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Diffusion properties of white matter tracts have been associated with individual differences in reading. Individ-
uals born preterm are at risk of injury to white matter. In this study we compared the associations between dif-
fusion properties of white matter and reading skills in children and adolescents born full term and preterm. 45
participants, aged 9–17 years, included 26 preterms (born b36 weeks' gestation) and 19 full-terms. Tract frac-
tional anisotropy (FA) profiles were generated for five bilateral white matter tracts previously associated with
reading: anterior superior longitudinal fasciculus (aSLF), arcuate fasciculus (Arc), corticospinal tract (CST), unci-
nate fasciculus (UF) and inferior longitudinal fasciculus (ILF). Mean scores on reading for the two groups were in
the normal range and were not statistically different. In both groups, FA was associated with measures of single
word reading and comprehension in the aSLF, AF, CST, and UF. However, correlations were negative in the full
term group and positive in the preterm group. These results demonstrate variations in the neurobiology of read-
ing in children born full term and pretermdespite comparable reading skills. Findings suggest that efficient infor-
mation exchange required for strong reading abilities may be accomplished via a different balance of
neurobiological mechanisms in different groups of readers.

© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Reading is a multi-faceted process in which visual letter strings
are linked to sounds and meaning in order to extract information
from written text. Reading abilities vary substantially within the
general population (Lyon et al., 2003; Shanahan, 2008). Functional
neuroimaging studies have documented that reading engages a
widely distributed network of cortical and cerebellar regions and
that patterns of activation differ significantly between good and
poor readers (Bitan et al., 2007; Bouhali et al., 2014; Graves et al.,
2010; Hoeft et al., 2006; Martin et al., 2015; McCandliss et al.,
2003; Seghier and Price, 2010; Shaywitz et al., 2006; Stoodley and
Stein, 2013). In such a complex network, it is likely that the level of
performance would depend not only on the adequacy of cortical re-
sponses but also on efficiency of information transmission among
these cortical regions through long-range white matter pathways.
Indeed, measures of anatomical connectivity, as assessed using diffu-
sion magnetic resonance imaging (dMRI), have also been shown to
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be associated with reading. Initially, it was found that fractional
anisotropy (FA) in bilateral temporo-parietal white matter was
reduced in poor adult readers compared to controls (Klingberg
et al., 2000). Subsequent analyses found similar results in children
(Beaulieu et al., 2005; Deutsch et al., 2005; Lebel and Beaulieu,
2009; Nagy et al., 2004; Niogi and McCandliss, 2006). It is now well
established that microstructural properties of various white matter
tracts in the brains of adults and children are associatedwith individ-
ual differences in reading abilities (Ben-Shachar et al., 2007; Frye
et al., 2011; Hoeft et al., 2011; Myers et al., 2014; Travis et al.,
2015b; Vandermosten et al., 2012b; Wandell and Yeatman, 2013).

In this study, we sought to examine the pattern of associations be-
tween white matter microstructure and reading skills in a clinical pedi-
atric population. Children born preterm constitute an intriguing
population to study because they are at risk for relatively poor reading
skills that persist through childhood (Aarnoudse-Moens et al., 2009;
Kovachy et al., 2014) and adolescence (Grunau et al., 2004). Adverse
outcomes in individuals born preterm have been attributed to white
matter injuries and dysmaturity at birth (Back and Miller, 2014; Back
et al., 2007; Back and Rosenberg, 2014; Volpe, 2009) that lead to persis-
tent differences in white matter properties through childhood and ado-
lescence (Allin et al., 2011; Eikenes et al., 2011; Feldman et al., 2012a;
Mullen et al., 2011; Skranes et al., 2007; Travis et al., 2015a; Yung
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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et al., 2007). White matter microstructure has been associated specifi-
cally with individual differences in reading and reading-related skills
in older children and adolescents born preterm (Andrews et al., 2010;
Feldman et al., 2012b; Frye et al., 2010; Mullen et al., 2011). However,
it remains unclear how closely the associations between white matter
properties and reading skills in children born preterm resemble those
observed in the general childhood population. To pursue this issue, we
applied dMRI and tractography and mapped the correlations between
white matter anisotropy and reading skills along white matter path-
ways in a sample of children born full term or preterm.

We limited our inquiry to white matter tracts that have been associ-
ated with reading abilities in previous studies of children and adoles-
cents. Likely candidates for involvement in reading include the
superior longitudinal fasciculus and arcuate fasciculus, which are con-
sidered the dorsal stream of the language and reading network, in-
volved in mapping sound to articulatory-based representations
(Brauer et al., 2013; Hickok and Poeppel, 2004; Monzalvo and
Dehaene-Lambertz, 2013; Vandermosten et al., 2012b). The superior
longitudinal fasciculus has been associatedwith reading abilities in chil-
dren (Frye et al., 2011; Steinbrink et al., 2008) and in adolescents born
preterm (Frye et al., 2010). The arcuate fasciculus has been associated
with reading or reading-related abilities in children sampled from the
general population (Gullick and Booth, 2015; Lebel and Beaulieu,
2009; Vandermosten et al., 2012a; Yeatman et al., 2011), and with
rapid naming in adolescents born preterm (Mullen et al., 2011). Longi-
tudinally, microstructural changes in diffusion properties of the arcuate
fasciculus across 3 school years predicted children's reading scores
(Yeatman et al., 2012a). Similarly, volumetric changes in the arcuate fas-
ciculus between kindergarten and 3rd grade predicted children's read-
ing abilities in the 3rd grade (Myers et al., 2014).

The corticospinal tract has been implicated in reading, though this
tract is not conventionally considered part of the language or reading
system. Studies have argued that fibers going through the different
temporal-parietal voxels in which FA is associated with reading belong
to the corona radiata, centrum semiovale, and/or posterior limb of the
internal capsule based on analysis of the principle diffusion direction
or fiber tracking through the relevant voxels (Beaulieu et al., 2005;
Deutsch et al., 2005; Frye et al., 2011;Niogi andMcCandliss, 2006). A su-
perior region of the corona radiata was also a predictor of reading skills
in kindergarteners (Myers et al., 2014) and a segment of the centrum
semiovale showed changes in FA after successful reading remediation
(Keller and Just, 2009). (Frye et al. (2011)) found that the associations
within the superior longitudinal fasciculus and arcuate were suggestive
of alterations in whitematter organization and axonal size, whereas the
associationswithin the corticospinal tract were suggestive of alterations
in pathway complexity.

Additional pathways that have been linked to reading skills include
the ventral pathways of the language and reading network, involved
in mapping sound to meaning (Hickok and Poeppel, 2004) and orthog-
raphy to phonology and semantics (Vandermosten et al., 2012b). Diffu-
sion properties of the uncinate fasciculus, a tract that courses between
the anterior temporal lobe and the frontal lobe (Von Der Heide et al.,
2013), were associated with reaction time to written words in adults
sampled from the general population (Cummine et al., 2015) and with
a related language ability, receptive vocabulary, in adolescents born pre-
term (Mullen et al., 2011). Significant associations in adults have been
found between measures of single word reading and properties of the
left inferior longitudinal fasciculus, a tract that courses from the occipital
lobe to the anterior temporal lobe, in some (Lebel et al., 2013; Steinbrink
et al., 2008) but not all studies (Frye et al., 2011). Developmentally, lon-
gitudinal change across 3 school years in the diffusivity of the inferior
longitudinal fasciculus was another significant predictor of reading
skill in children (Yeatman et al., 2012a).

Reading is generally considered to have two fundamental compo-
nents: (1) Decoding, the ability to accurately name written words
and/or pseudowords, and (2) Comprehension, the ability to derive
meaning from words, phrases and sentences and to form interpreta-
tions (Hoover andGough, 1990).Most studies to date of associations be-
tweenwhite matter properties and reading in children have focused on
single word reading (Beaulieu et al., 2005; Deutsch et al., 2005;
Dougherty et al., 2007; Hoeft et al., 2011; Nagy et al., 2004; Niogi and
McCandliss, 2006; Odegard et al., 2009; Rimrodt et al., 2010) or
sublexical processing, such as phonological awareness (Deutsch et al.,
2005; Dougherty et al., 2007; Yeatman et al., 2011). Based on thesefind-
ings, we hypothesized that in the full term group, we would find statis-
tically significant associations between measures for single-word
reading and FA in tracts that have been associated with reading in
other studies of the general population: superior longitudinal fasciculus
and/or arcuate fasciculus (Hoeft et al., 2011; Klingberg et al., 2000;
Myers et al., 2014; Saygin et al., 2013; Thiebaut de Schotten et al.,
2014; Yeatman et al., 2012a; Yeatman et al., 2011), corticospinal tract
(Deutsch et al., 2005; Frye et al., 2011; Lebel and Beaulieu, 2009; Niogi
and McCandliss, 2006), inferior longitudinal, and uncinate fasciculus
(Cummine et al., 2015; Yeatman and Feldman, 2013). We further hy-
pothesized that we would find significant associations between FA
and single-word reading in the preterm group within the same path-
ways (Feldman et al., 2012b; Frye et al., 2010; Mullen et al., 2011). We
included comprehension to examine distinct patterns of association
with each reading component, as has been found in relation to cerebel-
lar tracts (Travis et al., 2015b). Moreover, as a skill, reading comprehen-
sion has been found to demonstrate persistent impairment in children
born preterm (Kovachy et al., 2014). In secondary analyses, we interro-
gated axial and radial diffusivity within segments of significant associa-
tion with FA. We also determined if significant associations occurred in
similar or different locations within the tract.

