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Abstract

Components of reading proficiency such as accuracy, fluency, and comprehension require the
successful coordination of numerous, yet distinct, cortical regions. Underlying white matter tracts
allow for communication among these regions. This study utilized unique residualized tract —
based spatial statistics methodology to identify the relations of white matter microstructure
integrity to three components of reading proficiency in 49 school - aged children with typically
developing phonological decoding skills and 27 readers with poor decoders. Results indicated that
measures of white matter integrity were differentially associated with components of reading
proficiency. In both typical and poor decoders, reading comprehension correlated with measures of
integrity of the right uncinate fasciculus; reading comprehension was also related to the left
inferior longitudinal fasciculus in poor decoders. Also in poor decoders, word reading fluency was
related to the right uncinate and left inferior fronto - occipital fasciculi. Word reading was
unrelated to white matter integrity in either group. These findings expand our knowledge of the
association between white matter integrity and different elements of reading proficiency.
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1. Introduction

As developing readers are exposed to print they acquire a mental framework for representing
the relation between text and speech that allows for subsequent mastery of word recognition.
This framework is connected via (a) the phonological lexicon, which stores the auditory

sound form of words (i.e., phonemes); (b) the semantic lexicon, which stores the meaning of
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words; and (c) the orthographic lexicon, which is responsible for storing the visual
representation of words (Frith, 1985). The development of a semantic and phonological
lexicon is a spontaneous process that develops with the exposure to language. On the other
hand, the development of an orthographic lexicon is dependent on explicit exposure to print
and instruction (Dehaene, 2009)

Although word recognition increases rapidly with adequate phonological awareness, reading
comprehension and fluency/automaticity skills are acquired more gradually with increased
exposure to print and reading practice. Most children develop accurate and fluent reading
skills; however, 6 to 17% of children struggle with reading proficiency even after exposure
to standard didactic instruction and appropriate opportunities to learn (Vellutino, Fletcher,
Snowling, & Scanlon, 2004).

Learning to read is not a natural process and places a high demand on cognitive resources. It
also requires a great deal of reorganization in the brain because it is not “hardwired” for such
tasks (Dehaene, 2009). Instead, the brain scaffolds reading onto brain regions allocated for
vision and language (Vigneau et al., 2006; Vogel, Petersen, & Schlaggar, 2014). Proficient
reading also requires the successful utilization and coordination of a number of cognitive
processes that facilitate a coherent representation of text. This implies that reading requires
not only the successful activation of multiple, relevant brain regions but also adequate
communication among these areas.

1.1 Dual Route Models of Reading

According to dual route models of reading there are two routes involved in the reading
process: one corresponding to the semantic and phonological lexicon, the other to the
orthographic lexicon (Coltheart, 1985). While several variants of the dual model exist, all
incorporate the idea of multiple reading routes (Colheart, Curtis, Atkins, & Haller, 1993;
Coltheart, Rastle, Perry, Langdon & Zigler, 2001; Dehaene, 2009). These systems work in
parallel to accomplish fluent and proficient reading. Structural and functional magnetic
resonance imaging studies have investigated neural structures associated with the dual route
model. Research has identified two distinct neural systems, or routes, which operate as a
predominantly left — hemispheric network underlying reading ability (Vandermosten, Boets,
Wouters, & Ghesquiere, 2012b).The dorsal phonological route, typically associated with
sublexical phonological decoding, is comprised of both the left temporoparietal junction as
well as frontal regions in and around the inferior frontal gyrus (Broca’s area). The ventral
orthographic route is typically associated with the left occiptiotemporal region that includes
the Visual Word Form area and is linked to the automatic processing of the orthographic
features of written language necessary for automatic word recognition (Cohen et al., 2000;
Cohen et al., 2002).

1.2. White Matter Tracts Associated with Reading

Although much is known about the cortical regions involved in reading through lesion
studies and through functional neuroimaging studies, much less is known about how these
regions are connected. Diffusion tensor imaging (DTI) has allowed for the investigation of
white matter tract integrity, including tracts associated with reading—related cortical regions.
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DTI is a noninvasive, in vivo MRI technique which estimates microstructural properties of
white matter tracts by evaluating the diffusion of water molecules in and around nerve fibers
(Mori et al., 2006). Quantitative analysis yields many different diffusivity -based measures
of white matter integrity with fractional anisotropy (FA) the most widely used (Assaf &
Pasternak, 2008). The FA index utilizes eigenvalues that quantify diffusivity parallel and
perpendicular to the fibers (also termed principal diffusivities) to measure the fraction of the
“magnitude” of anisotropic diffusion (i.e. the normalized standard deviation of the
diffusivities) (Assaf & Pasternak, 2008; Pierpaoli, Jezzard, Basser, Barnett, & Di Chiro,
1996). FA values are highest in white matter structures such as the corpus callosum and the
ventral internal capsule, where anisotropy is highest, reflecting fast diffusivity parallel to
fibers and slower diffusivity perpendicular to them (Assaf & Pasternak, 2008; Pierpaoli et
al., 1996). When evaluating white matter tract integrity, it would be expected that FA values
would be associated with organization and structure of the tract (Basser & Pierpaoli, 1996).

