness) and the angular
resolution (21 direction gradient table) were maintained throughout the five year data
acquisition period to ensure comparability of subject data collected at the beginning and the
end of the period of project performance. While these acquisition parameters are much less
sophisticated than current DTI acquisition methods for tractography analyses, to the data
acquired was found to appropriately capture the pathways of interest. Greater spatial
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resolution of voxel dimensions and new encoding schemes that allow for greater angular
resolution have been developed, presenting opportunities to improve upon the present
research.

Notably, the different tracts were found to have differential associations with age. We found
greater FA for the poor readers in white matter tracts connecting the cerebellum with TP and
IF regions, and in the OT region FA was greater for the older poor readers, but smaller for
the younger ones relative to typical readers. Greater FA in patient samples have been
explained with the hypothesis that compensatory mechanisms led them to recruit additional
neural resources which contribute to increased myelination or axonal packing. However,
because our sample is comprised of children, maturation effects must be considered. FA is
known to increase linearly with age in major white matter tracts, while RD is known to
decrease with age in healthy children (Faria et al., 2010), and distinct maturational rates
between tracts have also been described (Taki et al., 2013). Longitudinal studies could help
elucidate the mechanism by which white matter tracts change over time in children with
dyslexia as well as potentially describe the effects of intervention on these pathways.

6. Conclusions

Few DTI studies of dyslexia have included the cerebellum in their analyses. Fewer have
conducted research with children, and none have examined the cerebellum at a regional
level, preventing a direct comparison of our findings to existing research. Microstructural
differences in cerebellar-cortical white matter tracts in individuals with dyslexia, as well as
the behavioral correlates, are still poorly understood and additional research utilizing
innovative technology will be necessary to fully understand the underlying neural
mechanisms contributing to impairments in reading. Nevertheless, this study has provided
additional evidence for discrete, regionally-bound functions of the cerebellum. An important
implication of the present study is that the projections from the anterior cerebellum appear to
have a regulatory effect on cortical functions important for reading. These findings
complement the current body of research that has previously found evidence of higher-order
cognitive functions in the posterior regions of the cerebellum (Schmahmann & Caplan,
2006).
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Fig. 1.
Cortical regions of interest. Left hemisphere inflated surface view is displayed using

Tksurfer in Freesurfer v5.3.0. The green and red lines are indices of curvature overlaid on
the inflated surface and are helpful for referencing gyri (green) and sulci (red). Each cortical
gray matter label used in the probabilistic tractography analyses are color-coded overlays on
the inflated surface. Blue = inferior frontal gyrus;pink = temporoparietal; yellow =
occipitotemporal.
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(A) (B)

© (D)

Fig. 2.
Example of merging multi-model imaging data for probabilistic tractography. (A) Cortical

gray matter used in tractography are displayed in FSL’s 3D viewer in a color-coded fashion
(green = RAC mask; yellow = right OT mask; pink = right TP mask; blue = right IFG mask).
(B) Cortical GM mask of left IFG from Freesurfer is co-registered with DTI ProbtrackX
output for evaluating structural connectivity between RAC and Left IFG (red). (C) Cortical
GM mask of left OT mask from Freesurfer is co-registered with DTI ProbtrackX output for
evaluating structural connectivity between RAC and left OT (green). (D) Cortical GM mask
of left TP mask from Freesurfer is co-registered with DTI ProbtrackX output for evaluating
structural connectivity between RAC and left TP (blue).
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Fig. 3.
Example of pathway generated by ProbtrackX output. 3D display showing trajectory of

ProbtrackX output (red) between RAC (blue seed mask) and LIF (green target mask) in high
resolution T1-space for a representative study participant.
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Fig. 4.
FA scalar maps of a poor reader and typical reader. FA scalar map (heat scale) demonstrating

FA values in pathway resulting from probabilistic tractography between RAC (seed mask)
and LIF (purple target mask) in a poor reader (A) and a typical reader (B).
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Group | (blue) = Dyslexia, Group 2 (red) = Typical Readers
AC = Anterior Cerebellum, TP = T ietal, OT = Occipi I, IF = Inferior Frontal

Fig. 5.
Interactions between age and DTI metrics in anterior cerebellar tracts by terminal cortical
region.
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Fig. 6.
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(a—c) Group differences in DTI metrics of cerebellar tracts by terminal cortical region.
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Fig. 7.

(aand b) Hemisphere effects for FA and AD.
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Demographics.

Table 1

Dyslexia (n = 29) Typical readers(n=27) t/y? df p
Age range [M(SD)] 7-15[12.10 (2.47)]  7-15 [10.07 (2.11)] 329 54 0.0018
Gender (% female) 48 56 030 1  0.5859
Race/Ethnicity 225 3 0.5228
White (Non-Hispanic) 1 4
Hispanic 12 10
Black 15 12
Other 1 1

M = Mean, SD = Standard Deviation.
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IQ and reading characteristics.

Table 2

Dydexia[SS(SD)] Typical readers[SS (SD)] t df p
Full-scale 1Q 87.53 (9.8) 102.18 (11.40) -5.12 53 0.000
Verbal 1Q 76.66 (18.62) 102.04 (13.04) -587 54 0.000
Nonverbal IQ  91.01 (14.97) 103.52 (16.41) -3.72 53 0.000
Decoding 79.62 (9.5) 108.74 (14.5) -8.94 54 0.000
Comprehension  80.39 (12.1) 105.59 (11.6) -7.50 48 0.000
Reading fluency ~ 85.30 (13.0) 99.30 (7.6) -353 34 0.001

SS = Standard Score, SD = Standard Deviation.
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