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Abstract

Microstructural properties of white matter pathways are associated with concurrent reading abilities in children. In this
longitudinal study, we asked whether properties of white matter pathways at the onset of learning to read would be associ-
ated with reading abilities at older ages. Children (N=37) with a wide range of reading abilities completed standardized
measures of language and phonological awareness and diffusion MRI at age 6 years. Mean tract-fractional anisotropy (FA)
was extracted from reading-related pathways. At age 8, the same children were re-assessed using a standardized reading
measure. Using linear regressions, we examined the contribution of tract-FA at age 6 to reading outcome at age 8, beyond
known demographic and pre-literacy predictors of reading. Tract-FA of the left arcuate, left and right superior longitudinal
fasciculus (SLF), and left inferior cerebellar peduncle (ICP) made unique contributions to reading outcome after considera-
tion of sex and family history of reading delays. Tract-FA of the left and right SLF and left ICP made unique contributions
to reading outcome after the addition of pre-literacy skills. Thus, cerebellar and bilateral cortical pathways represented a
network associated with subsequent reading abilities. Early white matter properties may be associated with other neuropsy-
chological functions that predict reading or may influence reading development, independent of reading-related abilities.
Tract FA at early stages of learning to read may serve as a biomarker of later reading abilities.
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Introduction

Reading skills have become critical to academic and occupa-
tional success in the information age. Reading performance
varies widely across the population (Gilger et al. 1996;
Shaywitz et al. 1992), and approximately 5-17% of chil-
dren struggle with learning to read (McCandliss and Noble
2003). Children with poor reading skills at the early stages
of reading rarely catch up with typically developing peers
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without intervention (O’Connor et al. 2005).
Microstructural properties of white matter pathways
in the brain have been associated with concurrent read-
ing abilities in children with dyslexia (Christodoulou et al.
2017; Arrington et al. 2017) and in children with normal
reading abilities (Beaulieu et al. 2005; Travis et al. 2015,
2016a; Vandermosten et al. 2012). Longitudinal studies
of prediction of reading from white matter properties have
used a variety of analytic approaches. Initial white matter
properties have been shown to predict the classification of
which children develop dyslexia, the predominant reading
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disability (Kraft et al. 2016; Vanderauwera et al. 2017). Ini-
tial white matter properties have also predicted change in
reading scores within children with dyslexia (Hoeft et al.
2011). Change in white matter properties predicted change
in reading scores within non-impaired readers (Myers et al.
2014; Yeatman et al. 2012a) and in children with dyslexia
(Wang et al. 2017). In this longitudinal study, we extended
the previous findings through assessing whether fractional
anisotropy (FA), a sensitive microstructural white matter
property, at the onset of learning to read would be associated
with reading abilities 2 years later, and whether that contri-
bution would be independent of known predictors of read-
ing ability. This approach allowed us to consider whether
the neurobiology at the onset of learning to read would be
important to the process of learning to read.

The “simple view of reading” proposes that reading is
comprised of two critical subskills, decoding and com-
prehension (Gough and Tunmer 1986; Hoover and Gough
1990). Decoding—mapping orthographic information to
phonological information—has been shown to develop from
phonological awareness, language skills, and letter knowl-
edge (Ehri 2005; Perfetti 1992; Wagner et al. 1997). Com-
prehension—extracting meaning from text—has been shown
to develop from linguistic knowledge and higher order cog-
nitive processes (Cain et al. 2004; Kovachy et al. 2015).
Moreover, fluency—the ability to read accurately, quickly,
and expressively—is needed to achieve skilled decoding,
though it is not defined in the simple view of reading and is
often neglected in reading instruction (National Institute of
Child Health and Human Development, 2000). In this study,
we chose a comprehensive measure that assesses accuracy
and speed of decoding (fluency), and comprehension as the
primary reading outcome.

A distributed network of cerebral cortical regions shows
functional activation during reading (Price 2012). Structural
features of white matter pathways connecting these regions
have been associated with individual differences in reading
abilities (Beaulieu et al. 2005; Travis et al. 2015, 2016a;
Vandermosten et al. 2012). A sensitive, non-invasive, and
in-vivo method for characterizing microstructural properties
of white matter pathways is diffusion magnetic resonance
imaging (dAMRI). DMRI generates metrics, such as FA, that
cannot be detected on conventional MRI (Barnea-Goraly
et al. 2005; Mukherjee et al. 2001). Tractography allows
identification and characterization of specific white matter
pathways. In this study, we restricted the dMRI tractogra-
phy analyses to cerebral and cerebellar pathways that have
previously been associated with reading abilities in children.

The cerebral pathways that have been consistently
linked to reading and reading-related abilities are the
superior longitudinal fasciculus (SLF) and arcuate fas-
ciculus (Arcuate) (Myers et al. 2014; Saygin et al. 2013,
b; Thiebaut de Schotten et al. 2014; Travis et al. 2016,
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b; Vandermosten et al. 2012; Wang et al. 2017; Yeatman
et al. 2012a), inferior longitudinal fasciculus (ILF) and
uncinate fasciculus (UF) (Lebel et al. 2013; Steinbrink
et al. 2008; Travis et al. 2016a, b; Yeatman et al. 2012a),
and corticospinal tract (CST) (Myers et al. 2014; Niogi
and McCandliss 2006; Travis et al. 2016b). Collectively,
the SLF and Arcuate have been considered the dorsal
stream of the language network (Hickok and Poeppel
2004; Scott and Wise 2004), thought to be involved in
mapping auditory speech sounds onto articulation (Brauer
et al. 2013). Compared to typical readers, children with
reading disabilities showed reduced FA in the left Arcu-
ate (Christodoulou et al. 2017; Vanderauwera et al. 2017).
Microstructural properties of the same pathway were asso-
ciated with measures of decoding in both groups (Chris-
todoulou et al. 2017) and improved the prediction of who
will develop dyslexia (Kraft et al. 2016; Vanderauwera
et al. 2017). In typically developing children, one study
showed that change in volume, but not the initial value, of
the left Arcuate from kindergarten to 3rd grade predicted
children’s reading outcome (Myers et al. 2014). Another
longitudinal study of children aged 7—15 years used rate of
change in FA over time to predict reading ability at base-
line: good readers had initially low FA in the left Arcuate
that increased over a 3-year period, while poor readers had
initially high FA that decreased over time (Yeatman et al.
2012a). Both studies found that change, rather than white
matter properties at time one, predicted reading outcome.

