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Abstract
Cerebellar deficits and subsequent impairment in procedural learning may contribute to both
motor difficulties and reading impairment in dyslexia. We used quantitative magnetic resonance
imaging to investigate the role of regional variation in cerebellar anatomy in children with single-
word decoding impairments (N=23), children with impairment in fluency alone (N=8), and
typically developing children (N=16). Children with decoding impairments (dyslexia)
demonstrated no statistically significant differences in overall grey and white matter volumes or
cerebellar asymmetry; however, reduced volume in the anterior lobe of the cerebellum relative to
typically developing children was observed. These results implicate cerebellar involvement in
dyslexia and establish an important foundation for future research on the connectivity of the
cerebellum and cortical regions typically associated with reading impairment.
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Dyslexia is a common developmental disorder affecting 5 % to 15 % of school-aged
children. By definition, dyslexia is characterized by difficulties acquiring accurate and fluent
single-word reading skills [1]. Almost 50 % of all children receiving special education
services in the U.S. do so for reading problems [2]. Given that reading is a fundamental skill
required for learning other academic material, individuals with dyslexia often perform
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poorly in school [3], are more likely to drop out of school, and are more likely to experience
adjustment difficulties than youth with typical reading skills [4].

Various anatomical magnetic resonance imaging (MRI) studies have attempted to determine
the neural correlates of dyslexia by focusing on differences between the brains of individuals
with and without reading difficulties. Although findings and methodologies vary, a pattern
of differences in brain structures has emerged that implicates the inferior frontal gyrus,
temporal–parietal region, medial occipital lobe, and cerebellar anterior and posterior lobes
[5]. Some of these findings are not surprising given the demands of reading on
graphophonemic processing, language comprehension, and working memory capacities.
Cerebellar findings, however, have generated both a “theory” of dyslexia and controversy
involving the role of implicit learning on reading acquisition, particularly given that
processing speed and motor deficits are often observed in children with dyslexia and other
learning and attention disorders [6].

Cerebellar Theory of Dyslexia
Proponents of the cerebellar theory of dyslexia argue that the cerebellum is active during
early stages of skill acquisition [7, 8], a process with which some children with dyslexia
struggle [9]. The resulting procedural learning deficits prevent automatization of accurate
word decoding and phonological processing. This theory has been evaluated by comparing
children with dyslexia and typically developing children on neuropsychological and
cognitive tasks presumably associated with the cerebellum [10, 11]. However, the results are
controversial because the children with dyslexia were defined in part by performance on
these tasks. In other studies, these same cerebellar tasks have not been strongly related to
reading or to reading difficulties [12]. In addition, there have been efforts to train the
cerebellum through exercises, with claims that reading and cerebellar functions improved [9,
13]. These findings have been controversial because of questions about how the children
with dyslexia were identified and the methods used to train the children and evaluate
outcomes [14]. It is not clear why implicit learning as mediated by the cerebellum would be
involved in decoding difficulties as opposed to problems with automaticity associated with
fluent reading, especially given the role of the cerebellum in automaticity [15].

Cerebellar Anatomy in Adults with Dyslexia
Purkinje cells in the medial areas of the posterior cerebellar cortex, which receive
information from peri- and intra-oral structures, were found to be significantly larger in the
brain specimens of individuals with dyslexia a postmortem study of dyslexia [16].
Anatomical MRI studies have yielded inconsistent findings. Leonard et al. [17] and Rae et
al. [18] found leftward asymmetry of the anterior lobe of the cerebellum in adults with
dyslexia, which they hypothesized was due to a reduction in the volume of the right anterior
lobe. Additional support for cerebellar anomalies has been found in posterior and medial
regions [19, 20]. Other studies have found no differences in cerebellar grey matter volume
between adults with and without dyslexia [21–23], while Laylock et al. [23] found that the
group with dyslexia had a larger volume of white matter in both cerebellar hemispheres.