Relatively little is known about the relation of white matter integrity and reading
achievement, particularly when differentiating the role of white matter tracts associated with
components of reading proficiency. Recent research has established an association between
poor reading proficiency and poor white matter tract integrity associated with the dorsal
phonological and ventral orthographic routes of reading (Carter et al., 2009; Feldman, Lee,
Yeatman, & Yeom, 2012; Horowitz-Kraus, Wang, Plante, & Holland, 2014; Lebel et al.,
2013; Vandermosten et al., 2012). Working together, these white matter pathways underlie
coordinated communication among cortical regions essential for proficient reading skills.
While research suggests that these white matter pathways are an integral part of the reading
network, little is known about the distinct function of each pathway in relation to word
reading accuracy, word reading fluency, and/or reading comprehension.

1.2.1 Dorsal Phonological Route—The primary dorsal phonological system is typically
associated with phonological decoding or word reading. Functional neuroimaging studies
suggest that real word and pseudo word reading skills are associated regions of the
phonological route such as the posterior temporoparietal and inferior frontal cortex
(Brunswick, McCrory, Price, Firth, & Firth, 1999; Eden & Zeffiro, 1998; Farris et al., 2011;
Shaywitz et al, 2002). The superior longitudinal fasciculus (SLF) is the white matter tract
most closely associated with the dorsal phonological route of reading. This lateral
associative white matter tract connects the temporoparietal area with the inferior frontal
gyrus, and has been shown to be involved in language processing (Catani, Jones, & Ffytche,
2005; Catani & Mesulam, 2008) and phonological decoding (Lebel et al., 2013).
Longitudinally, measures of white matter integrity (i.e. fractional anisotropy) in the left SLF
have been shown to correlate with rate of reading development (J. D. Yeatman, Dougherty,
Ben-Shachar, & Wandell, 2012). Fractional anisotropy (FA) values in the SLF are also
correlated with measures of word reading accuracy (Frye et al., 2010; Hoeft et al., 2011;
Lebel et al., 2013) and reading fluency (Lebel et al., 2013) because of their dependence on
phonological processing. Similarly, children and adults with poor word reading ability have
lower FA values in the left SLF, which supports a link between SLF integrity and
phonological processing (Carter et al., 2009; Vandermosten et al., 2012).
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1.2.2. Ventral Orthographic Route—The ventral orthographic route of reading is
thought to be involved in more complex components of reading, such as fluency and text
comprehension. As such, this route requires the utilization of a greater number of cortical
regions Through connections with semantic areas such as those in portions of the inferior
temporal and middle temporal gyrus as well as the inferior frontal gyrus, the orthographic
route supports automatized word recognition based on orthographic patterns the brain learns
to recognize through continued exposure (Vandermosten et al., 2012b). Damage to the
orthographic route contributes to a different type of impairment in which phonological
decoding remains intact but difficulties arise when attempting to read irregular words, such
as “ache” or “enough,” that require more rote memorization because they do not follow
standard orthographic to phonemic conversion rules. Because the orthographic route requires
the successful coordination of multiple cortical regions it would follow that this reading
route would also recruit more white matter to ensure successful communication among those
regions (Catani & Mesulam, 2008).

The inferior fronto-occipital fasciculus (IFOF), the inferior longitudinal fasciculus (ILF),
and the uncinate fasciculus (UF) are three distinct white matter structures often associated
with the ventral orthographic route (Schlaggar & McCandliss, 2007; Vandermosten et al.,
2012). The IFOF is an association bundle that connects the ventral occipital lobe and the
orbitofrontal cortex (Catani et al., 2005) that correlates with measures of word reading
accuracy (Feldman et al., 2012; Odegard, Farris, Ring, McColl, & Black, 2009) and reading
fluency (Lebel et al., 2013). The ILF is a ventral associative tract that consists of a bundle of
both long and short fibers directly connecting the occipital and anterior temporal lobes
(Catani et al., 2005). This tract has been shown to correlate with measures of word reading
fluency (Horowitz-Kraus et al., 2014; Lebel et al., 2013) and reading comprehension
(Feldman et al., 2012; Horowitz-Kraus et al., 2014).

The UF is a ventral association bundle considered to be part of the limbic system (Catani &
Mesulam, 2008). While typically considered part of the ventral route, this tract may also be
key in semantic processing by coordinating activity of both dorsal and ventral information
streams necessary for language and proficient reading (Feng, Chen, Zhu, He, & Wang, 2015;
Mandonnet, Nouet, Gatignol, Capelle, & Duffau, 2007). The UF interconnects the anterior
temporal lobe with the orbitofrontal cortex, including the inferior frontal gyrus (Catani,
Howard, Pajevic, & Jones, 2002). Portions of this tract connecting the temporal and frontal
components of the language and reading networks may account for the significant relation
between FA of the UF and measures of single word comprehension in healthy young adults
(Cummine et al., 2015; Vigneau et al., 2006).