By examining patterns of associations in both full term and preterm
groups within the same study we were able to explore whether each
group would demonstrate similar or different patterns of associations
with reading. Based on findings from our own research and those of
others, results from previous studies suggest that individuals in the pre-
term group would demonstrate mostly positive associations with read-
ing abilities (Andrews et al., 2010; Feldman et al., 2012b; Frye et al.,
2010; Mullen et al., 2011), and individuals in the full term group
would demonstrate positive or negative associations (Beaulieu et al.,
2005; Deutsch et al., 2005; Dougherty et al., 2007; Feldman et al.,
2012b; Frye et al., 2008; Frye et al., 2011; Klingberg et al., 2000; Lebel
and Beaulieu, 2009; Lebel et al., 2013; Odegard et al., 2009; Yeatman
et al., 2012a). In this study, variations in the patterns of associations be-
tween white matter microstructure and reading in the preterm and full
termgroupswould suggest variations in the underlying neurobiology of
reading, possibly related to white matter injury or dysmaturity from
prematurity (Back and Miller, 2014; Back et al., 2007; Back and
Rosenberg, 2014; Volpe, 2009). It might be that different neurobiologi-
cal factors impact reading abilities in the two populations. Alternatively,
it might be that the balance of the same critical neurobiological factors
can be altered based on a child's early medical history and subsequent
development.

2. Materials and methods

2.1. Participants

Participants were enrolled in the Palo Alto site of a multi-site
study and completed MRI scanning at Stanford University. Preterm
birth was defined as gestational age of b36 weeks and birth
weight b 2500 g. Full term was defined as gestational age of
≥37 weeks. The range of gestational ages for the current preterm
sample was 26.0–34.5 weeks and the range for the full term sample
was 37.0–40.0 weeks. Exclusion criteria for all participants included
active seizure disorder, hydrocephalus, receptive vocabulary
score b 70, sensorineural hearing loss, and non-native speaker of En-
glish. Only the participants who completed the reading battery and
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underwent the MRI scanning were included in the present analyses.
Approval for the study was granted by the Stanford University Insti-
tutional Review Board. A parent or legal guardian provided informed
written consent and children provided written assent. Participants
were compensated for participation.

Participants were between the ages of 9–17 years old at the time of
scanning, and were born either full term (FT: n = 19; 9 males, mean
age = 12.9 ± 2.2) or preterm (PT: n = 26, 13 males mean age =
12.8 ± 2.3). Full term controls were volunteers. One child born full
term from the original sample (n = 20) with an incidental finding of
an arachnoid cyst was excluded from present analyses. Two preterm
subjects from the original sample (n = 28) were excluded from the
present analyses because one subject showed tract anomalies described
in a previous case study (Yeatman and Feldman, 2013) and the second
had not performed behavioral tests for reading. The association of read-
ing and cerebral white matter properties has been previously analyzed
in a subset of this cohort using TBSS, a different analytic approach
(Feldman et al., 2012b). In addition, cerebellar white matter structure
and function have been analyzed in this cohort (Leitner et al., 2015;
Travis et al., 2015b).

Demographic data for the groups are presented in Table 1. The
groups did not differ significantly in age, gender, handedness, or mater-
nal education, whichwas used here as a proxy for socioeconomic status
(SES). Maternal education level was dichotomized with “low” defined
as less than a college degree and “high” as at least a college degree. By
design, the preterm sample had significantly decreased gestational age
and birth weight compared to the full term sample. One full term and
three preterm subjects were left-handed, and three full term and two
preterm subjects were ambidextrous, as measured by the Edinburgh
Handedness Inventory (Oldfield, 1971). Medical information was avail-
able for 25 of 26 preterm subjects. Medical complications at birth in the
preterm group were as follows: six with abnormal findings on head ul-
trasound or MRI (≥ grade 2 intraventricular hemorrhage, echodensities
or cystic lesions), two with mildly abnormal findings (grade 1 hemor-
rhage or choroid plexus cyst); 12 had respiratory distress syndrome,
five developed bronchopulmonary dysplasia (BPD) or chronic lung dis-
ease; four had patent ductus arteriosus (PDA); none had necrotizing en-
terocolitis; one was small for gestational age (≤3rd percentile birth
weight for gestational age). A neuroradiologist unaware of the child's
medical conditions evaluated the T1- and T2-weighted MRI scans of
the pretermgroup, using awhitematter scoring system used previously
in infants (Inder et al., 2003) and older children (Feldman et al., 2012a).
Of the 26 preterm subjects, 13 had normal scans, 10 hadmild-moderate
injury, and 3 hadmoderate to severe injury (Feldman et al., 2012a). The
three children observed to have moderate to severe injury were among
the 6 children born preterm who had a history of abnormal neonatal
head ultrasound or MRI. The remaining three children who had a
Table 1
Demographic characteristics and mean scores on the reading measures in the full term
and preterm groups.

Full term (n = 19)
M ± (SD) or n (%)

Preterm (n = 26)
M ± (SD) or n (%)

t or χ2

Demographic characteristics
Age 12.90 ± 2.16 12.80 (2.27) 0.149
Males 9 (47%) 13 (50%) 0.03
Low SES 6 (32%) 3 (11%) 2.76
White 10 (53%) 18 (67%) 1.29
Handedness 60.53 ± 42.23 62.31 ± 57.64 −0.11
Gestational age, weeks 39.17 ± 1.13 28.17 ± 2.23 21.59⁎

Birth weight, g 3154 ± 407 1159 ± 427 15.90⁎

Reading standard scoresa

Decoding (basic reading
cluster)

106.7 (10.0) 105.3 (13.4) 0.402

Comprehension (passage
comprehension)

108.1 (14.0) 102.5 (12.7) 1.4

⁎ p b .01.
a Woodcock-Johnson Tests of Achievement – 3rd Edition.
history of abnormal neonatal head ultrasound or MRI either had mild-
to moderate injury (2 subjects) or had a normal scan (1 subject).

2.2. Reading measures

Reading abilities were assessedwith theWoodcock-Johnson III Tests
of Achievement ((WJ-III; (Woodcock et al., 2001)). We chose to consid-
er the two fundamental components of reading separately on the possi-
bility that different patterns of association might be found. Decoding
skills, or the ability to translate written letters into speech sounds and
recognize written words, was assessed using the Basic Reading Skills
Cluster, a composite score encompassing two subtests: (1) Word Iden-
tification, untimed overt reading of real words, and (2) Word Attack,
untimed overt reading of pseudo-words. Comprehension skill, or un-
derstanding of text, was assessed using the Passage Comprehension
subtest. This subtest assesses comprehension using a cloze procedure
in which participants are asked to read covertly 1–2 sentences and fill
in the blank(s) orally. Raw scores were converted to age-adjusted stan-
dard scores based on the participant's chronological age at the time of
testing.

2.3. MRI acquisition

MRI data were acquired on a 3T Signa Excite scanner (GE Medical
Systems, Milwaukee, WI) at Stanford University. T1 images included
three high resolution inversion recovery (IR)-prep 3D fast spoiled-
gradient (FSPGR) scans collected in the axial plane. The first T1 (field
of view (FOV) = 240 × 156 mm, matrix size = 256 × 192, 1.2 mm
slices) was subsequently averaged with two additional T1 scans
(FOV= 240 × 180 mm, matrix size = 260 × 192, 0.9 mm slices).

For dMRI and tractography, a diffusion-weighted, single-shot, spin-
echo, echo-planar imaging sequence was used to acquire 60 slices, in
30 different diffusion directions (b=900, FOV=240×240mm,matrix
size = 128 × 128, voxel size = 1.875 × 1.875 × 2 mm, TE = 80 ms,
TR = 6500 ms). The sequence was repeated 4 times for improved
SNR. 10 non-diffusionweighted (b=0) volumeswere collected aswell.

2.4. Data preprocessing

TheT1 imageswere co-registered to eachother using amutual infor-
mation maximization algorithm (SPM5, http://www.fil.ion.ucl.ac.uk/
spm/) and subsequently averaged for improved contrast. A trained re-
search assistantmanually identified the anterior and posterior commis-
sures 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 also implemented in SPM5 with no warping
applied.

Diffusion MR images were pre-processed with open-source soft-
ware, mrDiffusion (http://white.stanford.edu/newlm/index.php/
MrDiffusion) implemented in MATLAB R2012a (Mathworks, Natick,
MA). Eddy current distortions and subject motion in the diffusion
weighted images were corrected 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). No subjects or image volumes
were excluded due to excessive head motion. The degree of transla-
tional head motion was analyzed and found to be b1.5 mm in all
image planes for all full term and preterm participants, and statistical
analyses confirmed that preterm and full term groups did not signifi-
cantly differ on the basis of head motion. Diffusion data were aligned
to the T1 anatomical scans that had been averaged and rotated to
align with the ac-pc plane. Alignment between dMRI and T1 data was
achieved by registering the b0 images to the resampled T1 image
using the same mutual information maximization algorithm used for
T1 image co-registration (SPM5, http://www.fil.ion.ucl.ac.uk/spm/).

http://www.fil.ion.ucl.ac.uk/spm/
http://www.fil.ion.ucl.ac.uk/spm/
http://white.stanford.edu/newlm/index.php/MrDiffusion
http://white.stanford.edu/newlm/index.php/MrDiffusion
http://www.fil.ion.ucl.ac.uk/spm/
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For each voxel in the aligned and resampled volume, tensors were
fit to the diffusion measurements using a robust least-squares algo-
rithm, Robust Estimation of Tensors by Outlier Rejection (RESTORE),
which is designed to remove outliers at the tensor estimation step
(Chang et al., 2005). A continuous tensor field was estimated using
trilinear interpolation of the tensor elements. We computed the ei-
genvalue decomposition of the diffusion tensor and the resulting
three eigenvalues (λ1, λ2, λ3) were used to compute fractional an-
isotropy (FA), axial diffusivity (AD), and radial diffusivity (RD) in
each voxel (Basser and Pierpaoli, 1996).