Results from the adult literature are variable and highlight differences in participant
selection and image analysis methods. First, the studies varied with respect to age of
participants, gender composition, and inclusion criteria. While some studies required that
participants meet criteria for dyslexia as set forth in the Diagnostic and Statistical Manual of
Mental Disorders, fourth ed. [19, 21] or International Classification of Diseases [22], others
included participants that only had a familial history of dsylexia and demonstrated no
normative deficits [20]. Second, some studies used manual segmentation approaches [17]
while others used automated methods for volumetric analysis [20–23].
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Cerebellar Anatomy in Children with Dyslexia
One of the first studies of children with dyslexia was conducted to replicate cerebellar
findings in college students [17, 24]. Sagittal images (1.2 mm) were acquired using a 1.5
Tesla scanner in 18 children in grades 4–6 with at least a standard deviation discrepancy in
their prorated verbal IQ and at least one reading or spelling measure. The volume of the
anterior lobe of the cerebellum was estimated from manual tracings of a single mid-sagittal
slice as a proxy. Participants with dyslexia had a smaller right anterior cerebellar lobe, right
and left pars triangularis, and whole brain volume. The right anterior cerebellar lobe and
right pars triangularis made unique contributions in predicting group membership even with
cerebral volume and asymmetry included in the regression [24].

Noting potential weaknesses in image analysis methodology, this group conducted another
analysis to determine if an automated approach using voxel-based morphometry (VBM)
would identify anatomical differences in the right anterior cerebellar lobe and right and left
pars triangularis in the same group of children [25]. The VBM approach revealed grey and
white matter estimates for the right anterior cerebellar lobe that were smaller for the group
with dyslexia. However, these findings were no longer statistically significant after
correcting for multiple comparisons.

Based on previous findings, Leonard, Eckert, Given, Berninger, and Eden [26] developed
and utilized a quantitative anatomical risk index (ARI) in an attempt to predict behavioral
profiles in a heterogeneous sample of children with reading and language impairments. The
index was based on an asymmetry profile of the planum temporale, anterior cerebellar lobe,
cerebral volume, and surface area of Heschl’s gyrus. Children were categorized as having a
positive or negative index, where a positive index score represented children with more
leftward asymmetry of the planum temporale and anterior cerebellar lobe. Twenty-two
children 11–16 years old identified by the school system as having reading and language
impairments were scanned using a 1.5 Tesla scanner and 1 mm thick slices. Blind raters
traced every fourth sagittal image for cerebral hemispheres and every slice for cerebellar
hemispheres. While children with negative risk indices had more deficits in general and
were more likely to have deficits in both expressive and receptive oral language, children
with positive risk indices (relatively smaller volume of the anterior lobe of the cerebellum)
were more likely to have word reading deficits with comprehension relatively spared.
Notably, there was no relation between rapid naming speed and anterior cerebellar lobe
measures or the anatomical risk index, a relation one might expect if the cerebellar
hypothesis were correct [26].

Kibby and Hynd [27] examined cerebellum morphology and its relation to cognition in a
heterogeneous group of children between the ages of 8 and 12 years with dyslexia and
attention-deficit/hyperactivity disorder. An MRI was obtained with a 0.6 Tesla scanner with
3.1 mm slices. The cerebellar hemispheres were manually traced on the coronal plane using
every other slice. The group of typical readers displayed greater “rightward asymmetry”
(greater volume in the right cerebellar hemisphere relative to the left cerebellar hemisphere)
than those with dyslexia [27]. In this group, cerebellar hemisphere volume was associated
with phonological awareness (Reversals) and short-term memory (Digit Span), while the
anterior vermis was correlated with phonological awareness (both Reversals and Elision).
Rapid naming speed was also related to asymmetry. In the children with dyslexia, rapid
naming errors correlated with left and right hemispheric volumes of the cerebellum [27].

Rationale and Hypotheses
Based on this body of research, it appears that reduced volume in the right anterior lobe of
the cerebellum may be reliably identified in heterogeneous groups of reading impaired
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children relative to the volume of the same region in typical readers. Similarly, typical
readers ought to demonstrate more robust rightward cerebellar asymmetry. These findings
are consistent with functional MRI research in which the right hemisphere of the cerebellum
has been linked to the speed–accuracy trade off in cue-dependent decision-making [28].
Additionally, the anterior portion of the cerebellum is associated with precise motor function
and timing [29]. The finding that measures of phonological awareness, rapid naming
(although not consistently), and short-term memory are associated with this differential
pattern of regional volume and asymmetry between children with and without reading
impairment is compelling and lends support to the cerebellar hypothesis. However, the
strength of the associations appears to vary based on the imaging analysis methodology and
how the groups of children with dyslexia were identified. No study has focused on children
with the hallmark characteristic of dyslexia (word decoding and spelling difficulties) with an
approach to segmentation of the entire cerebellum.