The ILF and UF have been classified as the ventral
stream of the language network (Dick et al. 2014). The ILF
is thought to be involved in mapping auditory speech sounds
to meaning (Hickok and Poeppel 2004) and in processing
simple syntactic structure (Friederici et al. 2006; Griffiths
et al. 2013). As with the Arcuate, in the ILF, good readers
showed initial low FA that increased over time, whereas poor
readers had initial high FA that decreased over time (Yeat-
man et al. 2012a). The UF has been implicated in auditory
working memory (Diehl et al. 2008; McDonald et al. 2008),
semantic processing (Agosta et al. 2012; Galantucci et al.
2011), and reading in adults and children (Cummine et al.
2015; Travis et al. 2016b). Arrington et al. (2017) found
FA differences in the left and right UF between children
with poor and typical reading skills. FA of the right UF also
correlated with reading comprehension and fluency in both
groups (Arrington et al. 2017). However, white matter prop-
erties of the UF have not been linked to later reading ability.

Though the CST has not been conventionally considered
to be within the language network, diffusion properties of
the left and right CST correlated with single-word reading
in children and adolescents (Travis et al. 2016b). Change in
white matter volume in the superior corona radiata improved
the prediction of reading outcome in children (Myers et al.
2014). In addition, a region of the left centrum semiovale
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showed increased FA after an intensive reading remediation
(Keller and Just 2009).

Cerebellar gray matter and white matter structures have
been implicated in reading (Desmond and Fiez 1998; Stood-
ley and Schmahmann 2009; Travis et al. 2015). The cer-
ebellar cortex shows activation during reading (Fulbright
et al. 1999; Petersen et al. 1988, 1989) and the size of the
cerebellum, selected anatomic compartments, and lobular
structures have been associated with reading abilities (Eck-
ert et al. 2003, 2005; Fernandez et al. 2013; Laycock et al.
2008). Travis et al. (2015) found significant associations
between measures of decoding and comprehension and FA
of the inferior (ICP), superior (SCP), and middle cerebellar
peduncles (MCP) that connect association cortices in the
cerebrum to the cerebellum (Naidich and Duvernoy 2009).

It is possible that an association of white matter micro-
structure and later reading could be found due to associa-
tions of these properties with known predictors of reading.
For this reason, we needed to control for these known pre-
dictors of reading abilities. We first considered demographic
variables: sex, family history of reading delays, and socio-
economic status (SES). Reading disorders have been found
to be more prevalent in boys than in girls (Rutter et al. 2004),
though the ratio is higher in clinic-referred as opposed to
community-based samples (Shaywitz et al. 1990). Children
who have a first degree relative with reading disability or
delays in learning to read are more likely to become poor
readers than children without such family history (Snowling
et al. 2003). These findings suggest a genetic contribution to
reading, though the specific genes or interactions between
genes and environment remain unclear (Peterson and Pen-
nington 2012). Children from low-SES backgrounds have
been shown to experience greater delays in language skills,
phonological awareness, and learning to read than children
from middle or high-SES backgrounds (Aikens and Bar-
barin 2008). Furthermore, higher SES has been associated
with greater vocabulary in children with reading disabilities
(Romeo et al. 2017).

We also wanted to control for cognitive and pre-literacy
skills that have been associated with reading proficiency.
A recent study found that non-verbal intelligence (IQ)
explained nearly 20% of the variance in reading outcome
(Wang et al. 2017). Oral language skills, the ability to pro-
duce and comprehend spoken language, form the founda-
tion for extracting meaning from text (Snow 1991). Indi-
vidual variation in language skills has been shown to be an
important predictor of later reading (Nation and Snowling
2004; Olofsson and Niedersge 1999). Phonological aware-
ness—the ability to detect and manipulate sounds within
words and syllables—is also a strong predictor of reading
outcome (Goswami and Bryant 1990; Hulme 2002; Kirby
et al. 2003; Schatschneider et al. 2004; Wagner and Torgesen
1987). These factors may work in tandem to predict reading

proficiency. For example, Myers and colleagues (2014)
found that the combination of family history of reading dif-
ficulty, language, and pre-literacy skills accounted for more
than 50% of the variance in reading outcome.

In the current study, we examined whether individual var-
iation in FA of specific cerebral and cerebellar white matter
pathways at age 6 would be associated with reading abilities
at age 8. We sought to determine if these associations would
be found after consideration of demographic covariates and
after consideration of early cognitive and pre-literacy skills.
To our knowledge, no study of typically developing chil-
dren has yet found that white matter properties of specific
pathways at the onset of learning to read correlate with later
reading abilities after controlling for known prerequisites.
We extend the previous research by including cerebellar
pathways in these analyses. We used a complex measure
of reading that allowed us to interrogate which components
of reading would be associated with white matter proper-
ties. We analyzed FA and also axial and radial diffusivity in
relation with reading outcomes. Many of the previous stud-
ies show prediction to dyslexia, a reading disorder. Reading
ability and disability fall along a continuum at the level of
behavior (Shaywitz et al. 1992). In this study, we were inter-
ested in whether we could find associations of white matter
properties to scores along the full distribution. The clinical
significance of such findings would be that properties of
white matter pathways could potentially serve as biomarkers
of later reading outcomes.