2.5. Fiber tracking and segmentation

Fiber tracking and tract segmentation were performed using
open source software, Automated Fiber Quantification (AFQ;
https://github.jyeatman/AFQ) implemented in MATLAB R2012a
(Mathworks, Natick, MA).

AFQ consists of three major processing steps: (1) whole-brain
tractography (2) automatic tract segmentation and cleaning, and
(3) fiber quantification (Yeatman et al., 2012b). Whole brain
tractography was performed using a deterministic streamlines
tracking algorithm (STT) (Chang et al., 2005; Conturo et al., 1999;
Mori et al., 1999), with a fourth-order Runge-Kutta path integration
method (Press et al., 2002). The fiber tracking algorithm was seeded
with awhite matter mask defined as all the voxels with FA value N0.2
in the entire brain volume. Tracking proceeded in all directions and
stopped when FA dropped below 0.15 or when the angle between
the extension of a line in the direction of the current step and the di-
rection of the next step was N30°.

Tract segmentation was achieved using a multiple waypoint ROI
procedure as defined by Wakana et al. (2007) and automated in AFQ
(Yeatman et al., 2012b). During AFQ processing, an estimated non-
linear transformation (Friston and Ashburner, 2004) was applied to au-
tomatically transform predefined ROIs from the Montreal Neurological
Institute (MNI) template into an individual's native space. In this ap-
proach, ROIs are defined such that they isolate the central portion of
the tract where fibers are most coherently bundled. Fibers are consid-
ered to belong to a specific tract only if they pass through bothwaypoint
ROIs as specified inWakana et al. (2007). Using this procedure, we iso-
lated for each individual 5 bilateral pathways in the participant's native
space: two dorsal association pathways, the anterior superior longitudi-
nal fasciculus (aSLF) left (-L) and right (-R) and the arcuate fasciculus
(Arc-L and Arc-R); one projection pathway, the cortical spinal tract
(CST-L and CST-R); and two ventral association pathways, the inferior
longitudinal fasciculus (ILF-L and ILF-R) and the uncinate fasciculus
(UF-L and UF-R). To be consistent with an influential scheme for
segmenting the superior longitudinal fasciculus (Catani et al., 2005),
Fig. 1. Tractography methods demonstrated for major cerebral white matter tracts, display
representative full term subject. Right hemisphere tract renderings not shown. Panel a illust
Fasciculus (Arc) in red, Uncinate Fasciculus (UF) in green, Corticospinal Tract (CST) in blue, a
represent the location of the regions of interest (ROIs) used to isolate each cerebral tract; ROI
the reader is referred to the web version of this article.)
we employ the term aSLF to refer the segment of the SLF that connects
between the posterior frontal cortex and the parietal lobe and the arcu-
ate fasciculus to refer to the long or direct segment of the superior lon-
gitudinal fasciculus, which connects directly between the posterior
inferior frontal cortex and the temporal cortex. These pathways were
selected due to their documented association with reading abilities in
adults and children (Deutsch et al., 2005; Frye et al., 2011; Klingberg
et al., 2000; Lebel and Beaulieu, 2009; Myers et al., 2014; Niogi and
McCandliss, 2006; Yeatman et al., 2012a; Yeatman et al., 2011) includ-
ing in individuals born preterm (Frye et al., 2010; Mullen et al., 2011).
Tracts were cleaned automatically using a statistical outlier rejection al-
gorithm for removing outlier fibers (Chang et al., 2005). Fig. 1 shows the
tracts, including the defining ROIs, in a representative full term
participant.

For every subject, tracts were visualized and inspected by a trained
investigator (KET) to ensure that the automaticfiber cleaningprocedure
produced pathways consistent with anatomical guidelines (Mori et al.,
2005). In one full term participant the aSLF still included looping fibers
that re-crossed both ROIs. These fibers were removed using Quench, a
gesture based segmentation and visualization tool (http://white.
stanford.edu/newlm/index.php/QUENCH). No other tracts required
manual editing. The same investigator (KET) also verified that ROI
placement for fiber segmentation was anatomically accurate in the
small proportion of subjects in whom the Arc-R (6 FT; 3 PT) and the
CST-R (1 PT) were not reliably identified. This procedure ensured that
failure to detect these tracts was unlikely to be a consequence of inaccu-
rate ROI placement, but likely resulted from the limitations of the track-
ing algorithm.

2.6. Fiber tract quantification

FA was calculated at 30 equidistant nodes along a central portion of
each fiber tract bounded by the same two ROIs used for tract segmenta-
tion. This procedure allowedus to assess associationswith readingmea-
sures in comparable tract locations in each group. Tract extremities
beyond these ROIs were not included in the analysis. This procedure
generates, for every tract and every individual, an FA tract profile that
describes the variations in FA along the central portion of the tract. At
each node, diffusion properties were calculated by taking a weighted
average across all fibers belonging to this tract. Each fiber's contribution
to the average wasweighted by the probability that a fiber was a mem-
ber of the fascicle, computed as theMahalanobis distance from the tract
core (Yeatman et al., 2012b). This procedureminimizes 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
thereby minimizes the effect of partial voluming on diffusion parame-
ters. The decision to analyze 30 nodes along the tract rather than tract
ed within the left hemisphere. Tracts are displayed on mid-sagittal T1 images from a
rates all five tracts: Anterior Superior Longitudinal Fasciculus (aSLF) in yellow, Arcuate
nd Inferior Longitudinal Fasciculus (ILF) in purple. Panels b and c include dashed lines to
1, white; ROI 2, black. (For interpretation of the references to color in this figure legend,

https://github.jyeatman/AFQ
http://white.stanford.edu/newlm/index.php/QUENCH
http://white.stanford.edu/newlm/index.php/QUENCH
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means is it increases the chance of detecting significant associations
within the tracts and it allows us to compare those locations within
and across groups.

2.7. Statistical approach

2.7.1. Analyses of demographic variables
Chi-square tests and two-tailed t-tests for independent samples

were used to examine differences between the full term and preterm
samples on demographic variables and on reading scores. Associations
between the readingmeasures in each groupwere assessed using Pear-
son correlations.

2.7.2. Associations of FA with reading
Spearman correlations were calculated in each group separately

between individual's FA tract profiles (FA measured at 30 locations
along the trajectory of each tract) and their decoding or comprehen-
sion standardized scores. Spearman rank correlations were used due
to evidence for non-normal distribution in tract FA measures in a
preliminary exploration of the data. To control for the multiple asso-
ciations performed along the tracts, a family-wise error corrected
cluster size and a critical rs-value were computed using a nonpara-
metric permutation testing method for each tract (Nichols and
Holmes, 2002). The correlation in a given tract segment was consid-
ered significant if (1) significant correlation at an uncorrected level
of p b 0.05 occurred in a sufficient number of adjacent nodes (range
6–7 nodes) to meet the criteria for a family-wise error corrected
cluster size or (2) the correlation was greater than the critical rs-
value and occurred within a minimum cluster size of at least 3
nodes with p b 0.05 (uncorrected).

We controlled for the number of correlations calculated within each
group (5 tracts × 2 hemispheres × 2 different reading measures = 20
total), using a separate false discovery rate ((FDR) (Benjamini and
Hochberg, 1995)) at q b 0.05 for the preterm and full termgroups. To as-
sure that noneof the associationswere driven by age,we computed par-
tial Spearman correlations between the relevant reading measure
(decoding and/or comprehension) and mean FA of significant clusters,
while controlling for age at scan. To be thorough, we also examined
whether associations may have been driven by pseudo-correlations
arising from gender differences in either measures of FA or reading.
This was achieved first by determining whether there were gender dif-
ferences in readingmeasures using t-tests for independent samples cal-
culated within each group (full term or preterm) separately. We next
determined whether there were gender differences in tract FA mea-
sures using a 2-way analysis of variance (ANOVA) in which Gender
(male versus female) served as the between group measure and mean
tract FA from significant clusters served as the within subjects variable.
To determine the significance of the difference between the correlation
coefficients in the two groups, we used the Fisher r to Z transformation.
To examine the specificity of the FA-reading correlations to either
decoding or comprehension, we computed partial Spearman correla-
tions between each of the reading measures independently (decoding
or comprehension) andmean FA from clusters of significant association,
while controlling for the other reading measure (comprehension or
decoding, respectively).

Within regions of significant association between FA and reading,
we conducted secondary exploratory analyses to evaluate the contri-
bution of AD and RD to the correlation. This step was achieved by cal-
culating Spearman correlations between each of the reading
measures and the mean AD or mean RD from clusters demonstrating
significant FA-reading correlations. Associations were considered
significant at p b 0.05.

To investigate whether differences in the direction or magnitude of
the correlations within each group reflect differences in the range of
FA values between the two groups, we compared the range of FA values
in each group within each segment of significant association.
3. Results

3.1. Behavioral results

Table 1 includes the mean scores for decoding and comprehension
for the full term and preterm groups. Both groups performed solidly
within the normal range. Notably, the groups did not differ significantly
on either decoding or comprehension p N 0.05. Decoding and compre-
hension scores were correlated with each other in both the full term
(r = 0.744, p b 0.001) and preterm groups (r = 0.747, p b 0.001).