We used cerebellar segmentation methods outlined by Pierson et al. [30] that were further
modified by Juranek et al. [29]. These methods utilized both contemporary terminology and
surface-landmark-based identification of two-dimensional slices developed exclusively for
MR images [31]. We also included a group of children with reading impairments
characterized by accurate but slow decoding speed because of the possibility that
automaticity deficits would be more likely mediated by the cerebellum.

If the cerebellar theory is correct, children with decoding problems would be expected to
differ from children with reading fluency problems and typical readers on at least some
facets of cerebellar anatomy. Available research suggests that children with dyslexia should
exhibit (a) no statistically significant differences in cerebellar grey matter volume but
increased white matter volume relative to typically developing children, (b) decreased
cerebellar asymmetry in regions primarily comprised of grey matter (right–left hemisphere
volume)/total volume), and (c) reduced volume in the right anterior lobe of the cerebellum.
An alternative hypothesis is that differences will be apparent in children with reading
fluency deficits even when decoding is accurate but not necessarily in children with word
reading/decoding difficulties or dyslexia. This alternative hypothesis reflects the view that
cerebellar abnormalities are more related to the automaticity of word-reading.

Methods
Participants

Participants in this study were part of a large-scale, middle-school reading intervention study
[32]. A subset of 53 children volunteered for the MRI component of the study. These
children completed a structural MRI at baseline prior to intervention as part of their
participation in the functional magnetoencephalography imaging study [33]. From these
children, three groups were formed. Children in the group with decoding impairment
(dyslexia) [N=23 (11, female (f); 12, male (m)), mean age=13.7 years] scored below the 26th

percentile on a measure of single-word decoding. Most of these children also had
measureable fluency deficits. Children in the group with fluency impairment [N=8 (6 f. 2
m), mean age=13.7] scored above the 25th percentile on the decoding measure but below the
26th percentile on the fluency measure. Typically, developing children [N=16 (5 f. 11 m),
mean age=11.7] did not show impairment on either measure 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 [34].

All children had a composite IQ score of at least 70 on the Kaufman Brief Intelligence Test-
second (KBIT-2) edition [35] or Stanford-Binet Intelligence Scales-4 [36]. IQ-discrepancy
definitions were not used because of the lack of evidence of validity of these methods in
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comparisons of cognitive [37] and neuroimaging [38] correlates. Handedness information
was obtained based on the Edinburgh handedness procedure, which requires the child to
demonstrate how they would perform different manual tasks. Four non-right-handed
participants were included in the analysis (two with dyslexia and two typical readers).
Because these subsamples were too small for parametric analysis, their structural data were
examined on a case-by-case basis and was consistent with that of right-handed participants
in the study. The study was conducted with approval from the Institutional Review Board of
the University of Houston and University of Texas Health Science Center at Houston
Committees for the Protection of Human Subjects, and all participants were provided with
the approved informed consent.

Table 1 provides a summary of group characteristics on IQ and reading measures. A set of
planned t tests revealed that, on average, the typical readers were younger than the children
with dyslexia by 1.96 years, t (1, 37)=4.06, p<0.001, and younger than the children with
fluency impairments by 1.95 years, t (1, 22)=2.70, p<0.05. The IQ differences were
expected based on previous literature in which the average IQ of children with dyslexia is
lower than normative expectations, presently viewed more as a consequence of underlying
cognitive difficulties related to both reading achievement and IQ [2, 38]. The reading
differences are consistent with how the groups were formed.

Measures
Decoding—Word reading accuracy was assessed with the Woodcock-Johnson III Letter-
Word Identification (LWI). This measures has been widely used in studies of dyslexia [34]
and has excellent reliability (LWI r=0.918) [39].