Materials and methods
Participants

The cross-sectional data of children included in this study
were previously described by Travis et al. (2016a). Here,
we present the longitudinal data assessing reading abilities
in the sample 2 years later (N =50). Children were enrolled
at age 6 and recruited from the San Francisco Bay Area
to assess the neural basis of reading. Exclusionary criteria
included significant visual impairment or hearing loss, his-
tory of neurological disorders, moderate-to-severe health
conditions, non-English speakers, and children who scored
more than two standard deviations below the mean on the
WASI-II (Full 4; Wechsler & Hsaio-pin, 2011), equivalent to
a score less than 70. Additional children were excluded who
did not complete the MRI scan (n=6) or showed excessive
motion, as described below in the methods (n=1), were lost
to follow-up (n=4), were diagnosed with specific language
impairment after age 6 (n=1), or did not receive formal
reading instruction (n=1). Our final sample included 37
children (15 males, mean age at time 1: 6.15 years+0.17
months; mean age at time 2: 8.11 years +0.15 months).
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Parents completed a comprehensive demographic and
health history questionnaire at the first visit (age 6). SES was
measured using an updated version of the Hollingshead Four
Factor Index of Socioeconomic Status (Hollingshead 1975),
which takes into account both parents’ education and occu-
pation (possible values =8 to 66). Children were generally
from high-SES backgrounds, though the sample included a
wide range of SES scores from 30 to 66. Nearly half of the
sample was male. Thirty-five out of thirty-seven children
were right-handed as measured by the Edinburgh Handed-
ness Inventory (Oldfield 1971). Furthermore, all children
scored above an 85 on a standardized assessment of intel-
ligence (Full 4; Wechsler and Hsaio-pin 2011). Within the
sample, 19 children were exposed to a language other than
English either at home or in school, as is highly common in
this geographical region. Only two children in the sample
were considered English language learners. However, both
children scored within the average range on a widely used
and well-validated language assessment. In all cases, chil-
dren were exposed to English for at least 2 years, attended an
English-speaking school, and completed behavioral testing
in English. The majority of children were in kindergarten at
time 1. The exact number of children in each sub-group can
be found in Online Resource 1.

Parents were asked to report on any first-degree relatives
who had difficulty reading and siblings who required spe-
cial help in reading at school. Children were classified as
having a family history of reading delays if a parent was
diagnosed or suspected of having a reading disorder or if a
sibling was diagnosed with a reading disorder. The research
protocol was approved by the Stanford University Institu-
tional Review Board. For all children included in the study,
informed consent was obtained from a parent or guardian at
the first visit. Children were compensated for each behavio-
ral testing session and for the MRI scan.

Assessments conducted at ages 6 and 8

Children completed a battery of standardized assessments of
non-verbal 1Q, language, and phonological awareness at age
6 as potential predictor variables for later reading abilities.
Non-verbal IQ was assessed with the Performance 1Q (PIQ)
composite score from the WASI-II (WASI-II; Wechsler and
Hsiao-pin 2011), a nationally normed measure of intellectual
ability. PIQ was derived from the Matrix Reasoning and
Block Design subtests. Language skills were assessed using
the Clinical Evaluation of Language Fundamentals-Fourth
Edition (CELF-4; Wigg et al. 2003). The Core Language
Index is a measure of general language ability, comprised
of scores from four subtests: Concepts and Following Direc-
tions, Word Structure, Recalling Sentences, and Formulating
Sentences. Phonological awareness was assessed using the
Comprehensive Test of Phonological Processing (CTOPP;
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Wagner et al. 1999), a nationally normed and well-estab-
lished measure of reading-related phonological processing
skills. The phonological awareness composite score is com-
prised of the Elision, Blending Words, and Sound-Matching
subtests. Age-based standard scores were derived for all
assessments.

The primary outcome variable was the standard score on
the Oral Reading Index (ORI) from the Gray Oral Read-
ing Tests-Fifth Edition (GORT-5; Wiederholt and Bryant
2012) at age 8. This standardized measure of reading ability
required children to read passages of increasing difficulty out
loud and answer a series of questions, approximating read-
ing in the real world. The ORI is comprised of scaled scores
for fluency, based on both accuracy and speed of decod-
ing, and comprehension. The subcomponents, fluency and
comprehension, were considered as secondary outcomes in
exploratory analyses. Table 1 presents characteristics of the
final sample including mean standardized test scores, ages
of the participants at both time points, and SES.

MRI acquisition

Children were scanned at age 6 at the Center for Cogni-
tive and Neurobiological Imaging at Stanford University
(https://cni.stanford.edu), using a 3T MRI scanner (Dis-
covery MR750 scanner, General Electric Healthcare,
Milwaukee, WI, USA) with a 32-channel head coil. High-
resolution T1-weighted anatomical images were acquired
using a 3D fast-spoiled gradient (FSPGR) sequence
(TR=7.24 ms; TE=2.78 ms; FOV =230x 230 mm; acqui-
sition matrix =256 X 256; 0.9 mm isotropic voxels; number
of slices =186; and orientation = sagittal). Diffusion data
were acquired with a dual-spin echo, echo-planar imag-
ing sequence with full brain coverage (TR =28300 ms;

Table 1 Characteristics of the sample (n=37)

M SD
Non-verbal 1Q* 112.30 16.02
Core language® 113.19 12.81
Phonological awareness® 113.46 11.78
Oral reading index* 102.22 13.16
Fluency® 10.89 3.23
Comprehension® 10.14 2.25
Age (years) at time 1 6.15 0.17
Age (years) at time 2 8.11 0.15
Socioeconomic status® 58.19 9.96

*WASI-II Wechsler abbreviated scale of intelligence, 2nd edition
CELF 4 clinical evaluation of language fundamentals, 4th edition
“CTOPP comprehensive test of phonological processing

4GORT 5 gray oral reading tests, 5th edition

“Measured with the Hollingshead index
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TE=83.1 ms; FOV =220x220 mm; acquisition
matrix =256 X 256; voxel size: 0.8594 X 0.8594 X 2 mm;
number of slices =70; orientation = axial) using a b value
of 1000 s/mm?, sampling along 30 isotropically distributed
diffusion directions. Three additional volumes were acquired
at b=0 at the beginning of each scan.

MRI data pre-processing

DMRI pre-processing, analysis of motion, and individual
native-space tractography have been previously described
in Travis et al. (2016a). All critical steps and modifications
to the analysis pipeline in this study are summarized below.