3.2. Associations of FA and reading measures

Table 2 shows thewhite matter tracts and segments in which corre-
lations between FA and standard scores on the reading measures were
significant in the full term and preterm groups. In the full term group,
we found significant negative correlations between FA and decoding
in five segments along five white matter tracts: aSLF-L, bilateral CST,
and bilateral UF. Similarly, the full term group showed significant nega-
tive associations between FA and comprehension in three segments
along three tracts: aSLF-L, Arc-L and UF-L. We found no segments of
association within the ILF-L, ILF-R or Arc-R. Fig. 2 depicts the significant
associations within the full term group. Each panel includes a represen-
tation of the tractwith a superimposedheatmap indicating the strength
of the associations along the tract. The panels also include scatter plots
showing the distribution of individual FA and reading scores at the
peak node of each tract, i.e., the one showing the strongest association
along the tract between reading and FA. Only the association between
FA and decoding is displayed on heat maps for tracts in which both
reading measures demonstrated significant correlations with FA
(aSLF-L, UF-L). All of these associations remained statistically significant
after controlling for age, with the exception of the Arc-L (Supplemental
material Table 1). No significant gender differences were observed for
either reading measures (decoding or comprehension) or FA from sig-
nificant clusters (p N 0.05), confirming that associations were unlikely
to be driven by gender in the full term group (Supplemental Fig. 1).

In the preterm group, FAwas significantly associatedwith reading in
several tract locations, but the direction of association was positive, in
contrast with the negative associations detected in the full term
group. Specifically, FA was significantly positively correlated with
decoding at six locations along five tracts: two segments of the aSLF-L,
one segment of the aSLF-R, Arc-L, CST-L and CST-R (Table 2). FA was
also significantly positively associated with comprehension in this
group in four locations along three tracts: two segments of the aSLF-L
and one segment of the CST-R and the UF-L (Table 2). Similar to the
full term group, we found no associations with reading in the ILF-L,
ILF-R or Arc-R. Fig. 3 depicts the significant associations within the pre-
termgroup. Again, each panel includes a representation of the tractwith
a superimposed heat map indicating the strength of the association and
a scatter plot of individual FA and reading measures at the peak node.
Heat maps are again displayed only for associations between FA and
decoding in tracts where both reading measures demonstrated signifi-
cant correlations with FA (aSLF-L, CST-R). All of the associations
remained significant after controlling for age (Supplemental material
Table 1). No significant gender differences were observed for either
reading measures (decoding or comprehension) or FA from significant
clusters (p N 0.05), confirming that associations were unlikely to be
driven by gender in the preterm group (Supplemental Fig. 1).

Associations between mean FA and reading measures within the
significant segments of both groups remained statistically significant
after controlling for multiple comparisons at a 5% criterion for false
discovery rate.

Having found negative associations in the full term group and posi-
tive associations in the preterm group, we tested whether the differ-
ences between the correlation coefficients of the two groups were
statistically significant. We restricted the analyses to those tracts in



Table 2
Spearman correlations between mean FA of significant segments and reading measures for full term and preterm groups.

Decoding (SS)
Full term

Comprehension (SS)
Full term

Decoding (SS)
Preterm

Comprehension (SS)
Preterm

White matter tracta rs Peak node (range) rs Peak node (range) rs Peak node (range) rs Peak node (range)
aSLF-L −0.566b,d 27 (26–29) −0.745 b,d 27 (25–30) 0.466b,d 24 (22–29) 0.417c,d 28 (23–29)

– – – – 0.464c,d 7 (4–10) 0.491b,d 6 (2–8)
aSLF-R – – – – 0.403b,d 13 (12–14) – –

Arc-L – – −0.647b,d 9 (8–10) 0.606b,d 10 (9–11) – –

Arc-R – – – – – – – –

CST-L −0.657b,d 2 (1–14) – – 0.493b,d 23 (23–27) – –

CST-R −0.690b,d 9 (1−13) – – 0.551b,d 26 (23–27) 0.448b,d 26 (24–27)
UF-L −0.548b,d 20 (17–22) −0.613b,d 20 (17–22) – – 0.562c,d 14 (11–17)
UF-R −0.662b,d 17 (14–21) – – – – – –

SS = standard score; aSLF = anterior superior longitudinal fasciculus; Arc = arcuate; ILF = inferior longitudinal fasciculus; CST = corticospinal tract; UF = uncinate fasciculus;
L = left; R = right.

a FA extracted from the peak node within a cluster of ≥3 nodes demonstrating significant associations.
b Significant for correlations coefficient, corrected.
c Significant for cluster size, corrected.
d Significant at 5% false discovery rate (FDR) criterion.

560 K.E. Travis et al. / NeuroImage: Clinical 11 (2016) 555–565
which both groups had significant associationswith one or both reading
measures. In the aSLF-L, the associations in the two groups were statis-
tically different for decoding (z = −3.51, p b 0.0005) and for compre-
hension (z = −4.6, p b 0.0001). The associations between FA and
decoding were also significantly different between the groups in the
CST-L (z = −4.08, p b 0.0001), CST-R (z = −4.47, p b 0.0001) and
UF-L (z = −4.15, p b 0.0001).
Fig. 2.Associations between peak node FA and readingmeasures in full term subjects. Each pane
between FA at 30 equidistant nodes along the tract and either decoding (a, c-f) or comprehensio
scatter plot representing the strength of the association between FA of the peak node and deco
results for the following tracts: aSLF-L (a), Arc-L (b), UF-L (c), CST-L (d), CST-R(e), and UF-R (f).
(e) and UF-R (f). FA is negatively associated with comprehension within the aSLF-L (a), Arc-L
anisotropy; aSLF = anterior Superior Longitudinal Fasciculus; Arc = arcuate; UF = uncinat
coefficient. (For interpretation of the references to color in this figure legend, the reader is refe
The associations ofmean FA and readingmeasureswithin significant
clusterswere generally not specific to one or the other readingmeasure,
with one exception: In the aSLF-L, associations between mean FA
(nodes 25–30) and comprehension remained significant after control-
ling for decoding (rs = −0.552, p = 0.018). All other correlations
with comprehension were no longer significant after controlling for
decoding, and vice versa, in both groups. In the CST-R, the partial
l (a-f) includes a rendering of a specific tract with the strength of the Spearman correlation
n (a-c) represented as a heat-map cylinder surrounding the tract. Eachpanel also includes a
ding (pink circles) and/or comprehension (green circles) standard scores. Panels show the
FA is negatively associatedwith decodingwithin the aSLF-L (a), UF-L (c), CST-L (d), CST-R
(b) and UF-L (c). Color bars represent Spearman correlation coefficients. FA = fractional
e fasciculus; CST = corticospinal tract; L = left; R = right; rs = Spearman correlation
rred to the web version of this article.)



Fig. 3.Associations between peak node FA and readingmeasures in preterm subjects. Each panel (a-f) includes a rendering of a specific tractwith the strength of the Spearman correlation
between FA at 30 equidistant nodes along the tract and either decoding (a, b, d-f) or comprehension (a, c, e) represented as a heat-map cylinder surrounding the tract. Each panel also
includes a scatter plot representing the strength of the association at 30 equidistant nodes along the tract between FA of the peak node and decoding (pink triangles) and/or
comprehension (green triangles) standard scores. Panels show the results for the following tracts (arranged for ease of comparison to Fig. 2): aSLF-L (a), Arc-L (b), UF-L (c), CST-L (d),
CST-R (e), and aSLF-R (f). Decoding standard scores are positively associated with FA of the aSLF-L (a), Arc-L (b), CST-L (d) and CST-R (e) and aSLF-R (f). Comprehension standard
scores are positively associated with FA of the aSLF-L (a), UF-L (c) and CST-R (e). Color bar represents Spearman correlation coefficients. FA = fractional anisotropy; aSLF = anterior
Superior Longitudinal Fasciculus; Arc = arcuate; UF = uncinate fasciculus; CST = corticospinal tract; L = left; R = right; rs = Spearman correlation coefficient. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

561K.E. Travis et al. / NeuroImage: Clinical 11 (2016) 555–565
correlation between mean FA and decoding after controlling for com-
prehension approached statistical significance (rs=0.3839, p=0.064).

3.3. Secondary analyses

3.3.1. Associations of AD and RD with reading
The pattern of associations between readingmeasures andmean AD

(ormean RD) in segments of significant associationwith FA are present-
ed in Supplemental material Table 2. In general, most FA associations
could be attributed to RD, not AD correlations, in both groups. In the
full term group, decoding was significantly associated with RD in five
of the five relevant segments (aSLF-L, CST-L, CST-R, UF-L, and UF-R).
Decodingwas significantly associated with AD only in the aSLF-L. In ad-
dition, within the full term group, comprehensionwas significantly cor-
related with RD in three of the three relevant segments (aSLF-L, Arc-L
and UF-L). Again, comprehension was also significantly correlated
with AD in the aSLF-L.

Similar results were acquired in the preterm group, even though the
direction of the correlations was inverted. Decoding was significantly
correlated with RD in five of the six relevant segments (two segments
of the aSLF-L, Arc-L, CST-L and CST-R), and was only correlated with
AD in one of the six segments (Arc-L). Comprehensionwas significantly
correlated with RD in four of the four segments (two segments of aSLF-
L, CST-R, and UF-L), and was not correlated with AD in any of the four
relevant segments.

To determinewhether these findings could be explained by a differ-
ent range of FA values in the two groups (and a U-shaped or reverse U-
shaped association of FA and reading skill), we compared themean and
range of FA values within the segments in which we found significant
associations of either of the reading measures and FA in each group.
The results are shown in Table 3.While themean scoreswere statistical-
ly different is the aSLF-R, Arc-L, and UF-L and UF-R, FAwas higher in the
preterm than full term group in the aSLF-R and the Arc-L, but higher in
the full term than preterm group in the UF-L and UF-R. Importantly, the
ranges of FA values were at least partially overlapping in all segments.