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 used to assess real and pseudowords. Reliability for these measures is also excellent
(SWE r=0.91, PDE r=0.90, total WRE r=0.93) [40]. A portion of the group of typical
readers with archival data received the Reading Fluency measure of the Woodcock Johnson-
III [39].

Intelligence—The KBIT-2 is an individually administered intellectual function measure
used primarily for descriptive purposes. 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 years and excellent for
the IQ Composite among ages 10 to 18 years (r=0.93) [35]. The subgroup of typically
developing children with archival data received the Stanford-Binet Intelligence Scales-4;
reliabilities range from 0.94 to 0.96 for children under age 17 years [41].

MRI Acquisition
T1-weighted MR images were collected on a 3 T Philips Intera system with an eight-channel
SENSE (Sensitivity Encoding) technology head coil. Images were acquired in the coronal
plane with voxel dimensions of 0.9375×0.9375×1 mm and a matrix of 256×256. Repetition
time was either 8.5 or 8.6 ms; echo time was either 3.9 or 4.0 ms; flip angle was 6.0 degrees.

MR Image Analysis
The methods for analyzing the acquired MR images, obtaining cerebellum parcellation units,
and co-localization of anatomical landmarks were based on the procedures outline in
Juranek et al. [29], although some modifications were necessary. All MRI analysis
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procedures were performed by a rater blind to the adolescent’s group membership. Although
not usually problematic in T1 sequences, all scans were checked for motion artifacts, and
none were excluded from analysis.

Cerebellar Parcellation Units
A four-compartment model (one WM and three principally GM) was used to parcellate the
cerebellum into the following regions: corpus medullare, anterior lobe, superior–posterior
lobe, and inferior–posterior lobe. As described by Pierson et al. [30], each cerebellar
parcellation unit was defined according to the following anatomical features: (a) corpus
medullare: central white matter and output nuclei; (b) anterior lobe: lobules I–V, bounded by
the most posterior point of the fourth ventricle, corpus medullare, and primary fissure; (c)
superior–posterior lobe: lobe VI and crus I of VIIA, bounded by the primary fissure, corpus
medullare, and horizontal fissure; and (d) inferior–posterior lobe: crus II of VIIA, VIIB,
VIII, IX, and X, bounded by the most posterior point of the fourth ventricle, corpus
medullare, and horizontal fissure. Localization of anatomical landmarks in each individual
brain was guided by the cerebellum atlas published by Schmahmann et al. [31].
Nevertheless, inter-individual variation in cerebellar topography (e.g., fissures and lobes)
was preserved as no spatial transformations to a standardized template were implemented.
This procedure was completed for both the left and right cerebellar regions to obtain
separate volumetric data for each region by hemisphere. Figure 1a–c illustrates the masks
created for each of these regions.

Co-localization of Anatomical Landmarks and Manual Fissure Tracings
Primary and horizontal fissures were manually delineated in the plane that optimized our
ability to follow the entire trajectory of each fissure (e.g., sagittal plane for horizontal fissure
and para-sagittal and axial planes for primary fissure). Each fissure marker was readily
visible in all three cardinal planes, independent of the plane selected for tracing. This
process facilitated the manual tracing of the boundaries of each parcellation unit which was
then assigned to a new unique mask overlying the T1-weighted image.

Statistical Analyses
Analysis of covariance (ANCOVA) was utilized to test each of the hypotheses, controlling
for age, gender, and/or cerebellar volume as needed. To test the first hypothesis that
cerebellar WM volume, but not GM volume, is greater for the group with impaired
decoding, the models had a single between-subjects factor (group) with three levels (typical
readers, decoding impairment, and fluency impairment) and a single dependent variable
(cerebellar WMV and GMV, respectively).

To test the second hypothesis that asymmetry in cerebellar GM volume would be greater in
the typical readers relative to the group with dyslexia, an estimate of asymmetry was
obtained by summing raw volume for each of the hemispheric regions primarily comprised
of grey matter and calculating a difference [(right hemisphere−left hemisphere)/total
volume] score for each participant. This model also had a single between-subjects factor
(group) with the three levels mentioned above and a single dependent variable (difference
score).

