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Abstract: Reading is a critical life skill in the modern world. The neural basis of reading incorporates a dis-
tributed network of cortical areas and their white matter connections. The cerebellum has also been impli-
cated in reading and reading disabilities. However, little is known about the contribution of cerebellar
white matter pathways to major component skills of reading. We used diffusion magnetic resonance imag-
ing (AMRI) with tractography to identify the cerebellar peduncles in a group of 9- to 17-year-old children
and adolescents born full term (FT, n = 19) or preterm (PT, n = 26). In this cohort, no significant differences
were found between fractional anisotropy (FA) measures of the peduncles in the PT and FT groups. FA of
the cerebellar peduncles correlated significantly with measures of decoding and reading comprehension in
the combined sample of FT and PT subjects. Correlations were negative in the superior and inferior cerebel-
lar peduncles and positive in the middle cerebellar peduncle. Additional analyses revealed that FT and PT
groups demonstrated similar patterns of reading associations within the left superior cerebellar peduncle,
middle cerebellar peduncle, and left inferior cerebellar peduncle. Partial correlation analyses showed that
distinct sub-skills of reading were associated with FA in segments of different cerebellar peduncles. Overall,
the present findings are the first to document associations of microstructure of the cerebellar peduncles and

the component skills of reading. Hum Brain Mapp 36:1536-1553, 2015.
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INTRODUCTION

Reading is an essential skill for academic and occupa-
tional success in the modern world. It is comprised of two
related components: the ability to decode single words, a
process of mapping orthographic information into phono-
logical information, and the ability to comprehend, a pro-
cess of extracting meaning from written words and
sentences [Hoover and Gough, 1990]. Skilled reading is
supported by a distributed network of cortical brain areas
and the white matter fiber pathways that connect them
[Deheane, 2009; Price, 2012; Vandermosten et al., 2012;
Wandell and Yeatman, 2013]. Structures in the cerebellar
cortex are also implicated in reading and its components
[Desmond and Fiez, 1998; Stoodley and Schmahmann,
2009]. Cerebellar regions link primarily to contralateral cer-
ebral association cortices with an orderly topographic
mapping [Buckner et al., 2011]. Evidence from anatomical
mapping and functional connectivity studies suggests that
regions within the anterior and posterior lobes of the cere-
bellum contribute to reading via connections to associative
cortices of the frontal, parietal, and temporal lobes [Buck-
ner et al.,, 2011; D’Angelo and Casali, 2013; Koziol et al.,
2014; Price, 2012; Ramnani, 2006; Stoodley, 2012]. How-
ever, studies have yet to establish whether the structural
properties of the cerebellar peduncles are associated with
the core skills of reading. Attaining this knowledge would
deepen current understanding of the neural bases of read-
ing and the role of cerebellar white matter connections in
specific aspects of human cognition.

The first imaging studies to implicate the cerebellum in
cognitive processes were early positron emission tomogra-
phy (PET) studies involving single word reading [Peterson
et al., 1988, 1989]. Since these initial studies, numerous
other functional imaging studies have identified several
regions within the left and right hemispheres of the cere-
bellum, particularly lobules VI and VII of the posterior
lobes, that are associated with processing orthographic,
phonological, and semantic information during reading
tasks [Booth et al., 2007; Price, 2012; Stoodley, 2012; Tur-
keltaub et al., 2002]. Neuroimaging studies have also iden-
tified important differences in cerebellar activation and
structural abnormalities in cerebellar gray and white mat-
ter volumes that are associated with impaired reading abil-
ities, including those observed in children and adults with
dyslexia [Eckert et al., 2003, 2005; Fernandez et al., 2013;
Laycock et al.,, 2008; Leonard et al.,, 2001; Stoodley and
Stein, 2011]. For example, adult dyslexics demonstrate
diminished rightward asymmetries in cerebellar gray mat-
ter volume as compared to typical readers [Rae et al.,
2002]. Based on these and related findings, the cerebellar
theory of dyslexia posits that mild cerebellar dysfunction
is at the biological root of dyslexia [Fawcett, 2011; Nicol-
son et al., 2001]. The theory attempts to explain dyslexia as
failure of skill automatization, drawing upon differences
in muscle tone and postural instability as well as differen-
ces in blood flow to the cerebellar cortex and vermis in

typical versus dyslexic readers. However, the role of the
cerebellum in reading and its disorders is still debated
[Barth et al., 2010], and its contributions to reading may
involve processes such as articulatory monitoring process
during overt reading [Ben-Yehudah and Fiez, 2008], ampli-
fication and refinement of phonological representations
[Booth et al., 2007], or word retrieval [Frings et al., 2006;
Jansen et al., 2005].

The cerebellar cortices, including regions activated dur-
ing reading tasks [Booth et al., 2007; Price, 2012; Stoodley,
2012; Turkeltaub et al., 2002], communicate with subcorti-
cal structures, thalamic nuclei, motor and associative corti-
ces of the cerebrum via afferent and efferent white matter
tracts that course through the three major pathways of the
cerebellum; the superior, middle, and inferior cerebellar
peduncles [SCP, MCP, ICP, respectively; Naidich et al.,
2009]. The superior cerebellar peduncles (SCPs) contain
primarily efferent pathways that emerge from the deep
cerebellar nuclei (i.e., dentate, emboliform, fastigial and
globase), pass through the ipsilateral SCP into the dorsal
pons, decussate at the level of the inferior colliculus, travel
to the thalamus and then to the contralateral cerebral cor-
tex. The middle cerebellar peduncle (MCP) is a major
afferent pathway that carries input fibers from the contra-
lateral cerebral cortex via pontine nuclei across the midline
of the cerebellum to the contralateral cerebellar cortex
[Naidich et al., 2009]. The inferior cerebellar peduncles
(ICPs) contain mostly afferent pathways, feeding signals
from the spine and the olivary nucleus into the cerebellum,
as well as efferent pathways from the cerebellum to the ves-
tibular nuclei [Naidich et al., 2009]. The ICP has a distinc-
tive branching pattern in which each branch terminates on
a single Purkinje neuron [Fujita and Sugihara, 2013].

A common method for assessing the microstructural
properties of white matter is diffusion magnetic resonance
imaging (dMRI). The predominant measure derived from
dMRI measurements to index white matter microstructure
is fractional anisotropy (FA), which indexes the degree of
water diffusion in a single direction at any voxel. FA is
known to be affected by several tissue properties, includ-
ing myelin composition, axonal density, directional fiber
between directional and coherence, and axonal thickness
[Alexander et al., 2007]. Reading abilities in both children
and adults have been shown to be associated with FA of
the left arcuate fasciculus, temporal callosal pathways,
fronto-occipital, uncinate, and inferior longitudinal fasci-
culi [Beaulieu et al., 2005; Cummine et al., 2013; Deutsch
et al., 2005; Dougherty et al., 2007; Klingberg et al., 2000;
Niogi and McCandliss, 2006; Odegard et al., 2009; Rich-
ards et al., 2008; Steinbrink et al., 2008; Yeatman et al.,
2011]. The direction of association of FA and reading skill
is positive in many studies [Beaulieu et al., 2005, Cummine
et al., 2013; Deutsch et al., 2005; Klingberg et al., 2000;
Niogi and McCandliss, 2006; Richards et al., 2008; Stein-
brink et al., 2008] but also negative in several studies
[Dougherty et al., 2007; Odegard et al.,, 2009; Yeatman
et al., 2011].
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To date, white matter properties of the cerebellar
peduncles have not been examined in association with
reading skills in children. This oversight has occurred, in
part, because certain dMRI and volumetric methods are
poorly suited to reliably identify, co-register, and charac-
terize the small and intersecting pathways of the cerebel-
lum [Bookstein, 2001; Davatzikos, 2004]. It is possible to
overcome these barriers and identify the cerebellar
peduncles within individual subjects using diffusion-based
tractography algorithms [Stieltjes et al., 2001]. Recent com-
putational methods provide the ability to go beyond a sin-
gle mean FA value for each white matter tract, and
instead, generate tract profiles that characterize FA as it
varies along the trajectory of the tract, thus achieving
enhanced sensitivity and accuracy [Gong et al., 2005; Yeat-
man et al., 2011, 2012].