DMRI data were pre-processed using the open-source
software mrDiffusion (http://github.com/vistalab/vistasoft/
mrDiffusion) implemented in MATLAB R2014a (Math-
works, Natick, MA, USA). To correct for participant’s
motion, we used a rigid body transformation (Rohde et al.
2004) to register each diffusion-weighted image to the mean
of the three non-diffusion (b0) images. The mean b0 image
was registered to the participant’s T1-weighted image, which
had been aligned to the canonical ac—pc orientation. The
combined transform that resulted from motion correction
and alignment to the T1 anatomy was applied to the raw data
once, and the transformed images were resampled to 2 mm
isotropic voxels. Maps of FA, radial diffusivity (RD), and
axial diffusivity (AD) were generated using robust tensor
fitting and outlier rejection based on the RESTORE pro-
cedure (Chang et al. 2005) as opposed to a least-squares
algorithm used in Travis et al. (2016a, b). In addition, dMRI
data were assessed for relative head motion detected during
image pre-processing. We quantified the degree of relative
head motion in each participant by calculating the magnitude
of motion correction (in voxels) in the x—y—z planes of each
volume relative to the prior volume. For each dMRI scan
(voxel size =2 mm), we counted the number of volumes with
translational motion of 1 voxel or more, relative to the prior
volume. We then calculated the mean number of volumes
with > 1 voxel of relative motion across the entire sample
(M =1.18 volumes, SD=2.10 volumes). As described by
Dodson and colleagues (2018), participants who deviated
from this mean by more than three standard deviations were
excluded from analyses. This method identified participants,
whose movements affected more than 30% of the total num-
ber of diffusion volumes. This procedure led to the exclusion
of one participant.

White matter tract identification

The open-source software, Automated Fiber Quantifica-
tion (AFQ), was used to track and segment cerebral and
cerebellar white matter pathways in each subject’s native
space (Yeatman et al. 2012b). In brief, AFQ consists of three

main processing steps: (1) whole-brain tractography; (2)
automatic tract segmentation using template ROIs warped
to native space; and (3) automatic tract refinement and clean-
ing (Yeatman et al. 2012b). We used the same parameters
for deterministic streamline tracking and segmentation of the
cerebral tracts as described in Travis et al. (2016a). For seg-
mentation of the cerebellar pathways, ROIs were defined on
the JHU MNI template following the procedure described by
Travis et al. (2015). We identified the left and right ICP by
drawing one ROI on the ICP on an axial plane at the level of
the medulla (inferior to the dentate nucleus) and the second
ROI on the ipsilateral ICP on an axial plane at the level of
the ponto-mesencephalic junction. We captured the left and
right SCP by drawing one ROI on the dentate nucleus on an
axial plane at the level of the medial pons and another ROI
on the ipsilateral SCP on an axial plane at the level of the
ponto-mesencephalic junction. We identified the MCP by
drawing two ROIs within the cerebellum on an axial plane
at the level of the medial pons: one placed on the central
portion of the right MCP and the other placed on the central
portion of the left MCP. A non-linear transformation (Fris-
ton and Ashburner 2004) was applied to warp these ROIs
from the MNI template space into each individual’s native
space. In the way-point ROI procedure, each fiber from the
whole-brain tractogram becomes a candidate for a specific
fiber group if it passes through two ROIs that define the tra-
jectory of the fiber group (Fig. 1). Fiber tract refinement was
done by comparing each candidate fiber to an established
fiber tract probability map (Hua et al. 2008) and removing
candidate streamlines that pass through the regions of white
matter having a low probability for belonging to the tract.
The core of the tract was calculated by defining 30 sample
points along the tract and computing the robust mean posi-
tion of the corresponding sample points. The robust mean
was computed by estimating the three-dimensional Gaussian
covariance of the sample points and removing (1) fibers that
were either more than 5 standard deviations away from the
mean position of the tract, or that differed more than 4 stand-
ard deviations in length from the mean length of the tract for
long cerebral pathways or (2) fibers that were either more
than 4 standard deviations away from the mean position of
the tract, or that differed more than 1 standard deviations in
length from the mean length of the tract for relatively short
cerebellar pathways. Fiber renderings for each tract and each
child were visually inspected prior to any statistical analyses
to ensure that each tract conformed to anatomical norms.
Using AFQ, we were able to identify our tracts of inter-
est, namely, the left Arcuate as well as left and right SLF,
ILF, UF, CST, ICP, SCP, and MCP, in all children—with
the exception of the left Arcuate and left ICP, which could
not be segmented in one child. Mean tract-diffusion metrics
were calculated by averaging FA, RD, or AD values between
the ROIs used for tract segmentation.
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Fig. 1 Tractography of cer-
ebral (a) and cerebellar (b)
white matter pathways. Left
hemisphere tract renderings are
displayed on a mid-sagittal T1
image from a representative
child in our group. Right hemi-
sphere tract renderings are not
shown. Dashed lines represent
the location of the regions of
interest (ROIs) used to segment
each pathway from the whole-
brain tractogram. a Arcuate
fasciculus (Arc) red, superior
longitudinal fasciculus (SLF)
green, inferior longitudinal fas-
ciculus (ILF) orange, uncinate
fasciculus (UF) light blue, and
the corticospinal tract (CST)
purple. b Inferior cerebellar
peduncle (ICP) yellow, superior
cerebellar peduncle (SCP) dark
blue, and middle cerebellar
peduncle (MCP) maroon

Statistical analyses

Statistical analyses were conducted using the IBM SPSS
software (version 23.0, IBM Corporation, 2014). Statistical
significance was set at p <0.05. The Shapiro—Wilk test was
used to assess whether our behavioral and neurobiological
data were normally distributed. Descriptive statistics were
used to evaluate the sample. To determine whether demo-
graphic variables were important contributors to reading
outcome, we compared the mean scores on the ORI at age 8
for the following sub-groups using two-tailed independent
samples ¢ tests: male vs. female, presence vs. absence of
family history of reading delays, monolingual vs. bilingual,
and kindergarten vs. first grade. We then ran correlations
to assess the degree of association between the ORI and
SES, non-verbal IQ, language, and phonological awareness
at age 6. In the regression models described below, we only
included those factors that showed significant sub-group dif-
ferences or correlations with reading outcome.