1.3. Current Study

Neuroimaging research indicates the importance of a left — hemispheric network of inferior
frontal, temporal, and occipitotemporal cortical regions in reading, with connecting white
matter tracts playing a vital role in communication among these regions. White matter
integrity of tracts associated with the dual routes of reading differ in typical and poor
decoders, but little is known about how the integrity of these tracts differentially impact
reading proficiency in these two reader groups. Investigations into the relations of the IFOF,
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ILF, SLF, and UF to reading suggest differing relations between each tracts associated with
reading and different aspects of reading proficiency. However, simultaneous examination of
the role of each of these tracts and their differential relations to word reading accuracy, word
reading fluency, and reading comprehension in typical and poor decoders has not been
completed. While many studies report mean differences in white matter tract integrity
between reader groups, the current study was uniquely interested in the structure — function
relations between tract integrity and reading proficiency in poor and typical decoders.

Additionally, previous literature does not account for overlapping regions of white matter
from tracts associated with the reading network. This makes it difficult to assess the
contribution of individual tracts to behavioral outcomes, such as reading proficiency. A
unique methodological feature of this study was the use of tracts that had been residualized
to reduce overlap from other tracts thought to contribute to aspects of reading, in order to
measure distinct contributions of each tract.

The current study examined white matter tract integrity in school — aged children with poor
word reading skills and those with typically developing reading ability. The study examined
differences in white matter integrity of four distinct tracts associated with the reading
network: the IFOF, ILF, SLF, and UF, as well as their relation to measures of three aspects of
reading proficiency. Consistent with previous literature, it was expected that white matter
tract integrity (i.e. FA values) would differ in poor and typical readers, impacting structure —
function relations. For word reading accuracy, we hypothesized a relation with FA values in
the left SLF only in typical readers. This is because proficient word reading ability relies
heavily on adequate phonological processing with the SLF playing a key role in the
automatization of decoding associated with the dorsal phonological route. For the poor
readers, we hypothesized a relation between the left ILF and word reading due to their poor
phonological decoding ability, instead requiring use of the orthographic route to support the
increased effort required for successful reading in this group.

We hypothesized that word reading fluency would be positively correlated with FA values in
the left IFOF and ILF because of the association of these tracts with the ventral orthographic
route of reading. A relation between these tracts and fluency in the poor reader group would
suggest the effortful processes associated with reading fluency in this group. Similarly, a
positive relation of word reading fluency and the UF would support a hypothesized
coordinating role of the UF between the dual routes of reading.

Finally, for both groups, we hypothesized a positive relation of reading comprehension with
FA values in the left ILF and bilateral UF; however, we expected a stronger relation
observed in typical decoders because of the reliance on proficient phonological decoding
required for successful reading comprehension. A relation between the UF and reading
comprehension was thought to support the role of this tract in the ventral orthographic route.
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2. Method

2.1. Participants

Participants were recruited from a longitudinal study of reading intervention (Denton et al.,
2011; Vaughn et al., 2010) that began in 2005 and extended through 2010. They included
those students who had completed all relevant behavioral measures and received structural
MRI scans (including a DTI sequence) as part of participation in the intervention studies.
Participants included in the current study had a verbal and/or fluid intelligence score at or
above 70 on the Kaufman Brief Intelligence Test — 2 (Kaufman, A. S. & Kaufman, 2004) in
order to rule out intellectual disabilities. Children with other neurological conditions or
diagnosed attention disorders were excluded. Reader group classification was based on
students’ score on the Letter-Word Identification subtest of the Woodcock-Johnson 111 Tests
of Achievement (Woodcock, McGrew, & Mather, 2001). Poor readers were identified as
those students who obtained a standard score below 90 (25™ percentile), indicating problems
with single word reading.

All participants were scanned using the same MRI scanner and using the same DTI
sequences, as detailed below. Ninety-three participants from the parent study successfully
completed a DTI sequence that qualified for inclusion in the current study. Nine participants
were excluded because of incomplete behavioral data. DTI data for remaining participants
were assessed for quality with three participants excluded for excessive motion and five for
incomplete brain coverage. In all, 76 participants were included in the final analysis; 27 poor
and 49 typical readers (see Table 1).

2.2. Reading measures

As part of the larger parent studies, each student was administered a series of standardized
reading evaluations in a quiet area of his or her school for one or two sessions over a course
of one week. Assessments were administered and scored by a trained member of the
research team who was blind to individual group assignment, in accordance with
standardized task administration procedures. These included individually administered tests
of word reading accuracy, fluency, and comprehension.