4. Discussion

This study evaluated the associations between FA of several white
matter tracts and reading skills in two groups—full term and preterm
children and adolescents—whose mean scores in both decoding and
comprehension were very similar on standardized testing. We identi-
fied significant associations of FA and reading skill in both groupswithin
segments of the aSLF-L, Arc-L, bilateral UF and bilateral CST, but not in
either the ILF-L or ILF-R. A novel finding from this study was that the di-
rection of associationwas opposite in the two groups. Associations of FA
and both decoding and comprehension were consistently negative
within the full term group and consistently positive within the preterm
group. Partial correlation analyses confirmed that both negative and
positive associations observed for the full term and preterm group
remained significant after controlling for age, with the exception of
the Arc-L in the full term group. The different directions of associations
could not be explained by different and non-overlapping values of FA in
the two groups. A second novel findingwas that the locations along the



Table 3
Mean fractional anisotropy (FA) of peak nodes and range of FA values for segments of whitematter tracts with significant associations between FA and reading scores in the full term (FT)
and preterm (PT) groups.

Tract
(nodes)

FT peak node mean FA (95% CI) FT FA range PT peak node mean FA (95% CI) PT FA range t-Stat p-Value

aSLF-L
(4–8) 0.474 (0.45–0.50) 0.39–0.55 0.480 (0.45–0.51) 0.36–0.69 −0.27 0.79
(26–29) 0.476 (0.45–0.50) 0.40–0.55 0.478 (0.44–0.51) 0.35–0.68 −0.08 0.94

aSLF-R
(12–14) 0.469 (0.45–0.49) 0.39–0.58 0.514 (0.48–0.54) 0.37–0.71 −2.33 0.02

Arc-L
(8–11) 0.472 (0.45–0.50) 0.33–0.55 0.514 (0.49–0.54) 0.42–0.67 −2.65 0.01

CST-L
(1–14) 0.601 (0.58–0.62) 0.50–0.68 0.612 (0.59–0.63) 0.48–0.73 −0.73 0.47
(23–27) 0.579 (0.56–0.60) 0.51–0.64 0.584 (0.58–0.63) 0.52–0.67 −1.69 0.10

CST-R
(1–13) 0.593 (0.57–0.61) 0.51–0.65 0.608 (0.59–0.63) 0.52–0.67 −1.17 0.25
(24–27) 0.575 (0.56–0.59) 0.51–0.65 0.585 (0.56–0.61) 0.50–0.71 −0.695 0.49

UF-L
(11–17) 0.405 (0.39–0.42) 0.36–0.47 0.380 (0.36–0.40) 0.30–0.49 2.07 0.04
(17–22) 0.477 (0.46–0.50) 0.39–0.56 0.429 (0.41–0.45) 0.31–0.53 3.61 0.003

UF-R
(14–21) 0.423 (0.40–0.44) 0.35–0.49 0.388 (0.37–0.41) 0.25–0.48 2.36 0.023

aSLF = anterior superior longitudinal fasciculus; Arc = arcuate; ILF = inferior longitudinal fasciculus; CST = corticospinal tract; UF = uncinate fasciculus; L = left; R = right;
CI = confidence interval.
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tracts in which these significant associations were found in the two
groups overlapped in one segment of the aSLF-L, Arc-L, and UF-L but
were in different locations in the CST-L and CST-R.

4.1. Associations of white matter properties and reading in the full term
group

In the full term group, FA was associated with decoding in five seg-
ments of white matter tracts consistent with previous literature:
(1) the aSLF-L (Frye et al., 2011; Lebel et al., 2013; Steinbrink et al.,
2008); (2) CST-L and CST-R (Deutsch et al., 2005; Frye et al., 2011;
Myers et al., 2014; Niogi and McCandliss, 2006); and the UF-L and UF-
R (Cummine et al., 2015; Lebel et al., 2013; Steinbrink et al., 2008). FA
in the full term group was also associated with comprehension in seg-
ments of the aSLF-L, Arc-L, and UF-L. We did not find associations of
reading with either the ILF-L or ILF-R, as has been seen in other studies
(Lebel et al., 2013; Steinbrink et al., 2008; Yeatman et al., 2012a). Failure
to find associations with the ILF is most likely related tomethodological
differences in the reading tasks and/or dMRI analyses and to variations
in age and reading abilities among samples. The findings indicate that
significant associations are not ubiquitous in all white matter tracts of
the brain.

Partial correlations between FA and each reading component (while
controlling the other component) did not find evidence for selective as-
sociations between decoding or comprehension and specific tracts. This
lack of selectivity may stem from the use of standardized tests of
decoding and comprehension that donot completely dissociate the cog-
nitive processes that participants use in the tasks. For example, partici-
pants may have used similar strategies in decoding written words,
which is an essential component of both tests. This interpretation is
supported by the fact that the association between decoding and com-
prehension in each group of subjects was very strong. However, selec-
tivity was found using these same tests in a recent analysis of the
cerebellar peduncles (Travis et al., 2015b). Future studies using tasks
that probe reading components more specifically and assessing larger
samples will be able to examine the level of selectivity in the reading
pathways more thoroughly.

The associations of FA and reading in the full term group were con-
sistently negative. Several previous studies have reported positive asso-
ciations of FA and reading within cerebral white matter (Beaulieu et al.,
2005; Deutsch et al., 2005; Klingberg et al., 2000; Lebel and Beaulieu,
2009; Lebel et al., 2013; Myers et al., 2014). However, other studies
have found negative associations between FA and reading or reading-
related abilities (Dougherty et al., 2007; Feldman et al., 2012b; Frye
et al., 2008; Frye et al., 2011; Odegard et al., 2009; Yeatman et al.,
2012a). More recently, Yeatman et al. (2012a) found that a sample of
typically developing childrenwith above-average reading skills initially
had lower FA values that increased over time, whereas children with
below-average reading skills had higher initial FA that declined over
time. Negative associations have also been found between FA and
other cognitive abilities, including those for language (Schmithorst
et al., 2011), mathematics and executive functions (Rollins et al., 2014).

We hypothesize that the negative associations of FA and reading
reflect neurobiological factors that facilitate information exchange
in reading. FA is a summary measure that arises from multiple tissue
properties that may co-vary in different combinations and proportions
across distinct regions of a single white matter tract, across tracts, and
across clinical populations (De Santis et al., 2014). Further, several of
the tissue properties known to influence FA (e.g., crossing fibers,
myelination, axonal count, and axonal densities) can have counteracting
effects on FA, but may still be relevant for promoting efficient and rapid
transmission of neural information for reading processes (Jones et al.,
2013). For example, an increase in number of crossing fibers or axon di-
ameters within the major tracts of the reading network could facilitate
information exchange to different cortical regions and yet would lead
to decreased FA within that tract. In the present study, negative associa-
tions of FA and reading were driven primarily by increased radial diffu-
sivity. Increased radial diffusivity would be consistent with an increase
in the number of crossing fibers or larger axon diameter.

4.2. Associations of white matter properties and reading in the preterm
group

Consistent with our results in this study, other studies of whitemat-
ter and reading in children and adolescents born preterm have found
positive associations (Andrews et al., 2010; Feldman et al., 2012b;
Frye et al., 2010; Mullen et al., 2011). However, this pattern is opposite
from that in the full termgroup. Opposite going correlations between FA
and reading within the preterm and full term groups could arise if dif-
ferent neurobiological factors influence the development and mainte-
nance of functional connections important for reading in the two
groups. For example, children born full termmay achieve efficient com-
munication between distant brain regions via overgrowth followed by
pruning of inappropriate axons (Yeatman et al., 2012a). In this scenario,
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better performancewould be associatedwith fewer but larger fibers ca-
pable of faster conduction speeds (Arbuthnott et al., 1980; Goldman and
Albus, 1968; Horowitz et al., 2015) and reduced FA (Dougherty et al.,
2007). In contrast, preterm born children may achieve similar levels of
reading performance via alternative mechanisms such as myelination
of existing axons. Here, better function would be associated with more
myelin and higher FA (Fields, 2008). Another possibility is that multiple
factors are converging inwhitematter to allow efficient information ex-
change for reading in both full term and preterm groups, but our
methods detect them differentially in the aftermath of early white mat-
ter injury or dysmaturity in the preterm group. For example, if the pre-
term group experienced earlywhitematter damage in some tracts, they
may develop reading with initially lower FA values, and reading will
then result in an increase in FA, similar to the good readers in the longi-
tudinal sample of (Yeatman et al., 2012a) who were found to begin
readingwith lower FA values but later to exhibit higher FA at older ages.

4.3. Segments of significant associations along the tracts

Within each of the groups, associations with the two reading
components localized to similar tracts. However, across groups, the
significant association of FA of the CST-L and CST-R and decoding lo-
calized to different and non-overlapping segments of the tracts. The
segments were near the proximal end in the full term group and near
the distal end in the preterm group. Though throughout the brain,
the vast majority of voxels include some amount of crossing fibers
(Jeurissen et al., 2013), these two segments of the CST differ in
terms of the expected amount of crossing fibers. In a sample of ado-
lescents born preterm, the proximal end was relatively dominated
by fibers going in a single direction, while the distal end had a high
density of crossing fibers (Groeschel et al., 2014). If reading skill in
the full term group was related to the density of crossing fibers,
even a small number of crossing fibers in a predominantly single
fiber region could lead to negative associations. By contrast, the asso-
ciation would not be apparent in the preterm group. If the preterms
have a reduced number of crossing fibers and better reading is asso-
ciated with increasedmyelin, then the associationmight become sig-
nificant in regions of crossing fibers. Alternatively, group differences
in the direction of association may arise from other differences
across the two groups, such as the size of axons. The pertinent neu-
robiological factors explaining the different direction of associations
may even vary within and across tracts in the two groups.

We found differences in one segment of the aSLF between groups.
While we again think that these findings represent different neurobio-
logical factors or a different balance of factors, the findings aremore dif-
ficult to interpret because the density of crossing fibers at each end has
not been well established (Groeschel et al., 2014).