To reduce the number of white matter pathways con-
sidered in the regression analyses, we similarly conducted
correlations assessing the relations between the ORI at age
8 and tract-FA of five cerebral (Arcuate, SLF, ILF, UF, and
CST) and three cerebellar (ICP, SCP, and MCP) pathways
at age 6. We applied Bonferroni corrections to account
for multiple comparisons between all pathways initially
assessed and the GORT ORI. Pathways that survived
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multiple comparisons were included in subsequent analy-
ses. We refer to the tracts included in regression analyses
as “selected pathways.”

To assess the contribution of white matter proper-
ties at age 6 to reading abilities at age 8, we performed a
series of hierarchical linear regression models. The demo-
graphic variables that were significantly associated with
reading outcome were included as covariates in all mod-
els. We then independently evaluated tract-FA of each of
the selected pathways as a potential predictor of reading
outcome. Additional regression models included the sig-
nificant cognitive and pre-literacy variables to determine
whether tract-FA contributed to reading outcome after
controlling for these prerequisite skills. We ran explora-
tory analyses using comprehension and fluency as sepa-
rate outcome variables to assess whether similar patterns
persisted when analyzing the subcomponents of the ORI.
Finally, we assessed the scaled scores that comprise flu-
ency—accuracy and rate—to delineate whether pathways
at age 6 contributed to decoding or reading speed at age
8. We assessed multicollinearity with the variance infla-
tion factor (VIF) for each regression model. If VIF values
were greater than ten or the average of VIF values across
predictor variables was substantially greater than one, we
would conclude that there was multicollinearity within our
data (Field 2013).
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Results

Contributions of demographic factors to reading
outcome at age 8

All behavioral and neurobiological data were normally dis-
tributed; thus parametric tests were used. The mean score on
the ORI was within the normal range (Table 1). Sub-group
analyses revealed that girls had higher scores on the ORI
than boys; children with a family history of reading delays
scored lower on the ORI compared to children without a
family history of reading delays (Online Resource 1). How-
ever, reading scores on the ORI did not differ for children
who were enrolled while in kindergarten vs. first grade or
for children who were monolingual vs. bilingual (Online
Resource 1). SES was not correlated with reading outcome
in this sample (p =0.111). Therefore, sex and family history
of reading delays were entered as covariates in subsequent
regression models.

Simple associations between cognitive and white
matter measures at age 6 and reading outcome
atage 8

Pearson correlations revealed that the ORI score at age 8
was significantly associated with core language scores and
phonological awareness (Online Resource 2) but not with
PIQ scores at age 6 (p =0.221). Both correlations remained
significant after correcting for multiple comparisons using
Bonferroni. Therefore, core language and phonological
awareness scores were entered as predictor variables within
the regression models.

The ORI score at age 8 was also correlated with mean
tract-FA at age 6 of the left Arcuate, left and right SLF, and
left ICP (Online Resource 2). There were no associations

between ORI scores at age 8 and the bilateral ILF, UF, CST,
or the bilateral SCP, right ICP, and MCP at age 6. With
the exception of the left Arcuate, all correlations remained
significant after correcting for multiple comparisons. The
Bonferroni adjustment is conservative and the left Arcu-
ate has been repeatedly implicated in reading. Therefore,
we decided to include this pathway in subsequent analyses.
Hence, tract-FA of the selected pathways, left Arcuate, left
and right SLF, and left ICP, were entered as neurobiologi-
cal predictor variables in the regression models. There were
moderate correlations across both behavioral and neurobio-
logical predictor variables (Online Resource 3). However,
for all regression models, the VIF values were less than 2
and VIF values averaged across predictor variables were not
substantially greater than one. Hence, there was no cause for
concern regarding multicollinearity (Field 2013).

Behavioral and neurobiological factors associated
with subsequent reading outcome

Table 2 summarizes the individual and combined contri-
butions of demographic covariates and FA of the selected
pathways to reading outcome. Models 1A—1F revealed that
family history of reading delays made a contribution to read-
ing outcome in three of the models, while sex did not in any
(Table 2). Models 1B—I1E showed that tract-FA of the left
Arcuate, left and right SLF, and left ICP at age 6 contrib-
uted 14-23% unique variance to reading outcome at age 8.
Model 1F demonstrated that when all of the pathways were
considered simultaneously, only tract-FA of the left SLF
contributed unique variance to the model.

Table 3 adds pre-literacy skills to the regression models.
Model 2A revealed that the combined contribution of sex,
family history of reading delays, core language, and phono-
logical awareness accounted for approximately 46% of the
variance in reading outcome at age 8. Model 2B documented

Table 2 Prediction of mean tract-FA of selected pathways at age 6 to the oral reading index (ORI) at age 8, beyond covariates of sex and family

history of reading delays (unstandardized coefficients, SE)

Model 1A Model 1B Model 1C Model 1D Model 1E Model 1F
Sex 5.56 (4.33) 5.83 (4.04) 3.59 (3.95) 6.61 (3.71) 4.11 (3.94) 3.72 (3.65)
+FH —10.75 (5.16)* —10.58 (4.82)* —9.45 (4.66) —9.35 4.43)* —9.24 (4.69) — 8.06 (4.20)
Left Arcuate - 180.57 (68.20)* - - - 7.77 (73.99)
Left SLF - - 142.57 (47.59)** - - 103.18 (49.40)*
Right SLF - - - 132.19 (36.07)*** 69.24 (40.43)
Left ICP - - - 148.59 (48.02)** 99.61 (49.96)
AR? - 14.1%* 16.8%** 22.8%*** 18.1%** 36.8%***
Total R? 21.3%* 35.5%** 38.2%*** 44,1 %*** 39.4 %% 58.2%%
Adjusted R? 16.7%* 29.4%** 32.5%*** 39.0%*** 33.8%*** 49.2%***

+FH positive family history of reading delays, Arcuate arcuate fasciculus, SLF superior longitudinal fasciculus, /CP inferior cerebellar peduncle

#p<0.05, **p<0.01, *+%p <0.001
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Table 3 Prediction of mean tract-FA of selected pathways at age 6 to oral reading index (ORI) at age 8, beyond covariates of sex and family his-
tory of reading delays and language and phonological awareness at age 6 (unstandardized coefficients, SE)