2.2.1. Word reading accuracy—Word reading accuracy was assessed using the age —
based extended scale score from the Letter - Word Identification (LWID) subtest of the
Woodcock - Johnson 111 Tests of Achievement (\Woodcock, et al., 2001). The LWID subtest
is an oral test of reading skill which assesses the ability to accurately read a list of real
words. The participant reads words aloud from an increasingly difficult list designed for
people 4 to 90 years with basal and ceiling rules. Pronunciation is scored by the examiner as
correct or incorrect, consistent with standardized task procedures. Coefficient alphas based
on a large sample from the parent study ranged from 0.93 to 0.97.

2.2.2. Word reading fluency—The Sight Word Reading Efficiency subtest of the 7est of
Word Reading Efficiency (TOWRE; Torgesen, Wagner, & Rashotte, 1999) was used to
assess reading fluency. The TOWRE measures students’ ability to read words out of context.
It consists of a timed measure of real word reading, which measures students’ ability to
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recognize common words quickly and accurately. The internal consistency for this well
standardized test exceeds 0.95. The total number of words read correctly in the 45 second
time limit used as a measure of word reading fluency.

2.2.3. Reading comprehension—Reading comprehension was assessed using the age —
based extended scaled score from the Passage Comprehension subtest of the Woodcock -
Johnson 111 Tests of Achievement (Woodcock et al., 2001). Passage Comprehension assesses
the students’ language comprehension and reading skills using a cloze procedure. This
subtest requires the students to read a list of sentences silently and then decide on a specific
word needed to complete the sentence, with vocabulary level progressively increasing.
Alpha coefficients based on a large sample from the parent study ranged from 0.93 to 0.97.

2.3. Magnetic Resonance Imaging

2.3.1. MRI data acquisition—Whole - brain MRI data was acquired with a 3T Philips
Achieva system with a SENSE parallel imaging receiver head coil. The MRI protocol
included (a) conventional MRI (3D spoiled gradient-echo, field — of -view= 240 x 240 mm?
(isotropic voxel size= 0.9375 mm), (b) 2D dual spin-echo images 7£;/ TEJ TR=10/90/5000
ms, in the axial plane (3 mm slice thickness, square field — of — view= 240 x 240 mm? at 44
sections), and (c) phase-sensitive MRI in the sagittal and axial planes, in addition to a
matching prescription of axial diffusion encoded data.

Diffusion - weighted imaging data was collected using a single - shot spin echo diffusion
sensitized echo - planar imaging sequence with the balanced /cosa21 encoding scheme, a
diffusion sensitization of 4= 1000 s mm~2, repetition and echo times of 7= 6.1sand 7E£=
84 ms, respectively (Hasan et al., 2012). Distortion artifacts were reduced using a SENSE
acceleration factor or k - space under - sampling of /R of two (Hasan, Halphen, Boska, &
Narayana, 2008).. Diffusion weighted image volumes were collected with 21 directions as
44 contiguous 3 mm axial slices with no gap, whole — brain coverage, a square field — of —
view= 240 x 240 mm? (non-isotropic voxel size= 0.9 x 0.9 x 3 mm), and a square image
matrix of 256 x 256 that matched the 3D-SPGR (spoiled gradient or field echo) and 2D
conventional MRI dual spin echo sequences described above. (Hasan et al., 2007). Total DTI
acquisition time was approximately 7 minutes.

2.3.2. MRI data processing—DT!I data was processed using the FSL package version
5.0.7 (Jenkinson, Beckmann, Behrens, Woolrich, & Smith, 2012). Data from 79 participants
was preprocessed including correction for motion and eddy current effects, with data
containing excessive motion artifacts excluded from analysis (/7= 3). FMRIB’s Diffusion
Toolbox was used to fit the tensor model and to compute FA maps.

2.3.3. Tract - based spatial statistics—\Voxel — wise analysis was performed using
tract — based spatial statistics (TBSS; Smith et al., 2006). TBSS is a fully automated voxel
based approach to DTI analysis which has been shown to improve the sensitivity, objectivity,
and robustness of multi - subject DTI analyses. TBSS maps individual DTI data onto a white
matter ‘skeleton’ created from mean FA in a fashion that resolves the typical issues of
alignment and correspondence. Skeletonize DTI scalars produced by TBSS also help to
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reduce confounds associated with non-isotropic acquisition, such as those of the current
study.

All individual FA maps were nonlinearly registered to the FMRIB58_FA standard - space
image template and then affine — transformed into standard Montreal Neurological Institute
space. A mean skeleton map was generated based on the mean FA image of all subjects. The
mean FA skeleton represents the center of white matter tracts that are common to all
participants. The mean FA skeleton was thresholded at a value of 0.20 to ensure that analysis
was restricted to only points within major white matter tracts, which have been successfully
aligned across all participants. Voxels with FA < 0.20 were excluded from analysis to avoid
partial volume effect from neighboring gray matter. Finally, each subject’s aligned FA image
was then projected onto the mean FA skeleton, resulting in a skeletonized FA map for each
individual.