4.4. Limitations

Modeling diffusionwith a tensormodel constitutes a limitation of
this study because it does not quantify the amount of potential cross-
ing fibers. In addition, FA, RD and AD are limited in their ability to as-
sess specific tissue properties, because each parameter is affected by
multiple tissue properties, including myelin, directional coherence,
axonal density and axonal diameter. In the future, strategies for un-
derstanding the direction of associations between microstructural
properties of white matter and reading will likely require the use of
multiple converging methods for analysis of white matter. Tech-
niques for quantifying the amount of crossing fibers (Tuch et al.,
2002; Wedeen et al., 2008) will likely prove important for determin-
ing which associations may be driven by the amount of crossing fi-
bers (De Santis et al., 2014). Such research is also expected to
provide insight into the contributions of fibers crossing the tracts an-
alyzed here to neural processes for reading. New quantitative tech-
niques for estimating myelin content (Lutti et al., 2014; Mezer
et al., 2013) and axon diameter (Assaf et al., 2008; Barazany et al.,
2009) are also important for distinguishing among neurobiological
factors contributing to variations in reading skills.

Our studywas also limited in the specificity of the readingmeasures
used.We chose to use age-standardized tests, whichwas important due
to the relatively large age range here, but may have failed to single out
specific components of the reading process. We also studied children
and adolescents across a wide age-range. Future studies using fine-
tuned behavioral contrasts of skills essential for reading (Hulme and
Snowling, 2014) at specific stages of learning to read (Monzalvo and
Dehaene-Lambertz, 2013; Thiebaut de Schotten et al., 2014) could
allow more precise inferences into the types of information that course
along the various white matter tracts at different developmental time
points. Finally, the sample size here was modest. A larger sample
would be better powered to reveal associations that were not apparent
in this study.

4.5. Conclusion and implications

This study found that FA of segments within several white matter
tracts of the brain (aSLF, Arc, CST, and UF)was associatedwith decoding
and comprehension in children born full term and preterm. However,
the direction of the association was different in the two groups and
found in different segments ofwhitematter tracts. These results suggest
that different neurobiological factors or a different balance of neurobio-
logical factors are associated with reading in the two groups. White
matter diffusion properties represent a complex interaction of biological
and experiential forces. The children born preterm may have experi-
enced injury and subsequent dysmaturity to their whitematter. The dy-
namic forces sculpting their white matter beyond the newborn period,
by necessity, would take different forms from the forces at play within
full term healthy individuals. The children born preterm in this study
were nonetheless able to develop reading skills that were comparable
to full term peers on standardized testing.

Children born preterm typically perform below their full term
peers in reading skills (Aarnoudse-Moens et al., 2009; Frye et al.,
2010; Kovachy et al., 2014; Mullen et al., 2011). The results of this
study suggest that distinctive neurobiological factors may influence
reading abilities in this population. These findings leave open the
possibility that children born preterm would benefit from custom-
ized reading instruction or particular types of remediation if they
show early delays. To date, reading instruction and remediation are
solely based on behavioral profiles. In the future, it may be possible
to refine the approaches based on both behavior and neurobiological
factors.

These findings should be generalized across different samples of
children born full term and preterm. In addition, longitudinal studies
are essential to explore whether group differences are found at the
very earliest stages of reading, suggesting that they may be the result
of biological factors and early experience, or whether they develop as
the children progress in learning to read, suggesting that they are the re-
sult of education. Evaluations of education and intervention in children
born preterm versus full term, both in terms of behavioral and neurobi-
ological outcomes, will determine if these children benefit from distinc-
tive programs of education and remediation.

Funding

This work was supported by the Eunice Kennedy Shriver Nation-
al Institutes of Child Health and Human Development at the Nation-
al Institutes of Health (grant numbers RO1-HD69162 and RO1-
HD46500); the I-CORE Program of the Planning and Budgeting
Committee (51/11) to MB-S; and The Israel Science Foundation
(grant number 51/11) to MB-S.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.nicl.2016.04.003.

doi:10.1016/j.nicl.2016.04.003
doi:10.1016/j.nicl.2016.04.003


564 K.E. Travis et al. / NeuroImage: Clinical 11 (2016) 555–565
Acknowledgements

We thank the children and families who participated in our study.

References

Aarnoudse-Moens, C.S.H., Weisglas-Kuperus, N., van Goudoever, J.B., Oosterlaan, J., 2009.
Meta-analysis of neurobehavioral outcomes in very preterm and/or very low birth
weight children. Pediatrics 124, 717–728.

Allin, M.P.G., Kontis, D., Walshe, M., Wyatt, J., Barker, G.J., Kanaan, R.A.A., McGuire, P.,
Rifkin, L., Murray, R.M., Nosarti, C., 2011. White matter and cognition in adults who
were born preterm. PLoS One 6, e24525.

Andrews, J.S., Ben-Shachar, M., Yeatman, J.D., Flom, L.L., Luna, B., Feldman, H.M., 2010.
Reading performance correlates with white-matter properties in preterm and term
children. Dev. Med. Child Neurol. 52, e94–100.

Arbuthnott, E., Boyd, I., Kalu, K., 1980. Ultrastructural dimensions of myelinated peripheral
nerve fibers in the cat and their relation to conduction velocity. J. Physiol. 308, 125–157.

Assaf, Y., Blumenfeld-Katzir, T., Yovel, Y., Basser, P.J., 2008. AxCaliber: a method for
measuring axon diameter distribution from diffusion MRI. Magn. Reson. Med.
59, 1347–1354.

Back, S.A., Miller, S.P., 2014. Brain injury in premature neonates: a primary cerebral
dysmaturation disorder? Ann. Neurol. 75, 469–486.

Back, S.A., Rosenberg, P.A., 2014. Pathophysiology of glia in perinatal white matter injury.
Glia 62, 1790–1815.

Back, S.A., Riddle, A., McClure, M.M., 2007. Maturation-dependent vulnerability of perina-
tal white matter in premature birth. Stroke 38, 724–730.

Barazany, D., Basser, P.J., Assaf, Y., 2009. In vivo measurement of axon diameter distribu-
tion in the corpus callosum of rat brain. Brain 132, 1210–1220.

Basser, P.J., Pierpaoli, C., 1996. Microstructural and physiological features of tissues eluci-
dated by quantitative-diffusion-tensor MRI. J. Magn. Reson. 111, 209–219.

Beaulieu, C., Plewes, C., Paulson, L.A., Roy, D., Snook, L., Concha, L., Phillips, L., 2005. Imag-
ing brain connectivity in children with diverse reading ability. NeuroImage 25,
1266–1271.

Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J. R. Stat. Soc. Ser. B Methodol. 289–300.

Ben-Shachar, M., Dougherty, R.F., Wandell, B.A., 2007. White matter pathways in reading.
Curr. Opin. Neurobiol. 17, 258–270.

Bitan, T., Burman, D.D., Chou, T.L., Lu, D., Cone, N.E., Cao, F., Bigio, J.D., Booth, J.R., 2007. The
interaction between orthographic and phonological information in children: an fMRI
study. Hum. Brain Mapp. 28, 880–891.

Bouhali, F., Thiebaut de Schotten, M., Pinel, P., Poupon, C., Mangin, J.F., Dehaene, S., Cohen,
L., 2014. Anatomical connections of the visual word form area. J. Neurosci. 34,
15402–15414.

Brauer, J., Anwander, A., Perani, D., Friederici, A.D., 2013. Dorsal and ventral pathways in
language development. Brain Lang. 127, 289–295.

Catani, M., Jones, D.K., DH, ffytche, 2005. Perisylvian language networks of the human
brain. Ann. Neurol. 57, 8–16.

Chang, L.C., Jones, D.K., Pierpaoli, C., 2005. RESTORE: robust estimation of tensors by out-
lier rejection. Magn. Reson. Med. 53, 1088–1095.

Conturo, T.E., Lori, N.F., Cull, T.S., Akbudak, E., Snyder, A.Z., Shimony, J.S., McKinstry, R.C.,
Burton, H., Raichle, M.E., 1999. Tracking neuronal fiber pathways in the living
human brain. Proc. Natl. Acad. Sci. U. S. A. 96, 10422–10427.

Cummine, J., Dai, W., Borowsky, R., Gould, L., Rollans, C., Boliek, C., 2015. Investigating the
ventral-lexical, dorsal-sublexical model of basic reading processes using diffusion
tensor imaging. Brain Struct. Funct. 220, 445–455.

De Santis, S., Drakesmith, M., Bells, S., Assaf, Y., Jones, D.K., 2014.Why diffusion tensorMRI
does well only some of the time: variance and covariance of white matter tissue mi-
crostructure attributes in the living human brain. NeuroImage 89, 35–44.

Deutsch, G.K., Dougherty, R.F., Bammer, R., Siok, W.T., Gabrieli, J.D., Wandell, B., 2005.
Children's reading performance is correlated with white matter structure measured
by diffusion tensor imaging. Cortex 41, 354–363.

Dougherty, R.F., Ben-Shachar, M., Deutsch, G.K., Hernandez, A., Fox, G.R., Wandell, B.A.,
2007. Temporal-callosal pathway diffusivity predicts phonological skills in children.
Proc. Natl. Acad. Sci. U. S. A. 104, 8556–8561.

Eikenes, L., Lohaugen, G.C., Brubakk, A.M., Skranes, J., Haberg, A.K., 2011. Young adults
born preterm with very low birth weight demonstrate widespread white matter al-
terations on brain DTI. NeuroImage 54, 1774–1785.

Feldman, H.M., Lee, E.S., Loe, I.M., Yeom, K.W., Grill-Spector, K., Luna, B., 2012a. White
matter microstructure on diffusion tensor imaging is associated with conventional
MRI findings and cognitive function in adolescents born preterm. Dev. Med. Child
Neurol. 54, 775–868.

Feldman, H.M., Lee, E.S., Yeatman, J.D., Yeom, K.W., 2012b. Language and reading skills in
school-aged children and adolescents born preterm are associated with white matter
properties on diffusion tensor imaging. Neuropsychologia 50, 3348–3362.