Model 2A Model 2B Model 2C Model 2D Model 2E Model 2F
Sex 0.55 (3.95) 1.22 (3.85) —-0.30(3.72) 1.31 (3.08) 0.15 (3.67) 0.26 (3.19)
+ FH —9.39 (4.44)* —9.24 (4.30)* — 8.44 (4.18) —7.65 (3.48)* —8.41 (4.13) —6.97 (3.54)
Language 0.33 (0.17) 0.35 (0.17)* 0.34 (0.16)* 0.43 (0.14)** 0.28 (0.16) 0.38 (0.14)*
Phono aware 0.33 (0.18) 0.21 (0.18) 0.21 (0.17) 0.21 (0.14) 0.28 (0.16) 0.15 (0.15)
Left Arcuate - 129.37 (64.58) - - - —14.72 (63.17)
Left SLF - - 104.90 (44.89)* - - 68.55 (42.64)
Right SLF - - - 132.92 (28.54)*** - 98.54 (34.77)**
Left ICP - - - - 115.43 (42.98)* 62.20 (42.99)
AR? - 6.3% 8.0%* 22.1%*** 10.4%* 26.5%*
Total R? 46.4%*** 52.7%*** 54.4% % 68.5%*** 56.8%*** 72.9%
Adjusted R? 39.7%*** 44 8% ** 471 %*** 63.4%*** 49.6%*** 64.5%***

+FH positive family history of reading delays, Language CELF 4 core language index, Phono Aware CTOPP phonological awareness composite
score, Arcuate arcuate fasciculus, SLF superior longitudinal fasciculus, /CP inferior cerebellar peduncle

#p <0.05, #¥p <0.01, #%p <0.001

that the unique contribution of the left Arcuate reduced
to a trend after consideration of pre-literacy skills. Mod-
els 2C-2E, however, showed that FA of the left and right
SLF and left ICP at age 6 were associated with oral reading
scores at age 8, beyond the contribution of the demographic
covariates and pre-literacy skills at age 6 (Fig. 2). Model
2F included all covariates, pre-literacy skills, and selected
pathways to assess the shared vs. unique variance amongst
these variables. The results showed that core language and
the right SLF were both unique contributors to reading out-
come. Figure 3 illustrates that the shared variance among
all variables accounted for approximately 27% of the total
model (Model 2F). Pre-literacy skills and mean tract-FA of
the selected pathways accounted for 21% and 37% unique
variance in reading abilities at age 8, respectively.

To determine if the pattern of associations in the selected
pathways would be similar for comprehension and fluency,
we recalculated Models 2A-2F including tract-FA and pre-
literacy measures at age 6 with comprehension (Online
Resource 4) or fluency scores at age 8 (Online Resource 5)
as the outcome. Similar to Model 2B, tract-FA in the left
Arcuate did not significantly contribute unique variance to
either subcomponent of the ORI after consideration of pre-
literacy skills (Models 3B and 4B). Only tract-FA of the right
SLF and left ICP uniquely predicted comprehension (Models
3D-E), while the left and right SLF and left ICP predicted
fluency (Models 4C—-E). We then assessed accuracy and rate,
the subcomponents of fluency, to determine if the associa-
tions would be specific to decoding or speed. We observed
similar patterns of association seen between tract-FA and
fluency (Online Resources 6 and 7).

Since we included 8 children with a family history of
reading delays, regression models might have been unduly
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influenced by these few children. We re-assessed the associa-
tions between tract-FA of reading-related pathways at age 6
and the ORI at age 8 and found that the same set of pathways
were significantly correlated with reading outcome. We then
reran the regression models excluding children with a family
history of reading delays, the pattern of associations from
selected pathways at age 6 to later reading outcome persisted
(Online Resource 6). There were also two children in the
sample that were left-handed. Again, if excluded, all results
remained unchanged.

While FA is a sensitive measures of white matter organi-
zation and integrity, it remains unclear whether the associa-
tion of initial FA to subsequent reading is driven by greater
diffusivity along to the principal direction of the estimated
fiber orientation (AD) or reduced diffusivity averaged across
the two directions orthogonal to the principal diffusion
direction (RD). Therefore, we assessed the relations between
initial AD/RD and the ORI at age 8. RD, but not AD, of
the four selected pathways (left Arcuate, left and right SLF,
left ICP) at age 6 correlated with reading outcome at age 8
(Online Resource 9). We then reran the regression analyses
and showed that RD of the selected pathways contributed
between 2.7 and 12.9% unique variance to the ORI at age 8
(Online Resource 10).

Discussion

In this study, we assessed the degree of association between
microstructural properties of white matter pathways at age
6 to reading ability at age 8. After controlling for sex and
family history of reading delays, we found that FA of the left
Arcuate, left and right SLF, and left ICP were significantly



Brain Structure and Function (2019) 224:891-905

a Left Arcuate
40-
m
§ °
.-Q 20' °
(7 oo ®
9 ° d [ )
o 0 e ° °
Tr
(%) * 3 °
= -204 °
o R2=0.12*
'40 T T T T T
-0.10 -0.05 0.00 0.05 0.10
Mean tract-FA age 6 (residuals)
c Right SLF
40-
)
®©
=}
R
[7]
3
[ee]
()
()]
©
X
o R2=0.41"*
-40

010 -005 000 005 0.10
Mean tract-FA age 6 (residuals)

Fig.2 Scatter plots of unstandardized residuals of mean tract-FA of
selected pathways at age 6 and ORI at age 8 after consideration of
sex, family history of reading delays, core language, and phonological
awareness. a Left Arcuate approaches statistical significance as a pre-
dictor of later reading after controlling for sex and family history of

associated with the ORI 2 years later. When pre-literacy
skills were introduced the model, the left Arcuate was no
longer associated with subsequent reading. However, tract-
FA of the left and right SLF and left ICP remained asso-
ciated with reading outcome, even after consideration of
covariates and pre-literacy skills at age 6. When all variables
were included, core language and the right SLF made unique
contributions to reading abilities.