Tract of interest analysis was performed in order to obtain quantitative DTI indices of tracts
hypothesized to be involved in reading: the IFOF, ILF, SFL (frontal, temporal, and parietal
projections), and UF. A unique methodological feature of this study was the use of FA
values of tracts which had been residualized in order to restrict analyses to voxels which
were not also included in more than one probability map included in the John Hopkins’s
University white matter tract atlas within the FSL software package (Hua et al., 2008, Mori
et al., 2006). By utilizing a more restrictive tract delineation, which only consisted of those
areas that did not contain voxels also accounted for in maps of other tracts of interest, the
current study was able to assess the relation of each restrictive white matter tract to measures
of reading proficiency without the confound of overlapping fibers from other tracts of
interest.

White matter tracts of interest were masked bilaterally and symmetrically. Bilateral
residualized masks were created by subtracting out all voxels that were also accounted for
by overlapping tracts. This was done with multiple fsimaths statements (Jenkinson et al.,
2012) by cumulatively subtracting out overlapping voxels associated with each of the three
additional tracts. This process provided a mask representing the unique segment of each of
the four tracts of interest. Resulting masks were overlaid over individual white matter tract
skeletons to provide FA values for the tracts of interest for each subject. Mean FA values for
skeletonized and residualized IFOF, ILF, SLF, and UF were then correlated with reading
proficiency scores.

2.4, Statistical analyses

2.4.1. Group comparisons—Independent sample t-tests were computed to compare
typical and poor readers on age-based standardized reading proficiency scores and age. The
analysis of covariance was performed to compare groups in terms of white matter
microstructure, controlling for age. Independent t-tests and analysis of covariance were
estimated using the PROC TTEST and PROC GLM procedures (respectively) in SAS
software, Version 9.4 of the SAS System for Windows.

2.4.2. Structure-function relations—The correlation analyses of skeletonized and
residualized IFOF, ILF, SLF, and UF tracts with word reading accuracy, word reading
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fluency, and reading comprehension in typical and poor decoders were estimated using three
correlation estimates: the Pearson product-moment correlation, percentage bend correlation,
and the skipped correlation using the Donoho-Gasko median (DGM; Wilcox, 2003).
Because the Pearson correlation is sensitive to outliers, the two robust correlations were
computed to support inferences regarding investigated structure - function relations. Robust
correlations are outlier resistant statistical methods that estimate the degree of linear relation
between two variables. The percentage bend is robust to univariate outliers while the skipped
correlation using DGM is robust to both univariate and multivariate outliers (Wilcox, 2003).
The magnitude of the Pearson correlation coefficient is comparable to the magnitude of the
robust correlation coefficients only if the two variables have a relatively small number of
univariate outliers (Kulesz, Tian, Juranek, Fletcher, & Francis, 2014). Using alternative
statistical approaches that vary in their underlying assumptions to estimate structure -
function relations not only can aid investigators when confronted with outliers but can also
strengthen statistical inferences by discussing patterns of relations across estimates rather
than individual estimates (Kulesz et al., 2014), essential for neuroimaging studies where the
difficulties of acquiring and analyzing data often result in small sample sizes with elevated
risked for Type | and Type Il errors. In the context of the current study, the patterns of
relations were examined by looking at the magnitude of correlation coefficients across the
three estimators. Increased reliability of findings was assumed if the magnitude of
correlation coefficients was consistent across the estimators. To be clear, the current study
did not focus on looking at significance tests for two reasons: (1) multiple correlation
coefficients were estimated, and (2) study was underpowered. Because criteria for
interpreting magnitude of correlation coefficients are somewhat arbitrary and vary
depending on the context (Cohen, 1988) the following set of criteria was used in the current
study: (a) patterns of structure - function relations with the magnitude of correlation
coefficients below 0.20 were considered weakl/y related, (b) patterns of correlation
coefficients between 0.20 and 0.40 were considered moderately related, and (c) patterns of
correlation coefficients exceeding 0.40 were considered Aighly related. These criteria were
used because structure-function relations are often somewhat difficult to detect. Increased
reliability of findings was assumed if the magnitude of correlational estimates was
comparable across all estimates. Although a total of 144 correlations were computed, we
focused on consistency across estimates as an indicator of the reliability of the findings.
Correlation analyses were computed in /2 version 3.0.2 (R Development Core Team, 2008)
using the boot package version 1.3-9, foreign package version 0.8-55, MASS package
version 7.3-29, and custom written functions.