In the present study, we sought to determine whether
structural properties of the cerebellar peduncles would
demonstrate associations with reading skills. To explore
these associations, we used the largest sample we had
available, a sample of healthy children and adolescents
born full term (FT) or preterm (PT) in whom we had pre-
viously acquired both behavioral measures of reading and
dMRI scans. We know that PT children in this particular
sample scored in the normal range in various tests of cog-
nition, language, and reading [Lee et al., 2011], differed
significantly in certain cerebral white matter properties
compared to FT peers [Feldman et al., 2012a], and showed
positive correlations between FA and reading abilities in
several cerebral white matter regions, including the corpus
callosum, right forceps major and forceps minor, right and
left inferior fronto-occipital inferior longitudinal, superior
longitudinal, and uncinate fasciculi [Feldman et al., 2012b].
Neither the microstructural characteristics of the cerebellar
peduncles nor their structure—function associations have
been explored in the current sample.

Children born preterm represent a potentially interest-
ing group to contrast with children born full term
because they are at-risk for deficits in reading [Aar-
noudse-Moens et al., 2009], injury to cerebral white mat-
ter structures [Anderson et al., 2003; Back, 2006; Volpe,
2009] and injury to the cerebellum [Limperopoulos
et al., 2005a,b, 2010]. Prematurity-related cerebellar injury
has also been linked to secondary impairments in
remote cerebral cortical growth and functional disabil-
ities [Johnson et al., 2005; Limperopoulos et al., 2005a,b].
However, the extent that prematurity may affect the
development of white matter tracts of the cerebellar
peduncles is not currently well understood.

The overall goals of the present study were to determine
whether structural properties of the cerebellar peduncles
differ between children born PT and FT, and whether the
same structural properties correlate with two core compo-
nents of reading: decoding and comprehension. To achieve
these goals, we applied diffusion-based tractography and
isolated the left and right SCP, MCP, and left and right

ICP in each of the participants. Using this approach, we
obtained a summary measure, mean tract-FA, and an FA
profile, depicting FA variations along the trajectory of each
tract. Structural lateralization of the peduncles was eval-
uated as well by comparing FA of the left and right tracts
for each of the peduncles. Mean tract-FA, FA profiles, and
tract-lateralization were compared for each of the cerebel-
lar peduncles between the FT and PT groups. We antici-
pated group differences in the structural properties of the
cerebellar peduncles, based on prior dMRI evidence for
group differences in several cerebral white matter tracts
[Feldman et al., 2012a], and based on the results of studies
that found volumetric differences found in the cerebellum
of prematurely born children [Limperopoulos et al.,
2005a,b, 2010; Srinivasan et al., 2006].

Our next goal was to assess the relation between FA of
the cerebellar peduncles and performance on tasks probing
decoding and reading comprehension. Associations
between FA of the cerebellar peduncles and reading meas-
ures were first examined in the combined sample of FT
and PT children, in order to identify the tracts and tract
regions demonstrating significant correlations. We then
examined whether the associations between FA and read-
ing would be consistently found in each of the groups.
Based on their similar performance in reading [Feldman
et al., 2012b], we anticipated similar patterns of association
in the two groups. We followed up with several analyses
that examined the selectivity of these associations. This
was achieved by (1) calculating the association of FA with
a general measure of non-verbal IQ and (2) calculating
partial correlations with one component of reading while
controlling for the other, and vice versa. Finally, to inter-
pret the direction (positive/negative) of the correlations
between FA and reading, we examined whether reading
was associated with axial diffusivity (AD) or radial diffu-
sivity (RD), the two parameters that contribute to FA.

We hypothesized that FA of the SCP and the MCP
would demonstrate significant associations with both
decoding and comprehension. The rationale for this
hypothesis was that these pathways likely convey afferent
and efferent signals between the cerebellum and associa-
tion cortices of the frontal, parietal, and temporal lobes
[D’Angelo and Casali, 2013; Koziol et al., 2014; Ramnani,
2006], implicated in reading [Booth et al., 2007; Price, 2012;
Turkeltaub et al.,, 2002]. We considered the left and right
cerebellar tracts separately because many functional imag-
ing studies observe lateralized activity in the right cerebel-
lum during reading [Marien et al., 2001; Price, 2012] and
because dyslexia has been associated with abnormal later-
alization of the cerebellar gray matter volume [Rae et al.,
2002]. We did not anticipate substantial associations
between FA within the ICP and reading measures, given
anatomical and physiological evidence that the ICP con-
veys mostly sensorimotor information to the cerebellum
via spinocerebellar and olivocerebellar connections
[D’Angelo and Casali, 2013; Naidich et al., 2009].
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TABLE I. Subject demographics and mean tract-FA measures

Behavioral measures Preterm (n = 26) Full term (n =19) t or X?
Boys, 1 (%) 13 (50) 9 (47.3) 0.03
Low maternal education, n (%) 3 (11.5) 6 (31.5) 2.76
Mean age in years (stdev) 12.80 (2.3) 129 (2.2) 0.149
Mean gestational age in weeks (stdev) 28.2 (2.2) 39.2 (1.1) 21.6°
Mean birth weight in grams (stdev) 1159.1 (427.4) 3153.9 (407.0) 15.9?
WIJ-III Basic reading skills cluster, SS (stdev) 105.3 (13.4) 106.7 (10.0) 0.402
WIJ-III Passage comprehension, SS (stdev) 102.5 (12.7) 108.1 (14.0) 14
Performance 1Q, WASI, SS 106.2 (14.5) 107.3 (12.9) 0.261
Mean tract-FA F=192
SCP-L, mean FA (stdev) 0.34 (0.03) 0.33 (0.05)

SCP-R, mean FA (stdev) 0.34 (0.04) 0.32 (0.04)

MCP, mean FA (stdev) 0.50 (0.06) 0.48 (0.04)

ICP-L, mean FA (stdev) 0.46 (0.04) 0.44 (0.04)

ICP-R, mean FA (stdev) 0.45 (0.05) 0.45 (0.04)

°P <0.05

stdev = standard deviation; SS = standard score; WJ-III = Woodcock-Johnson Tests of Achievement, 3rd edition; WASI = Wechsler
Abbreviated Scale of Intelligence; SCP = superior cerebellar peduncle; MCP =middle cerebellar peduncle; ICP = inferior cerebellar
peduncle; FA = fractional anisotropy (mean calculated across the tract); L = left; R = right.

EXPERIMENTAL PROCEDURES
Subjects

Participants included children and adolescents between
the ages of 9 and 17 years old born either FT (n=19; 9
males, mean age=129+*22) or PT (n=26, 13 males,
mean age = 12.8 = 2.3) who had enrolled in the Palo Alto,
CA site of a larger multi-site study of prematurity out-
comes [Feldman et al., 2012a,b; Lee et al., 2011]. PT birth
was defined as gestational age<36 weeks and birth
weight <2,500 g. Exclusion criteria included active seiz-
ures, complications of a ventriculoperitoneal shunt, con-
genital malformations, meningitis or encephalitis, receptive
vocabulary standard score <70, sensory impairments, or a
native language other than English. PT subjects in the
present sample were high-functioning, scoring within the
normal range for their age on measures of intelligence and
reading (see Table I). We excluded from analysis one child
who had no arcuate fasciculus bilaterally, had very abnor-
mal values of FA throughout the brain, and who was
described in a case study [Yeatman and Feldman, 2013].
Four subjects born PT had ventricular dilation on MRI. In
three of them on whom we had neonatal records, Grade
II or IV intraventricular hemorrhages were documented
on neonatal ultrasounds. However, review by a neuroradi-
ologist found no evidence of cerebellar injury in any of
these subjects. We therefore included these participants in
the PT sample.