White matter pathways associated with later
reading

The left Arcuate and left SLF are considered part of the
dorsal language network. Both tracts have been consistently
implicated in reading and reading development (Myers et al.
2014; Saygin et al. 2013; Thiebaut de Schotten et al. 2014;
Travis et al. 2016a, b; Vandermosten et al. 2012; Wang et al.
2017; Yeatman et al. 2012a). While tract-FA of the left
Arcuate made significant contributions to reading outcome
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reading delays, language, and phonological awareness. b—d Left and
right SLF and left ICP are significant predictors of later reading after
controlling for sex and family history of reading delays, language, and
phonological awareness. *p <0.05, *¥p <0.01, ***p <0.001

after controlling for demographic covariates, it reduced to
a trend (p =0.054) when pre-literacy skills were added to
the model. This finding is likely due to the high correlation
between FA of the left Arcuate with phonological awareness
skills at age 6. Many studies have documented the associa-
tion between phonological awareness and the left Arcuate
(Dodson et al. 2018; Saygin et al. 2013; Travis et al. 2016a;
Vandermosten et al. 2012). However, FA of the left SLF
remained a unique contributor to later reading abilities. This
finding suggests that the left SLF contributes to cognitive
processes essential to later reading, beyond its role in pho-
nological awareness. This significant contribution of the left
SLF encourages future studies to explore other factors inte-
gral to reading development that may be associated with the
left SLF. Urger and colleagues (2015), for example, found
positive associations between the left SLF and attention and
inhibitory control. It remains possible that attention or other
related behaviors may also influence the early stages of lean-
ing to read. Furthermore, we extended Wang and colleagues
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27%
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27%

Fig. 3 Illustration of the unique and shared variance between covari-
ates (sex, family history of reading delays), pre-literacy skills (core
language, phonological awareness), and selected pathways (left Arcu-
ate, left and right SLF, left ICP) at age 6 to the ORI at age 8

(2017) findings that developmental rates of the left SLF pre-
dicted reading fluency and comprehension by demonstrating
that initial FA values made significant contributions to both
subskills 2 years later.

Strikingly, we found that tract-FA of the right SLF was
associated with reading attainment in children with a range
of reading abilities. In selected subsamples, a few studies
have found associations between FA of the right SLF and
reading. In 14-year-old children with dyslexia, increased
activation in the right inferior frontal gyrus combined with
FA of the right SLF predicted reading outcome with 72%
accuracy. However, the association was not found in the
typically developing children (Hoeft et al. 2011). In addi-
tion, among children with a familial risk for dyslexia, those
children who subsequently developed strong reading abili-
ties had accelerated development in the right SLF compared
to those who developed weak reading abilities (Wang et al.
2017). In our sample, we established that the independent
contribution of the right SLF was not driven by children with
family history of reading delays; when they were excluded
all findings remained unchanged. Our results extend pre-
vious findings and demonstrate that the right SLF is also
important for subsequent reading abilities in typically devel-
oping children. Interestingly, the right SLF was not associ-
ated with either language or phonological awareness in this
sample. We think that the right SLF is likely associated with
other behavioral factors involved in learning to read that our
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regression models did not include. Previous research, for
example, found that the right SLF was involved in executive
function skills (Urger et al. 2015). Executive functioning
skills are needed to plan, organize, engage working memory,
maintain and shift attention; these skills have been associ-
ated with reading ability (Blair and Razza 2007; Frye et al.
2009). Other studies researching children with a family risk
for dyslexia have hypothesized that the right SLF may be a
compensatory mechanism for skilled reading (Hoeft et al.
2011). The right SLF has also been suggested to be a protec-
tive factor in children at risk for dyslexia (Wang et al. 2017).
In our group of typically developing children, the right SLF
was associated with both reading fluency and comprehen-
sion. Together, these findings suggest that at the early stages
of reading, a bilateral white matter network may be involved
in reading development. What we cannot determine on the
basis of association data is whether the left and right SLF
transmit similar or distinct information within the process
of reading. Future research could address this question by
assessing the degree of association between a wide range
of reading and relating abilities, such as executive function
skills, and FA of the left and right SLF to determine if the
patterns of association are similar or distinctive in these
tracts.

Another novel finding is the association of FA of the
left ICP at age 6 with reading abilities at age 8. Our results
suggest that cerebellar white matter pathways contribute to
cognitive processes that are integral to the development of
reading. The cerebellum is a widely connected region; its
white matter pathways provide links to all major divisions
of the central nervous system (Buckner et al. 2011; Naid-
ich and Duvernoy 2009; Stoodley and Schmahmann 2009).
These white matter pathways—in particular those projecting
to areas of the frontal, temporal, and parietal lobes engaged
in reading—may contribute to observed cerebellar activity
during reading (Fulbright et al. 1999; Senaha et al. 2005).
Travis and colleagues (2015) were the first to relate FA of
the cerebellar pathways with reading abilities. In their study,
FA extracted from the left ICP, left and right SCP, and MCP
correlated significantly with concurrent reading abilities in
older children and adolescents. Contrary to our findings, the
associations were negative in the left ICP. Studies performed
in children and adults have found both negative (Dougherty
et al. 2007; Odegard et al. 2009; Yeatman et al. 2011) and
positive associations with reading abilities within several
cerebral white matter pathways (Deutsch et al. 2005; Lebel
et al. 2013; Yeatman et al. 2012a). The direction of correla-
tions of reading with FA may vary as a function of assess-
ing future state rather than concurrent state and may also
vary across different age groups. FA is also influenced by
a number of different tissue factors (Jones and Cercignani
2010), which may explain these differences in the direc-
tion of the correlation. For example, increased coherence of
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axons within a voxel could enhance information transmis-
sion and increase FA, resulting in a positive association of
FA with behavior. By contrast, increased axonal diameter
could enhance information processing and decrease FA,
resulting in a negative association (Dougherty et al. 2007).
By integrating dMRI with imaging methods that provide
direct estimates of myelin content and axonal diameter (e.g.,
Assaf et al. 2008; Mezer et al. 2013), future research could
refine our understanding of the relation between white mat-
ter tissue properties of the cerebellar peduncles and reading.
To our knowledge, this is the first study to document that
cerebellar FA of the left ICP at the onset of learning to read
are associated with subsequent reading abilities in a longi-
tudinal study. The ICP contains mostly afferent pathways,
feeding signals from the spine and the olivary nucleus into
the cerebellum; the ICP also contains efferent pathways from
the cerebellum towards the vestibular nuclei along the border
of the pons and medulla (Naidich and Duvernoy 2009). We
did not find a significant association of FA of the SCP and
later reading. The SCP contains primarily efferent pathways
that emerge from the deep cerebellar nuclei, travel through
the ipsilateral SCP, decussate at the level of the inferior
colliculus, and pass through the thalamus projecting to the
contralateral cerebral cortex. Hence, the SCPs—rather than
ICPs—are thought to convey signals between the cerebellum
and inferior prefrontal regions implicated in reading (Jansen
et al. 2005; Stoodley 2012). Learning to read, however, may
also depend on other implicit learning processes that enable
the execution of new perceptual and motor skills, includ-
ing articulation and oculomotor control (Stein et al. 2000;
Velay et al. 2002). Those implicit learning and feedback
processes, which lead to fine-tuned timing and automatiza-
tion of the mechanisms reading is based on, could partly be
mediated by the cerebellum, in particular the left ICP.

