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Abstract

The Simple View of reading emphasizes the critical role of two factors in normal reading skills:
word recognition and reading comprehension. The current study aims to identify the anatomical
support for aspects of reading performance that fall within these two components. Fractional
anisotropy (FA) values were obtained from Diffusion Tensor images in twenty-one typical
adolescents and young adults using the Tract Based Spatial Statistics (TBSS) method. We focused
on the Arcuate Fasciculus (AF) and Inferior Longitudinal Fasciculus (ILF) as fiber tracts that
connect regions already implicated in the distributed cortical network for reading. Our results
demonstrate dissociation between word-level and narrative-level reading skills: the FA values for
both left and right ILF were correlated with measures of word reading, while only the left ILF
correlated with reading comprehension scores. FA in the AF, however, correlated only with
reading comprehension scores, bilaterally. Correlations with the right AF were particularly robust,
emphasizing the contribution of the right hemisphere, especially the frontal lobe, to reading
comprehension performance on the particular passage comprehension test used in this study. The
anatomical dissociation between these reading skills is supported by the Simple View theory and
may shed light on why these two skills dissociate in those with reading disorders.
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1. Introduction

The Simple View of reading (Gough & Tunmer, 1986; Hoover & Gough, 1990; Tunmer &
Chapman, 2012) holds that normal reading can be predicted by two key factors: word
recognition and language comprehension. In competent readers, both are thought to be
equally important. This simple construct has enjoyed considerable support. Behavioral
studies of reading indicate that both word recognition and comprehension independently
account for variance in reading (Aaron et al., 2008; Hoover & Gough, 1990; Protopapas,
Simos, Sideridis, & Mouzaki, 2012; Sabatini, Sawaki, Shore, & Scarborough, 2010;
Vellutino et al., 2007). Support for the separate contribution that word recognition and
comprehension have on reading ability came from genetic studies. Twin studies suggest that
there is a separate genetic influence for word recognition and listening comprehension on
reading ability (Keenan et al., 2006) and the genetic contribution of these two factors is
stable over time (Betjemann et al., 2008). However, since reading is a learned skill, other
cognitive and environmental elements are clearly involved (Byrne et al., 2009; Gayan &
Olsen 2003 Petrill et al., 2006).

Word recognition within the Simple View model may include word decoding as well as the
ability to recognize words as holistic units (Gough & Tunmer, 1986). Although word
recognition and in particular, decoding skills, have garnered considerable attention in the
reading literature, comprehension skills have been relatively under-studied. Language
comprehension in the Simple View model is thought to encompass multiple aspects of
receptive language skills from word- to discourse-level language. This very broad
conceptualization may be why the relationship between word reading and reading
comprehension has proven to be test-dependent (Keenan, Betjemann, & Olson, 2008; Nation
& Snowling, 1997) and why word-level vs. sentence- or discourse-level aspects of
comprehension relate to different biological factors (Betjemann et al., 2011). Neuroimaging
studies clearly show that tasks that rely on word-level vs. discourse-level processing of
spoken language show very different patterns of activation (Holland et al., 2007; Plante et
al., 2006). Therefore, it is important to clearly identify which aspects of language
comprehension are tapped by a task in order to make neurological predictions.

Prior imaging studies of reading comprehension have largely focused on word- or sentence-
level processing (Booth et al., 1999; Caplan et al., 2001; Cutting et al., 2006; Keller et al.,
2003; Mason & Just, 2007; Meyer et al., 2000; Ni et al., 2000; Rimrodt et al., 2009). In
general, reading sentences activates the same regions as reading words, with more spread
and bilateral activation occurring specifically in the middle and superior temporal gyri,
bilateral temporal poles, and the left frontal and parietal regions. However, there is reason to
believe that right hemisphere activation also characterizes some aspects of language
comprehension. Studies in which participants were asked to listen to stories reported larger
regions of right temporal lobe activity than when the sentences of these stories were
arranged in a conceptually unrelated manner (e.g., Plante et al., 2006; Robertson et al.,
2000). These studies focused on the precise role of the right hemisphere in language
comprehension. Evidence from patients with right hemisphere brain damage suggests
several possibilities. Deficits comprehending nonliteral and indirect language such as
metaphors, humor, and sarcasm have been associated with right hemisphere injury (e.g., see
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Johns et al., 2008 for a review). There has also been increasing interest in the ability of
individuals with right hemisphere damage to utilize narrative context when drawing
conclusions. Despite evidence suggesting an understanding of the main ideas contained
within a narrative, these individuals show impaired use of semantic context in interpreting
new information (Roman, Brownell, Potter, & Seibold, 1987; Wapner et al., 1981). This
may be due to an overarching problem in the organization of narrative information into a
coherent mental model (Delis et al., 1983; Hough, 1990). The failure to construct a mental
model inhibits the ability to make predictions concerning anticipated novel information
(Blake, 2009). George et al. (1999) performed a similar study on typically developing
readers in which they demonstrated that greater right hemisphere activation was associated
with reading comprehension following the reading of untitled versus titled narrative texts.
This suggests that the presence of a title, which provides the initial context for a narrative,
engages cognitive processes that influence the way in which the reader processes the
subsequent text.