The Stanford University institutional review board
approved this study and consent procedures. A parent or
legal guardian provided informed written consent and
children provided written assent. Participants were com-
pensated for participation.

Behavioral Measures

Reading abilities were assessed with the Woodcock—
Johnson III Tests of Achievement (WJ-III; [Woodcock et al.,
2001]). The Basic Reading Skills Cluster of the WIJ-III
assesses decoding skills as a composite of two subtests:
word identification (untimed overt reading of a list of real
words) and word attack (untimed overt reading of a list of
pseudo-words). The Passage Comprehension subtest of the
WIJ-III [Woodcock et al., 2001] was used to assess reading
comprehension skills. In this subtest, participants are
asked to read covertly 1-2 sentences and fill in the blank(s)
(a cloze procedure). Standard scores were calculated based
on birth date. Subjects” behavioral scores were classified as
outliers if they differed by 3 standard deviations or more
from the group mean. Based on this criterion, one PT sub-
ject had to be excluded from the analyses of decoding
scores.

Intellectual ability was examined using the Wechsler
Abbreviated Scale of Intelligence (WASI), a widely used,
nationally standardized test of general intellectual ability
that measures both verbal and nonverbal cognitive abilities
[Kaufman, 1994; Wechsler, 1999]. Performance IQ (PIQ) is
composed of Block Design and Matrix Reasoning subtests
and assesses nonverbal cognitive abilities.

MRI Acquisition and Processing

MR images were acquired on a 3 T Signa Excite (GE
Medical Systems, Milwaukee, WI) at Stanford University.
T1 images included one IR-prep 3D FSPGR scan in the
axial plane (field of view (FOV) =24 cm X 15.6 cm, matrix
size =256 X 192, 1.2 mm slices, inversion time (TI) = 300 ms,
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flip angle=15 degrees, number of excitations (NEX)=1)
and two high resolution inversion recovery (IR)-prep 3D fast
spoiled gradient (FSPGR) scans also collected in the axial
plane (FOV=24 cm X 18 cm, matrix size =260 X 192,
0.9 mm slices, TI = 300 ms, flip angle = 15 degrees, NEX = 1).
The second set of T1 images were co-registered to the first
FSPGR using a mutual information maximization algorithm
(SPM5,  http://www filion.uclac.uk/spm/) and subse-
quently averaged for improved contrast. A trained research
assistant manually identified the anterior and posterior com-
missures on the midsagittal plane, and these points were
used to align the averaged anatomical image to a canonical
ac—pc orientation, using a rigid body transformation (no
warping was applied).

For dMRI and tractography, a diffusion-weighted,
single-shot, spin-echo, echo-planar imaging sequence (echo
time (TE)=80 ms, recovery time (TR)=6,500 ms,
FOV =24 cm X 24 c¢m, matrix size = 128 X 128) was used
to acquire 60 slices, 2 mm thick, along 30 diffusion direc-
tions (b =900). The sequence was repeated four times, and
10 non-diffusion weighted (b = 0) volumes were collected.

Diffusion MR images were pre-processed with open-
source software, mrDiffusion (http://white.stanford.edu/
software/). Eddy current distortions and subject motion in
the diffusion weighted images were removed by a 14-
parameter constrained non-linear co-registration algorithm
based on the expected pattern of eddy-current distortions,
given the phase-encoding direction of the acquired data
[Rohde et al., 2004]. Diffusion data were aligned to the T1
anatomical scans that had been averaged and rotated to
align with the ac—pc plane. Alignment was achieved by
registering the b0 images to the resampled T1 image using
the same mutual information maximization algorithm as
above. Diffusion tensors were fit using a robust least-
squares algorithm designed to remove outliers at the ten-
sor estimation step [Chang et al., 2005]. We computed the
eigenvalue decomposition of the diffusion tensor and the
resulting eigenvalues were used to compute FA [Basser
and Pierpaoli, 1996]. No scans were lost due to excessive
head motion.

Fiber Tracking

Fiber tractography and data analysis were performed
using mrDiffusion (http://white.stanford.edu/software/)
and Matlab (Mathworks, Natick, MA). Fiber tracking was
performed using a deterministic streamlines tracking algo-
rithm (STT) [Chang et al., 2005; Conturo et al., 1999; Mori
et al.,, 1999], with a fourth-order Runge-Kutta path integra-
tion method [Press et al.,, 2002]. The fiber tracking algo-
rithm was seeded with a white matter mask defined as all
the voxels with FA value greater than 0.2. For tracking
purposes, a continuous tensor field was estimated using
trilinear interpolation of the tensor elements. Tracking pro-
ceeded in all directions and stopped when FA dropped

below a minimum threshold of 0.15 or when the angle
between two adjacent steps was greater than 30°.

Fiber Tract Identification

Each fiber group was identified in individual brains by
constraining the results of fiber tracking with two regions
of interest (ROIs), manually placed on the principal diffu-
sion direction map (red-green-blue (RGB) map) by a child-
neurologist (YL) who was blind to group assignment. ROI
placement on the RGB map was guided by annotated RGB
maps in an MRI atlas [Mori et al.,, 2005] (see subsequent
section for detailed description of ROI placement proce-
dures). A child neuroradiologist confirmed ROI placement.

Tract editing was performed manually and individually
using Quench, a 3D visualization tool (http://white.stan-
ford.edu/newlm/index.php/QUENCH) where tracts were
presented against the background of the averaged T1
image. Tract editing was performed based on known tract
anatomy [Naidich et al., 2009] and was guided by pub-
lished cerebellar tracking results in adults [Mori et al.,
2005; Stieltjes et al., 2001]. Two independent raters (YL
and KET) visually inspected each fiber group to assure
that it was consistent with anatomical guidelines.

ROI Placement
Superior cerebellar peduncle, left and right

One spherical ROI (5 mm) was placed on the dentate
nucleus in the axial plane of the RGB map at the level of
the medial pons. The second spherical ROI (5 mm) was
placed on the ipsilateral SCP (green voxels on the RGB
map) at the level of the ponto-mesencephalic junction. At
this level, the SCP appears both green (fibers project ante-
riorly toward the thalamus) and red (fibers that begin to
decussate across the midline) [Mori et al., 2005]. Robust
tracts were detected bilaterally, similar in anatomical con-
figuration to previous descriptions of these tracts [Gran-
ziera et al., 2009; Stieltjes et al., 2001]. Using deterministic
tracking methods, we could not follow this tract dorsally
through the decussation toward the contralateral cortex,
but rather identified fibers continuing on the ipsilateral
side to the cortex (Fig. 1a), as described by Mori et al.
[2005]. We therefore clipped the tract at the level of the
decussation, and analyzed its diffusivity properties below
that point (Fig. 1b). This approach identified the right SCP
in all subjects. The left SCP could not be successfully iden-
tified in one subject, likely due to limitations of determin-
istic tractography [Wahl et al., 2010; Yeatman et al. 2011].
This subject was excluded from analysis of the left SCP
only.

Middle cerebellar peduncle

The MCP was consistently identified on the axial RGB
map at the level of the medial pons, in the most caudal
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Figure I.