Finally, a mixed-model ANOVA was used to test the third hypothesis that the group with
decoding impairments (dyslexia) would demonstrate reduced volume in the right anterior
lobe of the cerebellum relative to typical readers. The model included a single between-
subjects factor (group) and two within-subjects factor (hemisphere and region).
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Results
Table 2 presents descriptive statistics for estimated volumes of each cerebellar region of
interest by group. Gender was moderately correlated to total cerebellar volume, r=0.41,
p<0.01. Males had larger cerebellar volumes than females, t (1, 45)=−3.00, p<0.01. Age, r=
−0.31, p<0.05, was moderately related to the asymmetry index and to the left anterior lobe
of the cerebellum, r=−0.36, p<0.05, although not to our primary region of interest (the right
anterior lobe), r=−0.18, p>0.05.

Hypothesis 1: Cerebellar Grey and White Matter Volumes
ANCOVA, controlling for gender, revealed no statistically significant differences in total
cerebellar volume among children with decoding impairments, fluency impairments, and
typically developing children, F (2, 41)=0.78, p>0.05, η2=0.03. Additionally, no significant
group differences were noted in total cerebellar grey matter volume, F (2, 41)=0.57, p>0.05,
η2=0.02 or cerebellar white matter volume, F (2, 41)=0.90, p>0.05, η2=0.04, again
controlling for gender.

Hypothesis 2: Index of Asymmetry
Results of the anatomical asymmetry index are summarized in Table 3. No statistically
significant differences were found in degree of asymmetry among the three groups
controlling for age and gender, F (2, 41)<1, p>0.05. The proportion of variance accounted
for by group was small, η2=0.02, indicating that the null result was not due to insufficient
power.

Hypothesis 3: Regional Variation by Group
A mixed-model ANOVA using data corrected for cerebellar volume did not demonstrate the
hypothesized group× region×hemisphere interaction, F (4, 88)<1. The group by hemisphere
interaction was also not statistically significant, F (2, 44)<1. However, the group by region
interaction was significant, F (4, 88)=5.04, p<0.01. The group with decoding impairment
demonstrated an unexpected reduction in both anterior regions of the cerebellum, not the
hypothesized right anterior difference. In addition, the volume difference tended to be
greater in the left than right anterior lobe (Table 2).

Linear regression analyzing anterior lobe volume by group demonstrated a statistically
significant difference between the three groups in anterior lobe volume, F (2, 44)=3.52,
p<0.05, η2=0.14 as presented in Fig. 2. Pairwise contrasts using a Tukey’s adjustment for
multiple comparisons demonstrated a statistically significant difference only between the
decoding impaired children and typical readers, F (1, 38)=7.04, p<0.05, η2=0.14.

Post hoc analyses
In post hoc analyses, it was predicted that anterior lobe volume would account for
performance on a decoding measure despite group structure. Pearson correlations of regional
volumes corrected for cerebellar volume are summarized in Table 4. As predicted, these
analyses revealed a significant relation between LWI and the anterior lobe of the
cerebellum, r=0.34, p<0.05 and right anterior region of the cerebellum, r=0.41, p<0.05. The
regression analysis controlling for age was not statistically significant F (1, 44)=3.27,
p>0.05, but the effect size was moderate, η2=0.07.

Within-group correlations revealed a statistically significant correlation between the left
inferior–posterior lobe of the cerebellum and LWID, r=0.41, p<0.05 and Fluency measures
r=0.48, p<0.05 in the group of children with decoding deficits. In the group of children with
fluency deficits, statistically significant correlations were identified between LWID and grey
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matter volume r=0.80, p<0.05, and total cerebellar volume, r=0.77, p<0.05 respectively. No
within group correlations were found between the behavioral reading measures and
anatomical regions of the cerebellum in typically developing children.