Fields, R.D., 2008. White matter in learning, cognition and psychiatric disorders. Trends
Neurosci. 31, 361–370.

Friston, K.J., Ashburner, J., 2004. Generative and recognition models for neuroanatomy.
NeuroImage 23, 21–24.

Frye, R.E., Hasan, K., Xue, L., Strickland, D., Malmberg, B., Liederman, J., Papanicolaou, A.,
2008. Splenium microstructure is related to two dimensions of reading skill.
Neuroreport 19, 1627–1631.

Frye, R.E., Hasan, K., Malmberg, B., Desouza, L., Swank, P., Smith, K., Landry, S., 2010. Supe-
rior longitudinal fasciculus and cognitive dysfunction in adolescents born preterm
and at term. Dev. Med. Child Neurol. 52, 760–766.
Frye, R.E., Liederman, J., Hasan, K.M., Lincoln, A., Malmberg, B., McLean III, J.,
Papanicolaou, A., 2011. Diffusion tensor quantification of the relations between
microstructural and macrostructural indices of white matter and reading. Hum.
Brain Mapp. 32, 1220–1235.

Goldman, L., Albus, J., 1968. Computation of impulse conduction inmyelinated fibers; the-
oretical basis of the velocity-diameter relation. Biophys. J. 8, 596–607.

Graves,W.W., Desai, R., Humphries, C., Seidenberg, M.S., Binder, J.R., 2010. Neural systems
for reading aloud: a multiparametric approach. Cereb. Cortex 20, 1799–1815.

Groeschel, S., Tournier, J.D., Northam, G.B., Baldeweg, T., Wyatt, J., Vollmer, B., Connelly, A.,
2014. Identification and interpretation of microstructural abnormalities in motor
pathways in adolescents born preterm. NeuroImage 87, 209–219.

Grunau, R.E., Whitfield, M.F., Fay, T.B., 2004. Psychosocial and academic characteristics of
extremely low birth weight (≤800 g) adolescents who are free of major impairment
compared with term-born control subjects. Pediatrics 114, e725–e732.

Gullick, M.M., Booth, J.R., 2015. The direct segment of the arcuate fasciculus is predictive
of longitudinal reading change. Dev. Cogn. Neurosci. 13, 68–74.

Hickok, G., Poeppel, D., 2004. Dorsal and ventral streams: a framework for understanding
aspects of the functional anatomy of language. Cognition 92, 67–99.

Hoeft, F., Hernandez, A., McMillon, G., Taylor-Hill, H., Martindale, J.L., Meyler, A., Keller,
T.A., Siok, W.T., Deutsch, G.K., Just, M.A., 2006. Neural basis of dyslexia: a comparison
between dyslexic and nondyslexic children equated for reading ability. J. Neurosci.
26, 10700–10708.

Hoeft, F., McCandliss, B.D., Black, J.M., Gantman, A., Zakerani, N., Hulme, C., Lyytinen, H.,
Whitfield-Gabrieli, S., Glover, G.H., Reiss, A.L., Gabrieli, J.D., 2011. Neural systems
predicting long-term outcome in dyslexia. Proc. Natl. Acad. Sci. U. S. A. 108, 361–366.

Hoover, W., Gough, P., 1990. The simple view of reading. Read. Writ. 2, 127–160.
Horowitz, A., Barazany, D., Tavor, I., Bernstein, M., Yovel, G., Assaf, Y., 2015. In vivo corre-

lation between axon diameter and conduction velocity in the human brain. Brain
Struct. Funct. 220, 1777–1788.

Hulme, C., Snowling, M.J., 2014. The interface between spoken and written language: de-
velopmental disorders. Philos. T. Roy. Soc. B 369, 20120395.

Inder, T.E., Wells, S.J., Mogridge, N.B., Spencer, C., Volpe, J.J., 2003. Defining the nature of
the cerebral abnormalities in the premature infant: a qualitative magnetic resonance
imaging study. J. Pediatr. 143, 171–179.

Jeurissen, B., Leemans, A., Tournier, J.D., Jones, D.K., Sijbers, J., 2013. Investigating the prev-
alence of complex fiber configurations inwhite matter tissue with diffusion magnetic
resonance imaging. Hum. Brain Mapp. 34, 2747–2766.

Jones, D.K., Knösche, T.R., Turner, R., 2013. White matter integrity, fiber count, and other
fallacies: the do's and don'ts of diffusion MRI. NeuroImage 73, 239–254.

Keller, T.A., Just, M.A., 2009. Altering cortical connectivity: remediation-induced changes
in the white matter of poor readers. Neuron 64, 624–631.

Klingberg, T., Hedehus, M., Temple, E., Salz, T., Gabrieli, J.D., Moseley, M.E., Poldrack,
R.A., 2000. Microstructure of temporo-parietal white matter as a basis for read-
ing ability: evidence from diffusion tensor magnetic resonance imaging. Neuron
25, 493–500.

Kovachy, V., Adams, J., Tamaresis, J., Feldman, H., 2014. Reading abilities in school-aged
preterm children: a review and meta-analysis. Dev. Med. Child Neurol.

Lebel, C., Beaulieu, C., 2009. Lateralization of the arcuate fasciculus from childhood to
adulthood and its relation to cognitive abilities in children. Hum. Brain Mapp. 30,
3563–3573.

Lebel, C., Shaywitz, B., Holahan, J., Shaywitz, S., Marchione, K., Beaulieu, C., 2013. Diffusion
tensor imaging correlates of reading ability in dysfluent and non-impaired readers.
Brain Lang. 125, 215–222.

Leitner, Y., Travis, K., Ben-Shachar, M., Yeom, K., Feldman, H., 2015. Tract profiles of the
cerebellar white matter pathways in children and adolescents. Cerebellum 1–11.

Lutti, A., Dick, F., Sereno, M.I., Weiskopf, N., 2014. Using high-resolution quantitative map-
ping of R1 as an index of cortical myelination. NeuroImage 93 (Pt 2), 176–188.

Lyon, G.R., Shaywitz, S., Shaywitz, B., 2003. A definition of dyslexia. Ann. Dyslexia
53, 1–14.

Martin, A., Schurz, M., Kronbichler, M., Richlan, F., 2015. Reading in the brain of children
and adults: a meta-analysis of 40 functional magnetic resonance imaging studies.
Hum. Brain Mapp. 36, 1963–1981.

McCandliss, B.D., Cohen, L., Dehaene, S., 2003. The visual word form area: expertise for
reading in the fusiform gyrus. Trends Cogn. Sci. 7, 293–299.

Mezer, A., Yeatman, J.D., Stikov, N., Kay, K.N., Cho, N.J., Dougherty, R.F., Perry, M.L., Parvizi,
J., Hua le, H., Butts-Pauly, K., Wandell, B.A., 2013. Quantifying the local tissue volume
and composition in individual brains withmagnetic resonance imaging. Nat. Med. 19,
1667–1672.

Monzalvo, K., Dehaene-Lambertz, G., 2013. How reading acquisition changes children's
spoken language network. Brain Lang. 127, 356–365.

Mori, S., Crain, B.J., Chacko, V.P., Van Zijl, P., 1999. Three-dimensional tracking of axonal
projections in the brain by magnetic resonance imaging. Ann. Neurol. 45, 265–269.

Mori, S., Wakana, S., Nagae-Poetscher, L.M., van Zijl, P.C.M., 2005. MRI Atlas of Human
White Matter. Elsevier, Amsterdam.

Mullen, K.M., Vohr, B.R., Katz, K.H., Schneider, K.C., Lacadie, C., Hampson, M., Makuch,
R.W., Reiss, A.L., Constable, R.T., Ment, L.R., 2011. Preterm birth results in alterations
in neural connectivity at age 16 years. NeuroImage 54, 2563–2570.

Myers, C.A., Vandermosten, M., Farris, E.A., Hancock, R., Gimenez, P., Black, J.M., Casto, B.,
Drahos, M., Tumber, M., Hendren, R.L., Hulme, C., Hoeft, F., 2014. White matter mor-
phometric changes uniquely predict children's reading acquisition. Psychol. Sci. 25,
1870–1883.

Nagy, Z., Westerberg, H., Klingberg, T., 2004. Maturation of white matter is associated
with the development of cognitive functions during childhood. J. Cogn. Neurosci.
16, 1227–1233.

Nichols, T.E., Holmes, A.P., 2002. Nonparametric permutation tests for functional neuro-
imaging: a primer with examples. Hum. Brain Mapp. 15, 1–25.

http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0005
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0005
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0010
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0010
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0015
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0015
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0020
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0020
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0025
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0025
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0025
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0030
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0030
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0035
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0035
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0040
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0040
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0045
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0045
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0050
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0050
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0055
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0055
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0055
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0060
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0060
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0065
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0065
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0070
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0070
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0070
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0075
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0075
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0080
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0080
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0085
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0085
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0090
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0090
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0095
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0095
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0100
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0100
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0100
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0105
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0105
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0105
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0110
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0110
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0115
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0115
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0120
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0120
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0120
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0125
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0125
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0125
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0125
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0130
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0130
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0130
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0135
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0135
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0140
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0140
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0145
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0145
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0150
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0150
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0150
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0155
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0155
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0155
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0160
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0160
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0165
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0165
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0170
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0170
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0175
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0175
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0175
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0175
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0180
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0180
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0185
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0185
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0190
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0190
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0190
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0195
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0195
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0200
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0205
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0205
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0205
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0210
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0210
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0215
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0215
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0215
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0220
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0220
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0220
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0225
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0225
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0230
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0230
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0235
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0235
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0235
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0240
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0240
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0245
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0245
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0245
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0250
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0250
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0250
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0255
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0255
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0260
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0260
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0265
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0265
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0270
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0270
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0270
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0275
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0275
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0280
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0280
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0280
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0285
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0285
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0290
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0290
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0295
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0295
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0300
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0300
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0305
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0305
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0305
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0310
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0310
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0310
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0315
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0315


565K.E. Travis et al. / NeuroImage: Clinical 11 (2016) 555–565
Niogi, S.N., McCandliss, B.D., 2006. Left lateralized white matter microstructure accounts
for individual differences in reading ability and disability. Neuropsychologia 44,
2178–2188.