FA profiles of cerebellar peduncles. Renderings of three individual
cerebellar tracts are displayed on sagittal (a, €) or axial (c) TI
images of a representative single subject. Purple and orange lines
in expanded images (a, ¢, e—right panels) indicate location of the
two ROls used to identify the SCP (a, red), MCP (c, cyan), and ICP
(e, yellow). Only right hemisphere ROls are displayed for the SCP
and ICP. Tract mean group FA profiles (b, d, f) are color-coded to
match tract renderings. FA values are plotted for 30 equidistant
nodes between two defining ROIs. Location of ROls correspond
to purple (location 0—ROII) and orange (location 30—ROI2)
arrows in FA profiles (b, d, f) and T| images (a, c, €). Boundaries of
the 25th and 75th percentiles are indicated by dark gray shading.
Boundaries of the 10th and 90th percentiles are indicated by light
gray shading. (FA = fractional anisotropy; SCP = superior cerebel-
lar peduncle; MCP = middle cerebellar peduncle; ICP = inferior
cerebellar peduncle; L = left; R = right).

slice in which the dentate nucleus was visible (Fig. 1c,d).
At this level, the MCP appears green within the cerebel-
lum and red within the pons on the RGB map [Mori et al.,
2005]. Pontine fibers of the MCP first exit the pontine
nuclei and decussate across the midline (red) before enter-
ing the cerebellum, where fibers are predominantly ori-
ented in the anterior-posterior direction (green). We
captured the MCP by placing two spherical ROIs (5 mm)
within the cerebellum at this axial slice: one placed on the
central portion of the right MCP (green voxels on the RGB
map) and the other placed on the central portion of the
left MCP (same color). This approach produces streamlines
that bifurcate into two separate branches as described by
Mori et al. [2005], reflecting the passage of ponto-
cerebellar fibers around the pontine nuclei [Naidich et al.,
2009]. Since calculations of tract profiles assume non-
branching tracts, streamlines passing posterior to the pon-
tine nuclei as the pontine crossing tract were removed
manually using Quench. One FT subject was excluded
from analyses of the MCP because only the pontine cross-
ing tract could be identified for this subject.

Inferior cerebellar peduncle, left and right

The first spherical ROI (5 mm) was placed on the ICP
(blue voxels on the RGB map) defined on the axial plane at
the level of the medulla, inferior to the dentate nucleus. At
this level, the ICP appears blue as fibers that originate from
within the spinal cord and inferior olive travel dorsally into
the cerebellum [Mori et al., 2005; Naidich et al., 2009]. The
second spherical ROI (5 mm) was placed on the ipsilateral
ICP (green voxels on the RGB map) defined on the axial
plane at the level of the ponto-mesencephalic junction. At
this level, the ICP appears green as fibers begin to project
posteriorly and enter the cerebellum. The resulting fiber
group consisted of only streamlines passing through both
ROIs (Fig. 1e,f). The trajectory of the ICP matched the con-
figuration described in previous adult studies [Granziera
et al., 2009; Mori et al.,, 2005; Stieltjes et al., 2001]. This
approach identified the left and right ICP in all subjects.

Fiber Tract Quantification

The same ROIs (Fig. 1a,c,e) were used to isolate the cen-
tral trajectory of each of the fascicles. Tract extremities
beyond these ROIs to either side were clipped. The central
portion of the tract is generally consistent across individu-
als, whereas the extreme ends of a fascicle typically vary
considerably across subjects. Therefore, diffusion proper-
ties of each cerebellar peduncle were quantified only along
the central portion of the fascicle (Fig. 1). This procedure
generates for every tract and for every individual, an FA
profile: a description of FA variations along the central
portion of the tract. Each FA profile was resampled into 30
equidistant nodes between the two ROIs. FA was calcu-
lated at each node by taking a weighted average of the FA
values at that node across all fibers belonging to this tract.
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Each fiber’s contribution to the average was weighted by
the probability that a fiber was a member of the fascicle,
computed as the Mahalanobis distance from the fiber tract
core [Yeatman et al., 2012]. This procedure minimizes the
contribution of fibers located further from the fiber tract
core that are more likely to reflect a mixture of gray and
white matter or of different tracts, and so minimizes the
effect of partial voluming on diffusion property estimates.
Mean tract-FA was calculated by averaging the FA values
of all the 30 nodes belonging to the same tract.

Laterality Index

Laterality indices for the SCP and ICP were determined
by calculating the difference in the mean tract-FA of the left
and right tracts divided by their sum (L — R/L+R). The lat-
erality index of the MCP was calculated by splitting the
MCP to nodes 1-15 (left) and 16-30 (right). Laterality pro-
files for the SCP and ICP were next generated by calculating
a laterality index at each of the 30 nodes along the FA pro-
files. A laterality profile for the MCP was generated by cal-
culating a laterality index at each of the 15 nodes along the
FA profiles of the left and right halves of the MCP.

Statistical Analyses: Group Comparisons

Chi-square tests and two-tailed t-tests for independent
samples were used to examine whether PT and FT chil-
dren differed on demographic variables and behavioral
outcome measures.

The following statistical analyses were used to assess the
structural characteristics of the cerebellar peduncles and
compare FA and lateralization of the cerebellar peduncles
between the PT and FT groups. A 2 by 2 by 3 mixed analysis
of variance (ANOVA) was conducted with tract-FA as the
dependent measure, Group (PT/FT) as a between subject
variable, and Hemisphere (Left or Right) and Tract (SCP,
MCP, ICP) as the within-subject variables. For complete-
ness, we conducted a second analysis replacing Group with
Gender as the between subject variable (all other variables
remain the same).

To achieve greater sensitivity for local group differences
restricted to specific tract segments, two-tailed t-tests for
independent samples were next calculated between the FA
values of PT and FT subjects at each node along the FA
profile, separately for each tract. The same procedure was
taken to test group differences in the laterality profiles of
each tract. A family-wise error corrected cluster size was
computed using a nonparametric permutation method to
control for multiple comparisons [Nichols and Holmes,
2002] within a tract. A minimum cluster size of six adja-
cent nodes was required for significance.

Statistical Analyses: Associations With Reading

Evidence for associations between reading skills and FA
of the cerebellar peduncles was first assessed by calculat-

ing Spearman correlation coefficients between reading
skills (decoding, comprehension) and mean tract-FA in the
combined sample of FT and PT children. Spearman rank
correlations were calculated due to evidence for non-
normal distribution in FA measures in a preliminary
exploration of the data. To increase sensitivity for local
associations, we next calculated Spearman correlation coef-
ficients between reading skills (decoding, comprehension)
of the combined sample and their local FA values at 30
nodes along the trajectory of each tract (see, Yeatman et al.
[2012] for a similar approach, calculating correlations
along the FA profiles of the major cerebral tracts). A
family-wise error corrected cluster size of six adjacent
nodes was sufficient for corrected significance for analyses
performed within each tract separately [Nichols and
Holmes, 2002]. To control for multiple comparisons across
the five tracts and two reading measures, the significance
of the Spearman correlations between behavioral measures
and mean FA of significant clusters was determined using
a false discovery rate (FDR) of 5% [Benjamini and Hoch-
berg, 1995]. Post hoc Spearman partial correlations were
performed to confirm that associations were not affected
by the age of participants.

To assess whether the associations observed in the
combined group were present in both FT and PT groups,
we extracted the mean FA of the significant clusters and
calculated Spearman correlations in each group sepa-
rately, between these FA values and children’s reading
scores.

Post Hoc Statistical Analyses

To examine the domain specificity of the associations
between reading and FA of the cerebellar peduncles,
Spearman correlations were calculated between a general
measure of non-verbal intelligence (PIQ) and the FA pro-
file of each cerebellar tract. In tract nodes showing signifi-
cant correlations with both PIQ and reading measures, we
calculated partial correlations between mean FA from sig-
nificant clusters and reading measures, while controlling
for PIQ.

Specificity of the reading—FA correlations to one reading
component was tested by calculating partial Spearman cor-
relations between mean FA from significant clusters of the
relevant peduncles (left and right SCP, MCP, and left ICP,
all showing significant correlations with either of the read-
ing measures) and one of the reading measures, while con-
trolling for the other reading measure (decoding or
comprehension). Finally, to interpret the direction of asso-
ciations (positive/negative) observed between FA and
reading measures, we examined possible associations
between reading measures and both mean AD and mean
RD. Specifically, we calculated Spearman correlations
between each of the reading measures and mean AD or
mean RD from clusters demonstrating significant correla-
tions between reading skills and FA.
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Figure 2.