3.1. Preliminary Analyses

Performance on reading proficiency measures fell roughly within expected ranges for both
reader groups (see Table 2). For the typical reader group, word reading fluency and reading
comprehension were correlated with word reading accuracy, r=0.70, p< 0.001 and r=0.63,
p < .001 respectively. Reading fluency and comprehension were also correlated (r=0.50, p
< 0.001) in this reader group. For the poor reader group, word reading fluency and reading
comprehension were correlated with word reading accuracy, r=0.74, p< 0.001 and r=0.72,
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p <.001 respectively. Reading fluency and comprehension were also correlated (r=0.62, p
< 0.001) in this reader group.

Whole - brain TBSS analysis indicated no significant differences between groups after
correction for multiple comparisons. Preliminary comparisons of traditional full tract masks
revealed an overlap in voxels associated with multiple tracts of interest (i.e., 65% overlap
with left IFOF and UF) (see Figure 1).

3.2. Group Comparisons of Reading Proficiency and Age at Time of MRI

Table 2 presents means and standard deviations, independent t-tests results, as well as effect
sizes for word reading accuracy, word reading fluency, reading comprehension, and age at
time of MRI for typical and poor reader groups. As expected, groups significantly differed
on all measures of reading ability, with typical readers performing better on all reading
proficiency measures (p < .001). Poor readers were, on average, about 15 months older at
time of MRI (#=-2.22, p< .05). This likely reflects retention because grade was the
selection variable in the intervention studies.

3.3. Group Comparisons of White Matter Microstructure

Table 3 presents means and standard deviations for FA values as a measure of white matter
tract integrity along with the results of analysis of covariance in typical and poor readers for
tract of interest analysis.

The results of analysis of covariance revealed statistically significant differences between
typical and poor readers in the mean FA values of right and left UF (A3,72) =9.92, p<
0.001; A3,72) = 8.14, p< 0.001, respectively), controlling for age. Poor readers had higher
mean FA values of bilateral UF relative to typical readers.

3.4. Correlational Estimates of Structure-Function Relations for Typical Readers

Table 4 presents the correlational estimates of structure - function relations for the typical
reader group. Reading comprehension was negatively correlated with FA values in the right
UF (r=-0.21 - -0.28). This finding was observed across all correlational methods,
indicating that, contrary to hypotheses, lower reading comprehension performance was
related to higher FA values in right UF in typical readers.

3.5. Correlational Estimates of Structure-Function Relations for Poor Readers

Table 4 also presents the correlational estimates of structure - function relations for the poor
reader group. Consistent with hypotheses, there were positive, moderate relations between
comprehension and FA values in the right UF (r=0.21 - 0.29) and left IFL (r=.021 - 0.30)
across all three correlational estimates. Better comprehension performance was associated
with the higher FA values in the right UF and left IFL in poor readers. Fluency was also
moderately, positively correlated with FA values in the right UF (r=0.32 — 0.39) and left
IFOF (r=0.31-0.34), with better fluency scores related to higher FA values in the right UF
and left IFOF in this reader group.
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4. Discussion

The current study examined the relations of microstructural integrity of residualized white
matter tracts associated with the dual route of reading and three components of reading
proficiency. White matter integrity of typical and poor readers differed in only one tract (UF)
bilaterally, although results of the current study supported differential relations between the
four tracts and different aspects of reading proficiency for each reader group.

In the typical reader group, we hypothesized FA values in the left SLF would be associated
with word reading accuracy because of its role in phonological decoding necessary for
proficient word reading. A relation between reading comprehension and the left UF was also
hypothesized. However, white matter tract integrity was related to reading comprehension,
but not accuracy or fluency with a moderate, negative relation between the right UF and
reading comprehension. Observed negative correlations suggests that increased FA in this
tract may negatively impact comprehension in students with typically developing reading
skills.

Previous research has indicated a linear relation between reading comprehension and both
the ILF and SLF (Feldman et al., 2012; Horowitz-Kraus et al., 2014). Horowitz-Kraus et al.
(2014) found that FA values in the left ILF, as well as bilateral SLF, were significantly
correlated reading comprehension. Reading comprehension was hypothesized to be related
to the left ILF in the current study, because of its role in the orthographic route of reading.
More consistent with previous studies, preliminary traditional full tract analysis in our study
did suggest a moderate negative correlation of reading comprehension and right ILF (r=
-0.20) and left SLF (r=-0.20) in the typical reader group. However, as in previous studies,
the full tract analysis did not account for overlapping fibers from the IFOF and/or UF in
these tracts. Different structure — function relations with full and residualized tracts would
suggest that how tracts of interest are defined is critical, particularly in tracts with high
concentrations of crossing fibers such as those in the current study. Understanding how
tracts are defined has important implications for better understanding brain — behavior
relations of complex cognitive functions, such as reading comprehension, which utilize
multiple cortical regions and connecting white matter tracts.