Odegard, T.N., Farris, E.A., Ring, J., McColl, R., Black, J., 2009. Brain connectivity in non-
reading impaired children and children diagnosed with developmental dyslexia.
Neuropsychologia 47, 1972–1977.

Oldfield, R.C., 1971. The assessment and analysis of handedness: the Edinburgh inventory.
Neuropsychologia 9, 97–113.

Press, W., Teukolsky, S., Vetterling,W., Flannery, B., 2002. Numerical Recipes in C++:The
Art of Scientific Computing. Cambridge Univ Press Cambridge, UK.

Rimrodt, S.L., Peterson, D.J., Denckla, M.B., Kaufmann,W.E., Cutting, L.E., 2010. White mat-
ter microstructural differences linked to left perisylvian language network in children
with dyslexia. Cortex 46, 739–749.

Rohde, G.K., Barnett, A.S., Basser, P.J., Marenco, S., Pierpaoli, C., 2004. Comprehensive ap-
proach for correction of motion and distortion in diffusion-weighted MRI. Magn.
Reson. Med. 51, 103–114.

Rollins, C.K., Watson, C.G., Asaro, L.A., Wypij, D., Vajapeyam, S., Bellinger, D.C., DeMaso,
D.R., Robertson Jr., R.L., Newburger, J.W., Rivkin, M.J., 2014. White matter microstruc-
ture and cognition in adolescents with congenital heart disease. J. Pediatr. 165 (936–
944), e931–e932.

Saygin, Z.M., Norton, E.S., Osher, D.E., Beach, S.D., Cyr, A.B., Ozernov-Palchik, O., Yendiki, A.,
Fischl, B., Gaab, N., Gabrieli, J.D., 2013. Tracking the roots of reading ability: white
matter volume and integrity correlate with phonological awareness in prereading
and early-reading kindergarten children. J. Neurosci. 33, 13251–13258.

Schmithorst, V.J., Holland, S.K., Plante, E., 2011. Diffusion tensor imaging reveals white
matter microstructure correlations with auditory processing ability. Ear Hear. 32,
156–167.

Seghier, M.L., Price, C.J., 2010. Reading aloud boosts connectivity through the putamen.
Cereb. Cortex 20, 570–582.

Shanahan, T., 2008. Introduction to the Report of the National Early Literacy Panel. Devel-
oping Early Literacy: Report of the National Early Literacy Panel. National Institute for
Literacy, pp. xiii–xvii.

Shaywitz, B.A., Lyon, G.R., Shaywitz, S.E., 2006. The role of functional magnetic resonance
imaging in understanding reading and dyslexia. Dev. Neuropsychol. 30, 613–632.

Skranes, J., Vangberg, T.R., Kulseng, S., Indredavik, M.S., Evensen, K.A., Martinussen, M.,
Dale, A.M., Haraldseth, O., Brubakk, A.M., Evensen, K.A.I., 2007. Clinical findings and
white matter abnormalities seen on diffusion tensor imaging in adolescents with
very low birth weight. Brain 130, 654–666.

Steinbrink, C., Vogt, K., Kastrup, A., Muller, H.P., Juengling, F.D., Kassubek, J., Riecker, A.,
2008. The contribution of white and gray matter differences to developmental dys-
lexia: insights from DTI and VBM at 3.0T. Neuropsychologia 46, 3170–3178.

Stoodley, C.J., Stein, J.F., 2013. Cerebellar function in developmental dyslexia. Cerebellum
12, 267–276.

Thiebaut de Schotten, M., Cohen, L., Amemiya, E., Braga, L.W., Dehaene, S., 2014. Learning
to read improves the structure of the arcuate fasciculus. Cereb. Cortex 24, 989–995.
Travis, K.E., Adams, J.N., Ben-Shachar, M., Feldman, H.M., 2015a. Decreased and increased
anisotropy along major cerebral white matter tracts in preterm children and adoles-
cents. PLoS One 10, e0142860.

Travis, K.E., Leitner, Y., Feldman, H.M., Ben-Shachar, M., 2015b. Cerebellar white matter
pathways are associated with reading skills in children and adolescents. Hum. Brain
Mapp. 36, 1536–1553.

Tuch, D.S., Reese, T.G., Wiegell, M.R., Makris, N., Belliveau, J.W., Wedeen, V.J., 2002. High
angular resolution diffusion imaging reveals intravoxel white matter fiber heteroge-
neity. Magn. Reson. Med. 48, 577–582.

Vandermosten, M., Boets, B., Poelmans, H., Sunaert, S., Wouters, J., Ghesquiere, P., 2012a. A
tractography study in dyslexia: neuroanatomic correlates of orthographic, phonolog-
ical and speech processing. Brain 135, 935–948.

Vandermosten, M., Boets, B., Wouters, J., Ghesquiere, P., 2012b. A qualitative and quanti-
tative review of diffusion tensor imaging studies in reading and dyslexia. Neurosci.
Biobehav. R. 36, 1532–1552.

Volpe, J.J., 2009. The encephalopathy of prematurity–brain injury and impaired brain de-
velopment inextricably intertwined. Semin. Pediatr. Neurol. 16, 167–178.

Von Der Heide, R.J., Skipper, L.M., Klobusicky, E., Olson, I.R., 2013. Dissecting the uncinate
fasciculus: disorders, controversies and a hypothesis. Brain 136, 1692–1707.

Wakana, S., Caprihan, A., Panzenboeck, M.M., Fallon, J.H., Perry, M., Gollub, R.L., Hua, K.,
Zhang, J., Jiang, H., Dubey, P., 2007. Reproducibility of quantitative tractography
methods applied to cerebral white matter. NeuroImage 36, 630–644.

Wandell, B.A., Yeatman, J.D., 2013. Biological development of reading circuits. Curr. Opin.
Neurobiol. 23, 261–268.

Wedeen, V.J., Wang, R.P., Schmahmann, J.D., Benner, T., Tseng, W.Y., Dai, G., Pandya, D.N.,
Hagmann, P., D'Arceuil, H., de Crespigny, A.J., 2008. Diffusion spectrum magnetic res-
onance imaging (DSI) tractography of crossing fibers. NeuroImage 41, 1267–1277.

Woodcock, L.J., McGrew, K.S., Mather, N., 2001. Woodcock-Johnson III Tests of Achieve-
ment. Riverside Publishing, Itasca.

Yeatman, J.D., Feldman, H.M., 2013. Neural plasticity after pre-linguistic injury to the ar-
cuate and superior longitudinal fasciculi. Cortex 49, 301–311.

Yeatman, J.D., Dougherty, R.F., Rykhlevskaia, E., Sherbondy, A.J., Deutsch, G.K., Wandell,
B.A., Ben-Shachar, M., 2011. Anatomical properties of the arcuate fasciculus predict
phonological and reading skills in children. J. Cogn. Neurosci. 23, 3304–3317.

Yeatman, J.D., Dougherty, R.F., Ben-Shachar, M., Wandell, B.A., 2012a. Development of
white matter and reading skills. Proc. Natl. Acad. Sci. U. S. A. 109, E3045–E3053.

Yeatman, J.D., Dougherty, R.F., Myall, N.J., Wandell, B.A., Feldman, H.M., 2012b. Tract
profiles of white matter properties: automating fiber-tract quantification. PLoS
One 7, e49790.

Yung, A., Poon, G., Qiu, D.-Q., Chu, J., Lam, B., Leung, C., Goh, W., Khong, P.-L., 2007. White
matter volume and anisotropy in preterm children: a pilot study of neurocognitive
correlates. Pediatr. Res. 61, 732–736.

http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0320
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0320
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0320
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0325
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0325
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0325
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0330
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0330
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0335
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0335
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0335
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0340
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0340
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0340
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0345
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0345
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0345
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0350
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0350
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0350
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0355
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0355
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0355
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0360
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0360
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0360
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0365
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0365
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0370
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0370
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0370
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0375
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0375
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0380
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0380
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0380
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0385
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0385
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0390
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0390
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0395
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0395
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0400
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0400
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0400
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0405
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0405
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0405
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0410
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0410
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0410
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0415
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0415
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0415
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0420
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0420
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0420
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0425
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0425
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0430
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0430
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0435
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0435
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0440
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0440
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0445
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0445
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0450
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0450
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0455
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0455
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0460
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0460
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0465
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0465
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0470
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0470
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0470
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0475
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0475
http://refhub.elsevier.com/S2213-1582(16)30066-3/rf0475

	Variations in the neurobiology of reading in children and adolescents born full term and preterm
	1. Introduction
	2. Materials and methods
	2.1. Participants
	2.2. Reading measures
	2.3. MRI acquisition
	2.4. Data preprocessing
	2.5. Fiber tracking and segmentation
	2.6. Fiber tract quantification
	2.7. Statistical approach
	2.7.1. Analyses of demographic variables
	2.7.2. Associations of FA with reading


	3. Results
	3.1. Behavioral results
	3.2. Associations of FA and reading measures
	3.3. Secondary analyses
	3.3.1. Associations of AD and RD with reading


	4. Discussion
	4.1. Associations of white matter properties and reading in the full term group
	4.2. Associations of white matter properties and reading in the preterm group
	4.3. Segments of significant associations along the tracts
	4.4. Limitations
	4.5. Conclusion and implications

	Funding
	Acknowledgements
	References