This evidence suggests that the right hemisphere most likely contributes to reading
comprehension through the production of contextual understanding which allows an
individual to predict future information in a story context. The Woodcock-Johnson I11
Reading Comprehension subtest items serve as a means to evaluate this particular reading
skill in typical and impaired readers (Woodcock, McGrew, & Mather, 2001). For this
subtest, test takers are asked to read individual sentences or a short passage and use the
semantic context to fill in the omitted word. Although word reading is a prerequisite to
performance of this task, this subtest requires comprehension skills that go beyond word
recognition and comprehension of individual words. Readers must accumulate sufficient
semantic representation at the narrative level in order to predict missing words within the
text. As such, this particular comprehension measure taps the ability to integrate semantic
cues into a mental model of comprehension. This skill specifically relies on connections
between right hemisphere structures. Therefore, variation in this skill should correspond to
an underlying variation in the right hemisphere pathways that contribute to the larger
narrative comprehension network.

The other component of the Simple View model is word recognition. The majority of
previous studies of word reading have focused largely on the cortical contributions, mainly
in the left hemisphere, to the reading network with fewer studies examining the fiber
pathways between cortical regions within the network (see Vandermosten, Boets, Wouters,
& Ghesquiére, 2012 for a review). Although the specific regions implicated may vary,
multiple studies have shown an association between word recognition skills (i.e., decoding,
single word identification) and white matter in the left temporal-parietal regions (Deutsch et
al., 2005; Klingberg et al., 2000; Niogi et al., 2006; Odegard et al., 2009). However, a more
recent study showed more correlations for measures of word reading, decoding, and fluency
with white matter microstructure, which was diffusely and bilaterally distributed (Lebel et
al., 2013). It is worth noting that these studies have used subject samples that combined
reading disabled and typical readers. Steinbrink et al. (2008) also found correlations between
left parietal white matter measures and word recognition measures, but only among
participants with dyslexia. No such correlation was apparent among typically developing
children. In contrast, Yeatman et al., (2011) and Saygin et al. (2013) indicated that the left
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arcuate fasciculus microstructure correlated with phonological awareness (a word-
recognition sub-skill) in typically developing children. This fiber bundle runs from posterior
temporal-parietal regions to anterior frontal lobe regions. This leaves open the question of
the degree to which posterior white matter findings characterize poor reading in those with
reading disabilities versus normal variance in reading skills. Furthermore, we note that all of
these studies focused on skills related to word recognition only. Since the Simple View
model includes both word recognition and comprehension as equal contributors to reading
efficiency, we aim to examine the neural circuits related to each of the abilities in healthy,
typically developing adolescents. This will enable us to understand the underlying biological
mechanism that contributes to several language disorders from reading disorders due to
either word recognition deficit (i.e., dyslexia, see Olulade et al., 2013,) or due to reading
comprehension (i.e., Specific Language Impairment, see Spencer, Quinn, & Wagner, 2014).

Despite its equal role in the Simple View of reading, we are aware of only one study which
has examined the correspondence between reading comprehension and white matter metrics.
Hasan et al. (2011) examined the corpus callosum in children with and without reading
disabilities. In this study, children with reading disabilities were subdivided into those with
classic dyslexia (poor word recognition scores) and those with poor performance on
measures of comprehension or fluency. The latter group showed differences relative to
typical readers in the microstructure of the genu of the corpus callosum. Although these
differences could be attributed in part to poor performance in fluency, these results may
likely suggest that connections between the right and left hemisphere may play a role in
reading comprehension. If so, by extension, this would implicate a right hemisphere role in
reading comprehension.