Taken together, differences in structure — function relations for full and residualized tracts
may suggest that the contribution of tracts of interest to reading comprehension may be
better explained by the combined utilization of multiple white matter tracts associated with
reading comprehension. For example, while no relation between the left UF and
comprehension was observed in typical readers in the current study, previous research with
typical children and adolescents has shown a significant correlation between the traditionally
defined full tract UF and reading comprehension (Feldman et al., 2012). This would indicate
that the relation between white matter integrity and reading comprehension may be better
explained by the coordinated use of multiple overlapping fibers of tracts associated with the
orthographic route (i.e. left IFOF, ILF, and UF) as opposed to any single tract.

The lack of relations to residualized tracts may be due to the coordinated use by typical
readers of these tracts and the cortical regions they connect. For students with typically
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developing decoding skills, accuracy, fluency, and comprehension work together to provide
proficient reading (Dehaene, 2009). As such, underlying cortical correlates and their
connecting white matter structures must function together during these tasks to facilitate
smooth and adequate reading. Therefore, it would follow that no one tract would be
associated with different aspects of reading proficiency. Instead, the network as a whole
would function together, providing a smooth coordination of these skills.

Conversely, results of the current study would suggest that poor readers may rely more
heavily on individual tracts as opposed to more efficient use of the coordinated network.
Similar to typical readers, there was a consistent pattern of moderate correlation coefficients
in relation to reading comprehension in poor readers. Consistent with hypotheses, the right
UF was positively, moderately related to comprehension suggesting that increased FA in the
right UF was associated with improved reading comprehension in this reader group. This
was a differing pattern of relations from that observed in typical readers. This would suggest
that increased FA in this tract would facilitate comprehension in poor readers who rely more
heavily on individual tract resources.

Previous research (Horowitz-Kraus et al., 2014; Lebel et al., 2013) also suggested a
contribution of bilateral ILF to reading fluency. However, these studies did not take into
account the considerable overlap between the ILF with other tracts, such as the IFOF, also
associated with reading. Neither the right ILF nor IFOF were correlated with word reading
fluency in the current study with residualized tract methodology. The prelimiary full tract
analysis indicated a relation between reading fluency and bilateral IFOF (7= 0.25) and right
ILF (r=0.20) for the poor reader group. Instead, the relation between fluency and the left
IFOF was highlighted as a result of the residualization process. These findings would
suggest that the ILF does not uniquely associate with word reading fluency for readers with
poor word reading skills. Instead, as was the case with reading comprehension in typical
readers, differences in relations with full and residualized white matter tracts may indicate
that tracts associated with the ventral orthographic route of reading function together to
account for fluency in reading proficiency.

Brauer, Anwander, and Friederici (2011) argued that during development children distribute
language processing across both the dorsal and ventral pathways, as evident by activation of
the inferior frontal lobe during functional MRI language tasks. More proficient adults were
shown to activate a more precise area of the inferior frontal lobe that corresponds with the
termination of the dorsal pathway (SLF). This would suggest that typical readers are more
efficient in their recruitment of cortical areas and connecting white matter structures
associated with the ventral route; less proficient readers, such as those in our poor reader
group, may rely more heavily on the ventral route of reading.

Typically developing readers and those with poor decoding skills, such as those in our poor
reader group, may vary in structure - function relations in reading, with poor readers relying
more heavily on individual white matter structures in various aspects of reading proficiency.
In a case study of an adolescent lacking the SLF, Yeatman and Feldman (2013) found that
while language and reading skills were slow to develop, key aspects of reading proficiency
(accuracy, phonemic decoding, and comprehension) were roughly within normal ranges.
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Instead, this individual seemed to utilize structures such as the UF and IFOF to facilitate
proficient reading. A redundancy in the dual routes of reading may account for this
individual’s ability to utilize the ventral route in the development of adequate reading skills.
It may also explain the relations between individual white matter tracts of the ventral route
and reading in our poor reader group.

These findings highlight the unique relations of the IFOF, ILF, SLF, and UF to word reading
accuracy, fluency, and reading comprehension. These findings also suggest that associations
between white matter integrity and reading proficiency may differ in elementary — aged
students with typical and poor word reading ability. The reason for these differing
associations awaits further investigation. Evidence points to structural variations in brain
regions associated with reading, as well as functional abnormalities, in individuals with poor
reading skills (Elnakib et al., 2014; Linkersdorfer, Lonnemann, Lindberg, Hasselhorn, &
Fiebach, 2012; Maisog, Einbinder, Flowers, Turkeltaub, & Eden, 2008; Schurz et al.,

2010). . Longitudinal studies addressing the role of these regions in reading development
also indicate that alterations in typical growth of the developing brain may negatively impact
reading. Differences in reading ability observed in good versus poor readers could be the
result of altered neurodevelopmental changes in brain regions associated with the reading
network.