Mean tract-FA is similar between FT and PT children. No group
differences are observed between FT and PT groups for mean
FA of the left and right ICP, MCP, left and right SCP. Mean FA
for FT group is plotted in gray. Mean FA for PT group is plotted
in black. Error bars represent = | standard deviation. (FA = frac-
tional anisotropy; FT =full term; PT = preterm; ICP = inferior
cerebellar peduncle; MCP = middle cerebellar peduncle;
SCP = superior cerebellar peduncle; L = left; R = right).

RESULTS

Structural Characteristics of the Cerebellar
Peduncles in the Entire Sample

The five cerebellar peduncles were identified in all par-
ticipants (Fig. 1) except for the left SCP, which was missed
in one PT child (see Methods above). Visual inspection of
FA profiles revealed that FA varied along each tract in a
consistent  pattern across individual participants
(Fig. 1b,d,f). The laterality indices of the three peduncles
approached zero (mean LIs=0.003, —0.011, and 0.005 in
the SCP, MCP, and ICP, respectively). A similar pattern
was documented in both the FT and PT groups, separately
(FT: mean LIs= —0.007, —0.013, and 0.003; PT: mean
LIs= —0.001, —0.010, and 0.010 for the SCP, MCP, and
ICP, respectively). All nodes along the laterality profiles
were close to 0 in the combined sample and in the PT and
FT groups, separately.

Group Comparisons: Preterm Versus Full Term
Group comparison of mean tract-FA

Mean tract-FA did not differ significantly between the
FT and PT groups in any of the five cerebellar peduncles
(Table I, Fig. 2). Specifically, there was no significant main
effect of Group (PT vs. FT), nor any significant interaction
with Group, in a Group X Hemisphere X Tract mixed
ANOVA over mean tract-FA measures (Group main
effect: F(1,41) =1.92, P >0.1; Group X Tract: F(2,82) =1.38,
P > 0.1; Group X Hemisphere F(1,41)=0.025, P > 0.1).
The same ANOVA indicated no significant effect of Hemi-

sphere either (Hemisphere main effect: F(1,41) =0.004, P >
0.1), supporting the impression that the cerebellar
peduncles were not lateralized. There was a highly signifi-
cant main effect of Tract (F(2,82)=919.98, P < 0.001),
reflecting differences between the cerebellar peduncles in
overall mean tract-FA. Mean tract-FA did not differ signifi-
cantly between males and females in any of the cerebellar
peduncles (P > 0.1).

Group comparison of FA profiles

T-tests for independent samples calculated at each node
along the FA profile of each peduncle revealed that there
were no significant group differences found in any specific
region along any of the five cerebellar peduncles (no clus-
ters sized > 6, family-wise error corrected [Nichols and
Holmes, 2002]).

Group comparison of tract lateralization

T-tests for independent samples calculated at each node
along the laterality profiles of the three peduncles revealed
that there were no significant group differences in any
specific region of the SCP, MCP, and ICP (no clusters
sized >6, family-wise error corrected [Nichols and
Holmes, 2002]).

Associations Between Reading and FA of the
Cerebellar Peduncles

Given that we did not record any effect of prematurity
on the structural properties of the cerebellar peduncles in
this particular cohort, we conducted associative analyses
in the combined sample of FT and PT children to increase
power for identifying potentially significant associations
between reading and structural properties of the cerebellar
peduncles. We then considered whether the associations
between FA and reading were consistently found in each
of the FT and PT groups separately.

Associations Between Decoding and FA
of the Cerebellar Peduncles

Combined group analyses

We analyzed the association between mean tract-FA and
decoding in the five cerebellar peduncles, across all partic-
ipants. The degree of association was statistically signifi-
cant in the ICP-L (r= —0.32, P =0.032), trended toward
significance in the SCP-L (rs = —0.29, P =0.064) and in the
MCP (rs=0.29, P=0.064), and was not significant in the
right ICP and right SCP.

After establishing evidence for associations between FA
and decoding, we then assessed the same associations
along the trajectory of the cerebellar peduncles. In this
more detailed analysis, we observed that the association
between decoding and FA was significant in segments of
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Figure 3.

FA of the left SCP, MCP, and left ICP is associated with decoding
skills. Strength of correlations between decoding standard
scores and FA at 30 equidistant nodes is displayed on a colored
cylinder surrounding tract renderings for the left SCP (a), MCP
(c), and left ICP (e). Negative associations are observed
between decoding skills and FA of the left SCP (a) and left ICP
(e) as indicated in blue. Positive associations are observed
between decoding skills and FA of the MCP (c) as indicated in
red. Brown arrows (a, ¢, e) indicate cluster locations where sig-

the left SCP, MCP, and left ICP (Fig. 3, Table II). Specifi-
cally, significant negative associations were observed
between decoding and FA within dorsal segments of the
left SCP (Fig. 3a,b) and within dorsal segments of the left
ICP (Fig. 3ef). A significant positive association was
observed between decoding and FA within medial seg-
ments of the MCP (Fig. 3c,d). Correlations between mean
FA within the significant clusters and decoding remained
statistically significant after controlling for multiple com-
parisons across the five tracts at a 5% criterion for FDR.
Spearman partial correlations confirmed that all associa-

nificant associations between FA and decoding skills survived
within-tract multiple comparisons corrections. Scatter plots rep-
resent the association between decoding standard scores and
significant cluster mean FA for the left SCP (b), MCP (d), and
left ICP (f). Color bar represents Spearman correlation coeffi-
cients. (FA = fractional anisotropy; SCP = superior cerebellar
peduncle; MCP = middle cerebellar peduncle; ICP = inferior cer-
ebellar peduncle; L= left; R =right; FT =full term; PT = pre-
term; ry = Spearman correlation coefficient).

tions between decoding and mean cluster FA remained
significant after controlling for age (left SCP: r, = —0.38,
P =0.01; MCP: r,=0.50, P =0.0006; left ICP: r,=—0.50, P
=0.006). Decoding was not significantly associated with
FA in any clusters of either the right SCP or the right ICP.

Separate analyses in PT and FT

We repeated the association analyses in each group (PT,
FT) separately, and confirmed that the direction of associa-
tion was the same in both groups. Associations of FA and
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decoding were negative in the SCP-L and ICP-L in both
groups, and positive in the MCP in both groups. We
found significant negative associations in the FT group
between mean cluster FA and decoding within the SCP-L
(re=—0.56, P = 0.012) and ICP-L (r,=—0.49, P = 0.035)
(Table III). In the PT group, we found a significant positive
association between mean cluster FA and decoding in the
MCP (rs=0.57, P = 0.002) and a significant negative asso-
ciation between mean cluster FA and decoding in the ICP-
L (rs=—0.47, P = 0.016; Table III).

Associations Between Comprehension
and FA of the Cerebellar Peduncles

Combined group analyses

The association between comprehension and mean tract-
FA of the five cerebellar peduncles was assessed in the
combined sample. The degree of association trended
toward statistical significance in the ICP-L (r,= —0.28,
P =0.060), and was not significant in any of the other
peduncles. To interrogate the association in further detail,
we then examined the associations of FA and comprehen-
sion along the trajectory of the tracts. We found significant
associations between comprehension and FA within clus-
ters of the left and right SCP, MCP, and left ICP (Fig. 4;
Table II). Significant negative associations were apparent
between FA and comprehension within dorsal segments of
the left SCP (Fig. 4a,b), the right SCP (Fig. 4c,d), and the
left ICP (Fig. 4gh). Significant positive associations
between comprehension and FA were observed within
medial segments of the MCP (Fig. 4e,(f). Correlations
between mean FA of the significant clusters and compre-
hension remained statistically significant after controlling
for multiple comparisons across the five tracts at a 5% cri-
terion for FDR. Spearman partial correlations confirmed
that all associations between comprehension and mean
cluster FA remained significant after controlling for age

TABLE Il. Spearman correlations between mean FA of
significant clusters and reading scores in the combined

sample
Comprehension
Decoding (SS) (SS) combined
combined group group
White matter tract® Ts P Ts P
SCP-L (nodes® 20-25)  —0.38° P=0012 —034° P=0.025
SCP-R ns ns -0.36° P=0.016
MCP (nodes 12-17) 0.51¢ P <0.001 0.51¢ P <0.001
ICP-L (nodes 25-30) -0.48° P<0.001 —040° P=0.007
ICP-R ns ns ns ns

"FA extracted from mean FA across the nodes within the signifi-
cant cluster.