In this study, we aimed to provide a neuroanatomical support to the distinct neural-correlates
to the two sub-components of the Simple View model: word recognition and
comprehension. To achieve that, we used a region-of-interest (ROI)-based diffusion tensor
imaging (DTI) analysis, as well as a tract-based spatial statistics (TBSS) method (Smith et
al., 2006) to explore neuroanatomical substrate of normal reading in two fiber tracts in the
right and left hemispheres. We specifically focused on two white matter tracts which have
been associated with reading abilities: the Arcuate Fasciculus (AF) (Qiu et al., 2011;
Yeatman et al., 2012; for review see Vandermosten et al., 2012) and the Inferior
Longitudinal Fasciculus (ILF) (Epelbaum et al., 2008; Yeatman et al., 2012; Rauschecker et
al., 2009). The AF tract is involved in reading through its connections between semantic and
syntactic language regions in the inferior frontal gyrus and phonological and language
association areas in the temporal-parietal areas (Qui et al., 2011; Yeatman et al., 2012). The
ILF connects these temporal lobe regions (Superior-temporal gyrus/Medial-temporal gyrus)
with the visual word form area in the occipital lobe (Occipito-temporal sulcus, BA 37),
which is considered to be the region in the brain for rapid word processing (Yeatman et al.,
2012) and visual memory (Catani et al., 2003). The ROI-based analysis offers us global
mean values of Fractional Anisotropy (or FA; a measure of white matter microstructure)
whereas the voxel-wise TBSS within the two ROIs provides us regional characteristics of
FA related to reading skills within the AF and ILF. TBSS combines the strength of both
voxel-based and tractography-based analyses and overcomes the limitations of conventional
methods, including partial voluming, spatial smoothing, and arbitrary thresholds (Smith &
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Nichols, 2009; Wang et al., 2012). TBSS improves the normalization and alignment for
group analysis of DTI data. Therefore, it increases sensitivity to detect white matter
microstructure changes associated with behavior measures.

In line with previous studies, we predict that reading measures that focus on word-level
reading skills will correlate with left hemisphere tracts. Word-level skills, particularly those
requiring rapid identification of words, will be associated with greater FA in the ILF and
AF, consistent with prior research. In addition, we make the unique prediction that a
measure of comprehension that requires readers to use narrative context to predict a missing
word in the text will be associated with both the left and right hemisphere pathways,
specifically the AF, given the bilateral contributions to narrative comprehension.

2.1. Behavioral results

All participants had average to above average full-scale 1Q (I1Q range=93-133, mean
standard score=112+10.38). Reading testing verified that all participants had normal to
above average scores in automatic word reading as measured by the subtest of sight word
efficiency from the TOWRE-II tests (range=87-130, mean standard score=104.27+12.52,
normative standard score: 100 £15) as well as intact reading comprehension scores as
measured by the Woodcock-Johnson Il (range=88-120, mean standard score=106.68+10,
normative standard score: 100 +15). The Pearson correlation between word reading standard
scores (as measured by the TOWRE-II) and reading comprehension standard scores (as
measured by the WJ-111) did not result in a statistically significant correlation (p>.05).

2.2. Imaging data

Following the generation of the FA maps from each participant, we used TBSS for voxel-
based group analysis and aligned each subject's FA image onto the cohort mean FA
skeleton. Voxel-wise analysis within the two tracts of interest were performed (Inferior
Longitudinal Fasciculus and Arcuate Fasciculus) to find a regional correlation between
reading measures and the FA values at each voxel, as well as the global mean FA in the
ROIs

2.2.1. ROI: Inferior Longitudinal Fasciculus—Based on the voxel-wise TBSS results,
we found a significant positive correlation between the regional FA in bilateral anterior
temporal portion of the ILF and the sight word efficiency scores from the TOWRE-II word
reading measure (see Figure 1 and 2a). Moreover, we also found a significant positive
correlation between the regional FA in the left middle temporal portion of the ILF and the
WAJ-I11 passage comprehension measures (see Figure 2b).

Further examining the mean FA within the ILF, Figure 2 shows significant positive
correlation between the mean FA in the right ILF and the sight word efficiency scores from
the TOWRE-II word reading measure [0.50 (p <0.05, FDR corrected)] as indicated by the
solid red line in the bottom left panel (Figure 2). In addition, we see a significant positive
correlation between the mean FA in the left ILF and the WJ-111 passage comprehension
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measures as indicated by the solid green line in Figure 2 bottom right panel [0.54 (p < 0.05,
FDR corrected)].