A limitation of the current study was the use of voxel based TBSS methodology. Voxel
based approaches limit the interpretation of cross subject differences in FA in areas of partial
volume such as where white matter mixes with grey matter or areas where two or more
white matter fiber systems overlap (Assaf & Pasternak, 2008; Smith et al., 2006). The mean
FA skeleton used in TBSS is thresholded, to account for partial volume where this overlap
may occur. However, in smaller tracts, such as the UF, or in areas where tracts from multiple
orientations cross, such as in the SLF, it is difficult to determine whether differences in FA is
in fact due to within tract FA changes or if it is related to partial voluming associated with
overlapping white matter fibers (Smith et al., 2006). The use of residualized tract masks can
reduce this likelihood in voxels specifically identified as containing overlapping white
matter tracts of interest but this methodology cannot account for individual differences in
those areas identified as “unique” to a given tract or in areas where unidentified tracts may
also overlap.

Limitations of the current sample include selection based on performance on the measure of
word reading accuracy. Therefore, distribution of this measure is truncated and may have
limited our ability to assess structure - function relations for this measure. Additionally, the
groups differed significantly on age due to selection criteria of the parent study (grade rather
than age). While age was accounted for in structural group differences, robust partial
correlation estimators that have been extensively used in robust statistics research are not
available, and therefore age could not be accounted for in these relations. Pearson partial
correlation estimates controlling for age did not alter the patterns reported for the robust
correlations except for the relation between the right UF and reading fluency (r=0.09) in
typical readers.
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Despite these limitations we believe these findings expand our understanding of white matter
microstructure as it relates to different aspects of reading proficiency in typical versus poor
readers. Differences in integrity in these tracts associated with the dual route of reading
could underlie specific reading deficits.
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Highlights

. Typical and poor decoders rely on different white matter tracts for reading
proficiency.

. Comprehension is related to the right uncinate fasciculus in typical readers
and poor decoders.

. Left inferior longitudinal fasciculus is related to comprehension in poor
decoders.

. Reading fluency is related to the right uncinate and left inferior fronto-

occipital fasciculi in poor decoders.

. Word reading is unrelated to white matter integrity in either decoding group.
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M = Inferior fronto-occipital fasciculus
= Inferior longitudinal fasciculus
= Superior longitudinal fasciculus
M = Uncinate fasciculus

FIGURE 1.
A and B present non-residualized tract — based spatial statistics masks for white matter tracts

associated with reading proficiency. Masking inside white box highlight a portion of the
65% overlap between the left inferior fronto - occipital fasciculus and the left uncinate
fasciculus. Voxels containing overlap were identified to be subtracted out during the
residualization process. C and D present residualized tract masks with overlapping tract
voxels subtracted out.
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TABLE 1

Demographic Background for Typical and Poor Decoders

Variable Typical (N=49) Poor (N =27)
Gender (N [% Male]) 25 (52) 18 (67)
Handedness (N [% Right]) 43 (90) 21 (78)
Ethnicity (N [%])
African American 31 (65) 18 (67)
Caucasian 2(4) 0 (0)
Hispanic 15 (31) 9 (33)
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TABLE 2

Independent T-tests Demonstrating Significant Differences in Word Reading Accuracy, Word Reading
Fluency, Reading Comprehension, and Age at Time of MRI in Typical and Poor Decoders

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny
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Variable Typical (n=49) Poor (n =27) t p
M(SD) M(SD)

Age 10.47 (2.78) 11.95 (2.77) -2.22 0.03

Accuracy 101.90 (8.84) 75.96 (11.89) 10.82 <0.001

Comprehension 95.53 (9.83) 75.96 (10.09) 822 <0.001

Fluency 99.06 (9.80) 80.48 (12.58) 7.14 <0.001

Note: M= mean; SD = standard deviation; Bolded = statistically significant values.
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Analysis of Covariance of Fractional Anisotropy Values for Tracts of Interest with Age at Time of MRI for
Typical Readers and Poor Decoders

Tract Typical (n=49) Poor (n=27) F(3,72) p
M(SD) M(SD)

Right IFOF 0.50 (0.02) 0.50 (0.03) 1.09 0.36
Right ILF 0.48 (0.02) 0.47 (0.02) 1.43 0.24
Right SLF 0.47 (0.02) 0.47 (0.02) 0.79 0.50
Right UF 0.52 (0.03) 0.54 (0.04) 992  <0.001
Left IFOF 0.51 (0.03) 0.51 (0.03) 119 0.32
Left ILF 0.45 (0.02) 0.45 (0.02) 0.87 0.46
Left SLF 0.46 (0.02) 0.46 (0.02) 1.44 0.24
Left UF 0.53 (0.04) 0.55 (0.03) 814  <0.001

Note: M= mean; SD = standard deviation; Bolded = statistically significant values. IFOF = inferior fronto occipital fasciculus; ILF = inferior

longitudinal fasciculus; SLF = superior longitudinal fasciculus; UF = uncinate fasciculus.
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