"Nodes for a significant cluster (6-adjacent nodes).

‘P< 0.05

Significant at 5% False Discovery Rate (FDR) criterion.

SS = Standard score; s =Spearman correlation coefficient; SCP =
superior cerebellar peduncle; MCP = middle cerebellar peduncle;
ICP =inferior cerebellar peduncle; ns =non-significant; L = left;
R =right.

(left SCP: ry=—0.34, P=0.03, right SCP: r,=—0.36,
P =0.02, MCP: rs=0.53, P < 0.001, and left ICP: ry = —0.40,
P =0.007). Associations between comprehension and FA
along the right ICP were still not significant even in this
more sensitive analysis.

Separate analyses in PT and FT

We repeated the association analyses in each group (PT,
FT) separately, and found that the direction of association
was the same in both groups; associations of FA and com-
prehension were negative in the SCP-L, SCP-R, and ICP-L,
and positive in the MCP. We found significant associations
in the FT group between mean cluster FA and comprehen-
sion in the SCP-R (rs=-074, P < 0.001) and MCP

TABLE Ill. Spearman correlations between mean FA of significant clusters and reading measures for full term and
preterm groups

Decoding (SS)

Decoding (SS)

Comprehension (SS) Comprehension (SS)

full term preterm full term preterm
White matter tract® Ts P Ts P Ts P Ts P
SCP-L (nodes® 20-25) —0.56° P=0.012 -0.25 P=0.222 —0.45 P= 0.055 -0.18 P=0.393
SCP-R ns ns ns Ns —0.74° P <0.001 —-0.10 P =0.646
MCP (nodes 12-17) 0.40 P=0.103 0.47¢ P =10.002 0.58¢ P=0.012 0.53¢ P =10.005
ICP-L (nodes 25-30) —0.49° P =0.035 —0.49° P=0.016 -0.37 P=0.121 —0.41° P=0.038
ICP-R ns ns ns ns ns ns ns ns

“FA extracted from mean FA across the nodes within the significant cluster.

"Nodes for a significant cluster (6-adjacent nodes).
°P< 0.05.

SS =Standard score; rs =Spearman correlation coefficient; SCP = superior cerebellar peduncle; MCP =middle cerebellar peduncle;
ICP = inferior cerebellar peduncle; ns = non-significant; L = left; R = right.
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Figure 4.

FA of the left and right SCP, MCP, and left ICP is associated with
comprehension skills. Strength of correlations between compre-
hension standard scores and FA at 30 equidistant nodes is dis-
played on the cylinder surrounding tract renderings for the left
SCP (a), right SCP (c), MCP (e), and left ICP (g). Comprehen-
sion standard scores are negatively associated with FA of the
left and right SCP (a, c), and left ICP (g) as indicated in blue.
Comprehension standard scores are positively associated with
FA of the MCP (e) as indicated in red. Brown arrows (a, c, e, g)
indicate cluster locations where significant associations between

FA and comprehension skills survived within-tract multiple com-
parisons corrections. Scatter plots represent the association
between comprehension standard scores and significant cluster
mean FA for the left SCP (b), right SCP (d), MCP (f), and left
ICP (h). Color bar represents Spearman correlation coefficients.
(FA = fractional anisotropy; SCP = superior cerebellar peduncle;
MCP = middle cerebellar peduncle; ICP = inferior cerebellar
peduncle; L=left; R =right; FT=full term; PT = preterm;
rs = Spearman correlation coefficient).
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(r¢=058, P = 0.012), with a trend in the SCP-L
(rs=—0.45, P = 0.055) (Table III). We found significant
associations in the PT group between mean cluster FA and
comprehension within the MCP (r,=0.53, P = 0.005) and
ICP-L (r, = —0.41, P = 0.038) (Table III).

Specificity of Associations With Reading
Correlations with performance IQ

To explore the domain specificity of associations
between cerebellar tracts and reading skills, we calculated
the correlations between FA profiles and PIQ, a non-verbal
cognitive measure that, in the present sample, was corre-
lated with reading ability (PIQ and decoding association:
rs=0.44, P = 0.003; PIQ and comprehension association:
rs=0.47, P = 0.001). The results revealed significant posi-
tive associations between PIQ and FA only in the MCP, in
regions similar to the regions associated with reading,
nodes 12-17 (r,=0.51, P <0.001). No significant associa-
tions between FA and PIQ were observed in any segment
along the bilateral ICP and bilateral SCP. Spearman partial
correlations confirmed that reading associations in the
MCP remained significant after controlling PIQ for
both decoding (rs=0.37, P=0.017) and comprehension
(rs =0.35, P =0.020).

Separating the contribution of each reading
component

To explore whether the observed associations could be
explained by similar or distinct underlying processes
indexed by decoding and comprehension, we extracted
mean FA from the significant clusters of the left and
right SCP, MCP, and left ICP and calculated additional
Spearman partial correlations between these FA values
and one of the reading measures, while controlling for
the other reading measure. After controlling for perform-
ance on comprehension, FA of the left ICP (but not
MCP or L-SCP) continued to be significantly correlated
with decoding (r, = —0.33, P =0.032; Supporting Informa-
tion Table S1). Conversely, after controlling for decoding,
FA of the right SCP (but not L-ICP, MCP, L-SCP)
remained significantly correlated with comprehension
(rs=—0.41, P =0.006; Supporting Information Table S2).

Associations With AD and RD

Finally, we performed analyses within the clusters that
showed significant associations of FA and reading to
determine whether AD or RD were associated with read-
ing. These analyses revealed significant negative correla-
tions between RD of the MCP and both decoding
(rs=-0.39, P=0.009) and comprehension (rs=—0.39,
P =0.010). AD and RD were not significantly associated

with reading measures within the SCP-L, SCP-R, or ICP-L
(P>0.1).

DISCUSSION
Summary of Results

The present study is the first to our knowledge to relate
the structural properties of the cerebellar peduncles with
reading abilities. We applied dMRI and tractography algo-
rithms to identify and characterize the cerebellar
peduncles in this sample of 9- to 17-year-old children and
adolescents born either full term or preterm. Variations in
FA profiles appeared similar across individuals. In con-
trast to our initial predictions, we were unable to detect
any statistically significant differences in the mean tract-
FA values or FA profiles of the cerebellar pathways com-
paring the FT and PT groups. We did not find evidence of
lateralization in FA values of the cerebellar peduncles in
either the combined sample or in the FT or PT groups sep-
arately, nor did we find a significant difference between
the lateralization patterns of the two groups. No signifi-
cant gender differences were observed in mean tract-FA of
the SCP, MCP, or ICP.

As hypothesized, FA measures extracted from the left
and right SCP and MCP were significantly associated with
measures of decoding and comprehension skills in this
sample of FT and PT participants. Contrary to initial
hypotheses, FA extracted from the left ICP was also found
to be significantly correlated with decoding and compre-
hension skills. These associations were revealed in correla-
tion analyses performed along the trajectories of the tracts
as opposed to associations with mean tract-FA values. The
pattern and direction of associations were similar in the
FT and PT groups, though the clusters that reached statis-
tical significance were not identical in the two groups.