2.2.2. ROI: Arctuate Fasciculus—Based on the voxel-wise TBSS results, there was no
significant positive correlation between the regional FA in the AF and the sight word
efficiency scores from the TOWRE-II word reading measure. However we did find
significant positive correlation between the regional FA in the left frontal portion of the AF
and the WJ-111 passage comprehension measures, as well as positive correlation between the
regional FA in the bilateral parietal portion of the AF and the WJ-I11 passage comprehension
measures as shown in Figure 3.

Examining the correlations between the mean FA in the AF (shown in Figure 3 in more
detail), Figure 1 shows a significant positive correlation between the mean FA in bilateral
AF and the WJ-I11 passage comprehension measures (Figure 2, top right panel). But the
linear regression between the mean FA in the AF and the sight word efficiency scores from
the TOWRE-II word reading measure (Figure 2, top left panel) do not reach significance as
indicated by the dashed lines. For the mean FA in the AF, the partial correlation with the
WJ-111 passage comprehension measures, controlling for age, for the right side was 0.72 (p <
0.003, FDR corrected) and that for the left side was 0.51 (p < 0.05, FDR corrected) (see
Figure 2).

3. Discussion

The Simple View of reading postulates that two separate factors contribute to variance in
reading ability. Here we demonstrate differences in the association between two specific
skills that reflect the word recognition and the language comprehension components of this
model and fiber pathways thought to be central to the reading network. Our measure of word
recognition (sight word efficiency scores from the TOWRE-II test) correlated with the right
ILF, whereas our measure of language comprehension via the WJ-I11 Passage
Comprehension Subtest, correlated with the left ILF and the AF bilaterally. These findings
suggest a different contribution for each of these anatomical tracts to these two theoretically
important components of reading. Furthermore, the predicted association between the right
AF and passage comprehension performance supports the role of the right hemisphere in
reading comprehension (cf., Kintch, 1989). This is consistent with the prediction of
independence of these two skills under the Simple View of reading.

The AF tract connects the inferior frontal gyrus (IFG), the parietal portion of the
supramarginal gyrus, and the lateral temporal lobe (Catani, Jones, & Ffytche, 2005; Saygin
etal., 2013; Yeatman et al., 2012). Both cortical regions connected by the AF play an
important role in language comprehension, and the AF itself is associated with oral language
comprehension (Rolheiser, Stamatakis, & Tyler, 2011). Therefore, we expected an
association between FA values for left hemisphere pathways and language skills. We
predicted a correlation between the Passage Comprehension subtest scores and the left AF
based on the functional imaging evidence of left-lateralized activation for story
comprehension (e.g., Roberts et al., 2000; Holland et al., 2007; Horowitz-Kraus, Vannest &
Holland, in press; Plante et al., 2006). Saygin and colleagues (2013) reported a correlation
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between FA values in the left AF and phonological awareness in kindergarten-aged children,
which may support a relationship between listening/oral comprehension and reading
comprehension. Based on the association between oral and reading comprehension (Aaron,
1991), it is possible that phonological awareness in children, which supports oral
comprehension, lays the foundation for future reading comprehension through the continued
development of a shared anatomical source. A future study which employs both oral and
reading comprehension should be conducted to verify this point.

In addition, we predicted that Passage Comprehension scores would correlate with the AF in
the right hemisphere based on prior evidence of a right hemisphere role in narrative
processing (Delis et al., 1983; Hough, 1990; Roman et al., 1987; Wapner et al., 1981).
Specifically, the use of semantic context required by the Passage Comprehension subtest
made it an appropriate measure to test this hypothesis. Indeed, the correlation between the
Passage Comprehension scores and the right AF was robust, and stronger for the right than
left AF or the left ILF. We caution, however, that this right lateralized finding might be
reversed if other measures of language comprehension are tested. As conceptualized by the
Simple View, language comprehension encompasses everything from word meaning to
passage comprehension (Tunmer & Chapman, 2012), and it is likely that different relations
between these various skills and brain structures will exist. However, it is unlikely that
single word reading, which is prerequisite to passage reading, accounts for this brain-
behavior relation given that our single word reading measure did not correlate with the AF,
and our two reading measures did not correlate with one another.