Discussion
The cerebellar theory of dyslexia has been proposed as an explanation for the diverse
impairments observed in individuals with dyslexia, suggesting that cerebellar abnormalities
contribute to ineffective procedural learning of both word reading and motor skills. This
study examined the hypothesis at three levels of morphology: total cerebellar grey and white
matter volume, degree of asymmetry, and regional variability among children with dyslexia,
those with fluency impairments, and typically developing children. Results suggested that
children with dyslexia did not differ significantly from typically developing children in grey
matter volume or degree of cerebellar asymmetry. However, there was a significant bilateral
reduction in the anterior lobe of the cerebellum in those with decoding impairments. Little
evidence was found in support of an alternative hypothesis that the group of children with
fluency impairment would represent a unique subgroup group of children with cerebellar
abnormalities.

Cerebellar Grey Matter and White Matter Volumes
These results were consistent with those of Menghini et al. [21], who found no general
structural reductions in the grey matter of adults with dyslexia. They were also consistent
with those of Raschle et al. [42], who found no differences in cerebellar volume among pre-
reading children with a family history of dyslexia. Interpretation of these data is limited by
the lack of information available on how children were identified with dyslexia. Many
studies of cerebellar morphology in dyslexia fail to report data on total cerebellar grey
matter volume, although most studies accounted for individual variations in cerebellar
volume in their analysis. The only statistically significant difference in grey matter volume
in the present study was found with regard to sex, with males having larger cerebellar
volume than females. When controlling for this variable, no statistically significant
differences were noted. Results were consistent with those of Rae et al. [18], who found
white matter to be symmetrical between groups of adult males with and without a history of
dyslexia; they were inconsistent with those of Laylock et al. [23], who reported that adult
males with dyslexia demonstrated larger bilateral white matter volumes than controls.

Index of Asymmetry
No group differences were found with respect to the asymmetry index. This finding was
inconsistent with previously published studies in children [27] and adults [17, 18]. The
Kibby and Rae studies, however, were limited by the image resolution (3.1 and 5 mm slices,
respectively). Interpretation of this finding is tempered by the fact that hemispheric
differences can be accounted for by regional variations in volume rather than global
differences in hemispheric volume. Whether asymmetry continues to be a useful index in the
future will depend on whether measurements of asymmetry provide information above and
beyond that of known regional correlates.

Regional Volume
These findings were inconsistent with the findings of Eckert et al. [24] and Leonard et al.
[17], who studied children and college students with reading disabilities, respectively. These
studies reported reduced right anterior lobe volume in individuals with dyslexia relative to
typically developing individuals using a manual tracing technique similar to that employed
in this study. In contrast, the present study found a statistically significant reduction in
bilateral anterior lobe volume. Our results are difficult to compare with Leonard et al. [26],
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who utilized a positive risk index defined by leftward asymmetry of the anterior lobe among
other variables to evaluate relations with poor word reading skills in a heterogeneous group
of children with reading and specific language impairment that may not have met criteria for
dyslexia.

Interestingly, the results of the present study complement Juranek et al. [29]. They found
that after correcting for total cerebellum volume, and relative to a group of children with
typical development, the anterior lobe was significantly enlarged in children with spina
bifida meningomyelocele, who commonly present with strong development of word reading
skills and preservation of vocabulary and grammar [43]. The anterior lobe is also associated
with regions of the cortex related to motor function. These findings are consistent with the
hypothesis that cerebellar deficits may underlie early speech problems and subsequent
difficulty with phonological processing [16, 44].

Relations to Behavioral Data
Based on the previous findings, it was hypothesized that (removing the group structure)
word reading would be associated with the right anterior cerebellum. This hypothesis was
supported and found to be consistent with previous research on children with dyslexia.
Eckert et al. [24] found that the right anterior lobe measurement significantly correlated with
real word reading, pseudoword reading, spelling, and rapid-automatic naming. We did not
find a relation between word reading fluency and the anterior lobe. Rather, we found a
correlation between word reading fluency and the superior–posterior lobe of the cerebellum.
For the decoding group, both the decoding and fluency measures were related to the
inferior–posterior lobe of the cerebellum.

These findings are notable because posterior regions have been linked to prefrontal and
association cortices of the brain [45] which have an active role in language and memory
[46]. Enlarged Purkinje cells have also been found in the medial regions of the posterior
lobe in adults with dyslexia in postmortem studies [16]. Although our results did not find
any macrostructural differences in posterior regions of the cerebellum between children with
dyslexia and typical readers, these findings may highlight an important opportunity to study
regional microstructural changes in the cerebellum.