We performed additional analyses to assess the specific-
ity of our results to the domain of reading, using PIQ as a
measure of domain-general cognitive skills. These analyses
revealed that, unlike the pattern of associations for read-
ing, the associations of FA and PIQ were found only in
the MCP and the correlations with reading remained sig-
nificant after controlling for PIQ in this cluster. Further,
after controlling for comprehension, significant associa-
tions remained in the left ICP for decoding. Similarly, after
controlling for decoding, significant associations remained
in the right SCP for comprehension. Taken together, these
findings show that white matter connections of the cere-
bellar peduncles demonstrate selective associations with
the core skills of reading.

Structural Properties of Cerebellar Peduncles

FA was observed to vary along the trajectory of the
SCP, MCP and ICP, similar to cerebral tract [Yeatman
et al, 2011]. The observed variations appear consistent
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with established patterns in adults [Stieltjes et al., 2001]
and are most likely related to anatomical features, such as
the narrowing of the tracts and the density of crossing
fibers [Yeatman et al., 2011]. Similar to a previous report
in healthy adults [Thiebaut de Schotten et al., 2011], we
did not find evidence of laterality in FA values of the cere-
bellar peduncles. We also did not observe significant gen-
der differences in FA of the cerebellar peduncles. The
latter finding contrasts with other dMRI studies involving
large samples of healthy adults in which FA of the left cer-
ebellum was found to be higher in males, even after con-
trolling for height [Kanaan et al., 2012]. Further studies
will tell whether the lack of significant group differences
in the present study stems from the difference in analysis
methods, namely the tractography approach used here
compared to voxel-based methods used elsewhere to
extract FA measures of the peduncles [Kanaan et al., 2012,
2014]. In addition, more studies employing larger sample
sizes than the present study are needed in order to under-
stand how potential gender differences in the microstruc-
ture of the cerebellar peduncles may contribute to
cognitive skills, including those important for reading.

The Effect of Prematurity on Microstructural
Properties of the Cerebellar Peduncles

In the present study, we were unable to detect signifi-
cant group differences in the microstructure of the SCP,
MCP, or ICP in PT compared to FT children. These results
contrast with our initial predictions and with several stud-
ies of cerebral tracts that find FA to be lower in children
born PT than in controls, particularly within the corpus
callosum, superior longitudinal fasciculus, and inferior
fronto-occipital fasciculus [Mullen et al., 2011; Nagy et al.,
2003; Vangberg et al., 2006]. However, it is worth noting
that not all studies find significantly lower FA in PT
groups. Some find no group differences [Feldman et al.,
2012b; Frye et al.,, 2010] and others find regions of higher
FA in the PT than FT group [Allin et al.,, 2011; Eikenes
et al., 2011]. We recognize that the present sample size
may not be adequate for detecting subtle group differences
in cerebellar tract FA in either direction. Still, the findings
suggest that cerebellar pathways in this relatively high
functioning PT sample, which were free of macroscopic
cerebellar injury, were not severely altered. In separate on-
going longitudinal studies of younger PT children, we
plan to examine whether cerebellar FA differences exist at
earlier stages of development and whether early group dif-
ferences in FA, if they exist, may resolve either as children
get older or as they acquire specific skills for reading.

Cerebellar Peduncles and Reading

As hypothesized, we observed significant associations
between FA of the MCP and SCP with decoding and com-
prehension skills. Similar to cerebral pathways, the MCP

and SCP likely contribute to reading abilities by integrat-
ing and relaying information processed across distributed
neural systems [Ben-Shachar et al., 2007; Deheane, 2009;
Price, 2012]. Based on evidence from functional neuroi-
maging and anatomical mapping studies, it is plausible
that these pathways convey information important for con-
trolling both motor and cognitive aspects of reading
[D’Angelo and Casali, 2013; Koziol et al., 2014; Price, 2012;
Ramnani, 2006; Strick et al., 2009]. Indeed, anatomical
mapping studies performed in monkeys have revealed
that left inferior prefrontal regions and left premotor areas
of the frontal lobes are reciprocally connected with the
right hemisphere of the cerebellum via multi-synaptic con-
nections conveyed by the SCP and MCP, respectively
[Ramnani, 2006; Strick et al., 2009]. In humans, regions of
the left inferior prefrontal regions are commonly activated
during language and reading tasks [Deheane, 2009; Price,
2012; Turkeltaub et al., 2002]. There is also sufficient evi-
dence demonstrating that the right hemisphere of the cere-
bellum may be selectively involved in linguistic processes
[Marién et al., 2001, 2013]. Indeed, the right lateral poste-
rior cerebellum is consistently activated during tasks of
semantic and phonological word retrieval [Frings et al.,
2006; Jansen et al., 2005] and has also been implicated in
working memory processes subserving language processes
[Desmond and Fiez, 1998]. In addition, gray matter vol-
ume of the right cerebellar declive in lobule VI has been
demonstrated to accurately distinguish dyslexic readers
from control readers [Pernet et al., 2009]. The association
of comprehension with FA of the right SCP may thus
reflect the importance of this pathway in conveying neural
information relevant for higher-order linguistic processes
involved in understanding written text. However, we can-
not readily explain why we found associations of decoding
and FA in the SCP-L and not SCP-R, since studies find
reading-related skills associated with left inferior prefron-
tal regions that connect to the cerebellum via the SCP-R
[Jansen et al., 2005; Stoodley et al., 2012]. Further studies
are needed to confirm whether the cerebellar peduncles
contribute selectively to specific linguistic, motor, and
other domain-general cognitive processes that are critically
involved in reading but were not isolated here. Such stud-
ies can establish with more specificity the sub-skills of
comprehension that rely on projections of the right SCP
and the sub-skills shared between decoding and compre-
hension that may rely on the left SCP and MCP.

Contrary to initial hypotheses we also observed evi-
dence for associations of FA within the left ICP with
decoding and comprehension. Moreover, after controlling
for performance on comprehension, FA of the left ICP
remained significantly correlated with decoding, suggest-
ing a specific role in the reading process. This finding may
reflect the importance of olivocerebellar pathways for ocu-
lomotor functions [Voogd and Barmack, 2006] required for
controlling eye-movements during word reading, though
it is not clear why the region would be selectively associ-
ated with decoding and not comprehension, because both
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tasks require oculomotor control. Alternatively, the ICP-L,
like the other peduncles, may be responsible for conveying
information relevant for broader cognitive and motor func-
tions [D’Angelo and Casali, 2013; Koziol et al., 2014; Ram-
nani, 2006]. Again, further studies employing tasks more
specific than those employed here should be performed to
assess the selectivity of the cerebellar peduncles for spe-
cific linguistic, sensorimotor, and/or cognitive processes.

Associations With Reading in Full Term and
Preterm Participants

In this sample, the pattern of associations between FA
and reading skills was extremely similar in the two groups
of participants. In both PT and FT participants, we found
negative associations of FA and reading in the SCP-L and
ICP-L and positive associations in the MCP. These similar-
ities may indicate that the present sample of PT partici-
pants did not sustain any direct or indirect damage to the
cerebellar peduncles. White matter development within
the cerebellum is earlier than white matter development in
areas of the cortex [Saksena et al., 2008]. Even if the chil-
dren born PT had sustained any microscopic injury to the
cerebellum at birth, it may have resolved by school age.
We note that, even though the direction of correlation was
similar in the two groups, the degree of association did
not always reach statistical significance in both groups
separately. For example, the association between FA in the
SCP-R and comprehension in the FT group was strong
and significant, while in the PT group it did not reach sig-
nificance. We did not directly assess whether the degree of
correlation was statistically different in the two groups
because such analyses require larger samples, beyond the
sample size of this study. However, it is worth noting that
children born PT frequently show behavioral characteris-
tics suggestive of weak frontal lobe functions, including
poor executive function skills and attention control [Aar-
noudse-Moens et al., 2009]. It is thus plausible that
cerebellar-frontal lobe connections may be less effective in
achieving these functions in the PT group. Future studies
involving larger samples are required to explore whether
there are functional differences in the contributions of
cerebellar-frontal efferent pathways in reading abilities of
children born PT.