The association between the right AF and reading comprehension scores in our group of
readers has potential implications for the nature of reading disabilities. One interpretation of
our findings is that regions of the right frontal lobe connected to posterior temporal parietal
language areas are an inherent part of an effective reading comprehension circuit in typical
reading but does not play a critical role in dyslexia, given that comprehension is typically
intact for this group of poor readers. Conversely, poor readers with weak comprehension
may not effectively engage cortical areas in the right hemisphere or may have inefficient
connections between them. Differences in the particular aspects of reading associated with
various anatomical pathways might help to explain the variety of clinical subtypes of
reading difficulties (e.g., individuals with reading comprehension problems and intact word
recognition or and vice versa) (see also Cutting & Scarborough, 2013; Fletcher et al., 2013).
Interestingly, Cutting and colleagues have recently demonstrated a unique brain activation
pattern for individuals who have reading comprehension problems in spite of having intact
reading abilities using a functional MRI task (Cutting & Scarborough, 2013). This particular
study suggested a decreased activation of the left inferior frontal gyrus in this population as
compared to dyslexics and age-matched controls as a result of difficulties in semantic access
(Cutting et al., 2013). It is possible that because Cutting and colleagues focused on words as
opposed to contextual reading, the decreased activation associated with semantic retrieval
during word reading was localized primarily in the left hemisphere. Additionally, it is
possible that in the same population, semantic retrieval associated with contextual reading
will result in decreased activation of the right hemisphere homologue.
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Right hemisphere activation for word recognition has been reported for individuals with
reading impairment but it has been viewed as a possible compensatory mechanism. In a
seminal outcome study of dyslexia, Hoeft and colleagues (2011) reported that right
hemisphere activation during a word recognition task and white matter in the right Superior
Longitudinal Fasciculus (which includes the AF that departs from the SLF tract to branch
into temporal cortices and connects Broca's and Wernicke's areas; Saygin et al., 2013)
predicted reading improvement for children with dyslexia. However, our results with non-
impaired readers suggest the possible importance of right hemisphere pathways in normal
reading as well. This may have implications for the interpretation of right hemisphere
findings in dyslexia. Individuals with dyslexia, as classically defined (IDA, 2011), have poor
word-decoding skills despite relatively good language comprehension (Peterson &
Pennington, 2012; Fletcher et al., 2013; Cutting & Scarborough, 2013). It may be that the
frontal activation and white matter results reported by Hoeft et al. (2011) actually reflect
contributions to different aspects of reading. Our results suggest that this frontal activation
and white matter results may account for variance in decoding, whereas the AF may reflect
the contribution of normal variance in language comprehension. Since the current study did
not measure decoding, future research should examine this possibility in depth.

In contrast to the predicted right hemisphere association with passage comprehension, we
hypothesized that only the left ILF would correlate with the sight word efficiency scores
from the TOWRE-II test. Therefore, the relationship between the right hemisphere pathway
and word recognition was a new and unanticipated finding. If confirmed by future studies,
this finding would serve to focus further attention on the right hemisphere's role in word
recognition as an aspect of reading. The ILF connects the temporal lobe to the occipital lobe
and projects to the visual word form area (Yeatman et al., 2012). The correlation for the
right ILF was slightly weaker than for the left, mirroring the well-established left
lateralization in word recognition. We suggest that since the participants in the current study
were typical readers who had already constructed a stable mental lexicon, they likely
employed automatic word retrieval (for the mental lexicon theory, see Share, 2008). This is
also consistent with the proposed posterior reading circuits that control word recognition
skills, particularly for recognition of known words (Pugh et al., 2001).

The following limitations should be taken into account when reviewing the results for the
current study. Here, we interpreted our DTI results in the framework of the Simple View
theory since we were interested in the relative contribution of two skills that directly reflect
a comprehension and automatic word recognition reading model. However, it is important to
note that while this model is helpful in conceptualizing different common forms of reading
disorders and in reading instruction (Kirby & Savage 2008), the traditional Simple View
theory does not account for all phenomena known to be important in typical and disordered
reading. Additional studies are needed to address both alternate measures of comprehension
and word reading (e.g., untimed word reading, word rather than sentence comprehension), as
well as broader skill areas not addressed by the Simple View theory. Such studies qualify
the Simple View theory by accounting for additional aspects of reading such as fluency
which, although not considered here, is also considered important in describing skilled
reading (Breznitz, 2006; Kirby & Savage 2008; Katzir et al., 2006). Since reading fluency
connects the two “edges” of word recognition and comprehension, a future study that
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examines aspects of fluency in concert with DTI data may indicate that fluency involves
neural tracts supporting both basic and higher-level reading proficiency. This hypothesis
should be explored empirically. Third, although reading and oral comprehension are highly
correlated in later grades (Aaron, 1991) and are supported by similar neural circuits
(Horowitz-Kraus, Vannest & Holland, 2013), they demonstrate some differences and may
vary in performance among reading-disabled populations or between older and younger age
groups (Badian, 1999). Oral comprehension is a natural linguistic ability that emerges early
in life and relies on speech perception, auditory word recognition, syntactic processing, and
discourse coherence (Vannest et al., 2009). On the other hand, reading comprehension is a
complex and less natural ability. It relies on transcription of a grapheme into corresponding
phoneme and fluent word recognition (Frith, 1985) in addition to higher order abilities such
as working memory, integration, inferences, and monitoring (Cane et al., 2004). Since the
participants in the current study were teens and young adults who were typical readers,
additional studies are needed to verify whether the findings here also apply to impaired
readers and younger children.