Limitations
The manual tracing approach utilized in the present study and some of the aforementioned
studies have potential limitations, including difficulty replicating findings among research
groups because of subtle and sometimes arbitrary differences in designated boundaries of
certain regions [24]. A shortcoming of morphometric cerebellar research in general is that
highly variable terminology and definitions of regional boundaries often prevented direct
comparisons of grey and white matter volume differences altogether. This study addressed
these limitations by using well-defined, anatomical landmarks found in the atlas published
by Schmahmann et al. [31]. However, comparisons could not be reliably made between
studies that reported various cerebellar abnormalities in the semilunar lobules [19],
cerebellar nuclei [20], cerebellar declive, and right lentiform nucleus [22].

A further limitation of the manual tracing technique is that regions that are not included in
the a priori analysis and that may contribute to the understanding of the theory or construct
under investigation may be overlooked. A limitation of this present study is that no cortical
regions were analyzed in relation to cerebellar abnormalities. Because these data are
available, relating cerebellar abnormalities to known cortical markers of dyslexia represents
an important opportunity for future investigation.
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Like many imaging studies, one of the limiting factors of the present study is sample size.
Due to our small sample size, power was likely insufficient to detect some of the more
subtle differences in regional cerebellar anatomy. Unfortunately, the group of children with
fluency impairments was particularly small (n=8) and likely contributed to the lack of
unique findings for this group. Although there was no evidence from the effect size data of
large differences, the stepwise pattern of group differences with the fluency-impaired group
between the decoding-impaired and the typical group is an interesting observation. This
pattern may be consistent with the idea of fluency impairments representing a less severe
form of dyslexia characterized by lack of automaticity as opposed to accuracy and is often
seen as children improve in proficiency after intervention [2]. It may be worthwhile to
replicate this study with a larger sample and additional children that meet criteria for fluency
impairments alone.

Additionally, the discrepancy in ages between the group of impaired children and the
younger typically developing children may mask the effects of development. 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 [47]. With a slightly older
group of children with dyslexia, therefore, one might expect to see increased anterior lobe
volume due simply to the effects of maturation. Not only was this increase in volume not
observed, but the volume of the right anterior lobe was smaller in the older group of children
with dyslexia. Despite this unexpected finding, age, gender, and total cerebellar volume
were used as covariates where appropriate to address discrepancies in group structure. Due
to late maturation and sexual dimorphism noted in cerebellar development, care should be
taken to conduct age and sex matching in future studies.

Lastly, atypical lateralization of language is sometimes seen in non-right-handers. Although
no major volumetric differences were observed in comparing the right-handed and non-
right-handed children, it is possible that their inclusion masked more robust findings in the
analysis of asymmetry.

Future Directions
Future research should investigate connectivity of the right anterior cerebellum with cortical
regions typically associated with reading including the inferior frontal gyrus, temporal–
parietal regions, and medial occipital lobe [5]. Laylock et al. [23] suggested that the changes
in white matter they detected in addition to an abnormal ratio of metabolites in the right
cerebellar hemisphere may indicate either excessive connectivity or abnormal myelination.
In a diffusion tensor imaging DTI study, Richards et al. [48] found greater fractional
anisotropy 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. In addition, relations with reading and other cognitive
skills should be evaluated. If the cerebellar theory of dyslexia is correct, there should be an
association between cerebellar anatomy and the procedural learning of cognitive tasks rather
than simple motor tasks.

Conclusion
Results of this study suggest that after correcting for total cerebellum volume children with
impaired single-word decoding, as compared with typically developing children and
children with reading fluency impairment alone, demonstrate reduced volume bilaterally in
the anterior lobe of the cerebellum. Interpretation of these finding is limited by the emerging
literature on specific functions of the cerebellum at a regional level. Evidence that the
cerebellum is relevant for cognitive function above and beyond motor timing, precision, and
balance continues to grow, particularly in the direction of motor learning.
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Fig. 1.
a–c Parcellation units
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Fig. 2.
Distribution of volume (corrected for cerebellar volume) in anterior lobe of cerebellum by
group
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