MCP and Non-Verbal IQ

We interpret findings from exploratory analyses with
PIQ as evidence that the present pattern of associations
observed with reading measures was unlikely to reflect
associations with general cognitive skills that are not spe-
cific to reading. In performing these analyses, we observed
a novel association between the microstructural properties
of the MCP and non-verbal IQ. These findings suggest
that the MCP may be associated with a range of cognitive
skills, including those important for reading. Given the

unique sample of FT and PT children in the present study,
further research is necessary to test the generality of these
associations in other populations, including adults and
persons with specific reading impairments, or in neurode-
velopmental conditions associated with cerebellar distur-
bances, such as autism [Allen and Courchesne, 2003;
Amaral et al., 2008].

Interpreting the Direction of FA Associations
With Reading

Unexpectedly, we found negative associations between
FA and reading in the SCP and ICP, but positive associa-
tions in the MCP. FA served as the primary index of tract
microstructure in the present study. FA is a scalar value
that reflects the normalized standard deviation of the three
eigenvalues of the diffusion tensor [Beaulieu, 2002]. FA
increases when the eigenvalues differentiate, that is, when
AD increases, RD decreases, or both. It has been argued
that AD reflects axonal status, while RD reflects myelin
[Kumar et al., 2008, 2010, 2012; Song et al., 2002, 2005].
Within the clusters that showed significant associations
between FA and reading, we found significant negative
associations between RD and reading only in the MCP.
These findings may be taken as supporting the interpreta-
tion that the degree of myelination in the MCP may con-
tribute positively to reading skill; the more myelinated the
MCP is the more restricted the diffusion along the direc-
tion perpendicular to the preferred diffusion direction is,
yielding faster information transfer and better reading
skill. However, we recognize that RD is an inadequate
measure for assessing myelin [Mezer et al., 2013; Wheeler-
Kingshott and Cercignani, 2009; Yeatman et al., 2014]. Bet-
ter understanding of the relation between tissue properties
of the cerebellar peduncles and reading could be achieved
using imaging methods that tap into myelin content and
axonal diameter more directly than FA [e.g., Assaf et al.,
2008; Mezer et al., 2013].

Negative associations of FA and reading have been
found in other studies. There is increasing evidence from
studies performed in both healthy children [Dougherty
et al., 2007; Odegard et al., 2009; Yeatman et al., 2011] and
PT participants [Frye et al., 2008] for negative associations
with reading skills within several cerebral pathways,
including the corpus callosum and arcuate fasciculus. Both
positive and negative correlations with FA should be inter-
preted with caution; they can stem from covariation of any
number of tissues factors (or of a combination of factors)
with reading performance [Jones and Cercignani, 2010].
Indeed, some of these factors are expected to affect infor-
mation transmission efficacy in opposite ways. For exam-
ple, increased axonal diameter could enhance information
transmission but reduce FA, yielding negative association
of FA with behavior. In addition, within a voxel, variation
in the proportion of axons oriented in different directions
could give rise to both negative and positive correlations
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with behavior [Jones, 2010]. Directional (in)coherence is
expected to play an important role, particularly in explain-
ing FA variation in cerebellar pathways, given the under-
lying architecture of multiple intersecting thin fiber tracts
[Granziera et al., 2009]. For these reasons, it is difficult to
offer straightforward interpretations for positive and nega-
tive associations, such as the ones documented here in
terms of tissue properties. Quantitative methods combined
with high angular resolution diffusion imaging techniques
will likely be important for disambiguating amongst the
multiple tissue properties known to contribute to FA
[Tournier et al., 2008, Tuch et al.,, 2002; Wedeen et al.,
2008], including axonal density, distribution of axonal
diameter within the voxel, degree of myelination, and
directional coherence of the population of axons within
the voxel [Basser and Pierpaoli, 1996; Beaulieu, 2002; Pier-
paoli et al., 1996]. Knowledge of these tissue properties is
likely to inform interpretations of the present positive and
negative associations with reading measures that cannot
be disambiguated with dMRI alone.

Limitations and Future Directions

The current sample included children and adolescents
born either FT or PT and a large range of ages at scanning.
These factors raise the concern that developmental changes
in FA and factors related to PT birth could explain the
present associations with reading measures. Nevertheless,
several analyses suggest that significant associations
observed in the cerebellar pathways were unlikely to be
explained by factors related to prematurity or age at scan-
ning. Specifically, associations between FA and reading
measures remained significant after controlling for age at
scanning. This possibility is further minimized by the fact
the we used age-standardized reading measures, a tool
typically used to allow joint analysis of reading scores
acquired in children of varying ages. Further, we observed
no group differences in either mean tract-FA or FA pro-
files for any of the cerebellar peduncles.

Another set of limitations arises from the imaging
parameters and diffusion tensor algorithms we used.
dMRI is not sufficiently sensitive to disambiguate among
many factors that influence transmission efficiency. As
suggested above, future studies should use multiple meth-
ods to evaluate myelin content, axonal caliber, proportion
of crossing fibers, and other characteristics that can influ-
ence FA values [Assaf et al., 2008; Mezer et al., 2013; Tour-
nier et al.,, 2008; Tuch et al., 2002; Yeatman et al., 2014].
Higher-resolution methods beyond the diffusion tensor
model employed here are required for distinguishing
tracts that interdigitate within the left and right SCP, such
as dento-thalamic pathways [Granziera et al., 2009; Tour-
nier et al., 2008]. To properly assess the functional specific-
ity of these pathways for distinct cognitive, linguistic, and
motor processes involved in reading, future studies would
have to use more specific tasks than the composite meas-

ures employed here. In sum, fine tuning both the segmen-
tation of cerebellar tracts and the assessment of reading
components will assist in establishing the functional speci-
ficity of distinct cerebellar pathways for reading sub-skills.

As acknowledged above, we observed similar FA pro-
files and similar patterns of correlations in the cerebellar
pathways of prematurely born children compared to FT
children. This contrasts with previous findings from our
lab in the cerebral white matter of FT and PT children
[Feldman et al.,, 2012b]. It is possible that these findings
may reflect differences in the pathophysiology of cerebral
versus cerebellar white matter development following PT
birth [Back and Rosenberg, 2014]. This possibility should
be explored in future studies involving animal models for
prematurity.

It is important to note that in this study we evaluated
children across a wide range of reading abilities; we did
not focus on dyslexia. To date, there are no published stud-
ies that use diffusion imaging to assess the structural char-
acteristics of the cerebellar pathways in dyslexia, nor to
relate those properties to specific language and reading
components, even though there are strong predictions
made in this regard [Jednorog et al., 2013; Stoodley and
Stein, 2011]. Such studies can inform clinicians and educa-
tors with respect to the neuropathological and compensa-
tory mechanisms underlying language and reading
impairments [Limperopoulos et al., 2005a; Vandermosten
etal., 2012].

CONCLUSIONS

The findings presented here are the first to implicate the
microstructural properties of the cerebellar peduncles in
explaining individual differences in the core abilities of
reading. These results have significant implications for
neurocognitive models of human behavior and disease
that must now begin to consider the functional contribu-
tions of cerebellar pathways. Ongoing studies of younger
children will help to determine whether similar associa-
tions exist at earlier reading stages to support learning or
rather emerge later to support mature and automatic read-
ing. Further research in clinical populations is needed to
understand how cerebellar white matter tracts contribute
to good and poor reading abilities. Overall, the present
findings demonstrate the potential use of dMRI for meas-
uring the contribution of cerebellar white matter tracts to a
broad range of human behaviors over the course of cogni-
tive development.
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