We showed that the associations of initial FA to later
reading were driven by negative associations between RD
at age 6 and the ORI at age 8. An increase in FA along with
a decrease in RD has been related to a gain in myelination
or compactness of fiber bundles (Giorgio et al. 2010; Snook
et al. 2005). The combination of positive FA-reading associ-
ations and negative RD-reading associations, therefore, sug-
gest increased myelination or fiber compactness, as opposed
to improved fiber coherence or changes in axonal diameter,
as the underlying neural substrate.

In this study, we did not observe longitudinal associations
between the reading outcome and the initial FA values of
the left and right ILF, UF, CST, SCP, and MCP. The lack
of associations may be explained by the use of a complex
reading measure that tapped into fluency and comprehension
as well as decoding rather than measuring isolated subskills
of reading. In addition, we were looking at associations
between FA at age 6 and reading at age 8 rather than strictly

concurrent associations. Patterns of association may vary
across ages.

Limitations

Despite our intriguing findings, it is important to acknowl-
edge limitations of the current study. The sample size was
modest and included children from predominately higher
SES backgrounds. However, we found that language and
phonological awareness skills were strongly associated with
subsequent reading outcome, similar to many other stud-
ies (Hulme 2002; Nation and Snowling 2004; Wagner and
Torgesen 1987), demonstrating that this sample represents
a cohort of typically developing children. Future research
should investigate whether the pattern of associations per-
sist in a socio-economically diverse sample. Although we
included children with a family history of reading delays,
we did not have a large enough subsample to adequately
address these children in separate analyses. Yet, the pattern
of findings remained unchanged after excluding children
with family history of reading delays. Due to our sample
size, we were also limited in the number of predictor vari-
ables that we could include in our regression model(s); it is
possible that other genetic, environmental, and behavioral
factors, which were not included in our study, could also be
associated with later reading abilities. We further recognize
the risk of overfitting in the regression models, especially
models that included all selected pathways (Models 1F and
2F). The intention of these final models was not to assess
the strength of the association of all measures in tandem,
but rather to examine the shared vs. unique variance of the
covariates, behavioral measures, and white matter pathways.
Future studies using larger independent samples are required
to validate our findings.

In recent years, dMRI has become a very popular method
to study the microstructural properties of white matter path-
ways. The DTI model, however, is an oversimplification of
white matter anatomy and diffusivity measures are not only
affected by biological changes such as myelin thickness,
axon size, and axon density (Beaulieu 2002), but also by
methodological confounds such as the presence of cross-
ing fibers (Wheeler-Kingshott and Cercignani 2009) and
partial volume effects (Vos et al. 2011). As a result, the
interpretation of associations between FA and behavior is
difficult and rests on knowledge of what is known to drive
diffusion anisotropy. Finally, we assessed the FA measures
averaged across the 30 nodes along each white matter path-
way. Because diffusion measures vary along the trajectory of
these pathways, averaging can obscure important informa-
tion (Yeatman et al. 2012b). Hence, mean values may not be
sensitive enough to reveal more focal associations present in
other cerebral and/or cerebellar pathways.
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Conclusions and future directions

To our knowledge, this study is the first demonstration that
white matter properties of cerebral and cerebellar path-
ways at the onset of learning to read are associated with
later reading in a sample of typically developing children
with a range of reading abilities. FA of the left and right
SLF and left ICP at age 6 contributed to reading abilities
at age 8 even after consideration of demographic covari-
ates and individual variation in language and phonological
awareness. While other studies have found that develop-
mental change in measures of cerebral white matter predict
outcome, we have shown that FA values from a single
point in time, early in the process of learning to read, con-
tribute to the variance in reading abilities 2 years later.
One explanation for these findings is that additional behav-
ioral factors associated with the left and right SLF and
left ICP are involved in development or reading, such as
executive function skills and oculomotor control. Another
possibility is that individual variation in these white mat-
ter pathways is directly related to efficiencies in learning
to read, independent of other specific neuropsychological
processes. This latter possibility may be difficult to prove
experimentally. One avenue for differentiating between
these possibilities would be to conduct a similar study
with clinical populations who experience white matter
injury. We could then determine if white matter pathways
show similar patterns of associations to reading outcomes.
Research should also focus on the association between
executive functioning and FA of right SLF to examine its
potential role in reading development. Moreover, future
research should assess which neurobiological factors affect
the subcomponents of FA that enhance reading abilities.
Quantitative MRI protocols that provide myelin-sensitive
T1 values (Mezer et al. 2013) and advanced dMRI analysis
methods such as spherical deconvolution and probabilistic
tractography have dramatically improved the potential of
neuroimaging to characterize white matter fiber bundles.
Combining diffusion measures with estimates of T1 will
further elucidate microstructural properties of cerebral
and cerebellar pathways and their functional relevance to
learning to read.
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