To conclude, the association between word reading and reading comprehension with white
matter tracts connecting key reading and language brain regions, provides neurobiological
support for the Simple View model of reading. Further studies looking at changes of FA in
these tracts following intervention might help us in understanding the effect of different
types of reading therapies on neuroplasticity in AF and ILF and the influence of the integrity
of these tracts, particularly in the right hemisphere, on reading ability. Note that the
relatively small number of participants precluded separating males and females in the
analysis, although we know that sex influences white matter developmental trajectories in
general (Wang et al., 2012). Future studies should consider the differences between genders
as well as testing our hypotheses about the role of the right hemisphere by enrolling a
clinical population as well.

4. Materials and Methods

4.1 Participants

Twenty-one healthy, right handed, native English speaking adolescents and young adults
(age range 15-19 years, average age of 18.1+1.4 years-old 11 males, 10 females) were
drawn from a longitudinal subgroup recruited from a larger cross-sectional sample of
participants previously included in our fMRI studies of language development (Holland et
al., 2007). The entire eligible sample within the age range of 15 and older were included in
the analysis. Informed consent and assent was given by all parents and participants. This
study was approved by the Institutional Review Board at Cincinnati Children's Hospital
Medical Center. None of the participants had any neurological impairment or neurological
trauma.

4.2 Neurocognitive testing

All participants received the Wechsler Abbreviated Scale of Intelligence (WASI) (Wechsler,
1999) for full-scale 1Q (FSIQ) scores. Word reading ability was assessed using the Test of
Word Reading Efficiency (TOWRE-II) reading measures (Torgesen, Wagner & Rashotte,
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2012). We used the sight word efficiency subtest of the TOWRE-II, which assesses word
recognition automaticity, by reading a list of words in 45 seconds. The list of words
increased in length and decreased in frequency as participants progressed through the task.
Reading comprehension was measured using the reading comprehension subtest from the
Woodcock Johnson-111 battery (Woodcock, McGrew, & Mather, 2001). For this test, the
reader is asked to read a sentence or paragraph and to supply a missing word that is implied
by the context of the text. All participants completed the same test forms for both the sight
word efficiency subtest from the TOWRE-II and the Woodcock Johnson-I11 tests (form A in
both cases).

4.3 Image acquisition

DTI data were acquired using a single-shot spin-echo, echo-planar imaging (SE-EPI)
sequence on a Philips Achieva 3T MRI scanner with Dual Quasar gradients and transmit/
receive quadrature head coil (Philips Medical Systems, Best, The Netherlands). Acquisition
parameters were: TR/TE = 12000/89 ms, acquisition matrix = 92 x 89, field of view = 180 x
180 (in-plane resolution = 2 x 2 mm), and slice thickness = 2 mm with no gap. Diffusion
images were comprised of 32 diffusion weighted volumes with gradient encoding applied in
32 non-collinear directions and b = 1000 s/mm2, and one non-diffusion weighted (T2-
weighted, b = 0 s/mm? ) reference image, denoted by.

4.4 Image processing

Images were pre-processed in the FSL software package (FMRIB software Library, FMRIB,
Oxford, UK (Smith et al., 2004) including correction for eddy current induced distortion and
participant's head motion (Jenkinson & Smith, 2001) and generation of a brain mask from by
images (Smith, 2002, see “‘Supplementary data’ for the masks' display). Following these
initial pre-processing steps, DTI data from all twenty-one participants yielded images of
sufficient quality for further processing and the pre-processed images from all participants
(N=21) were then subjected to tensor decomposition for generating fractional anisotropy
(FA) maps using FDT (FMRIB's Diffusion Toolbox) (Behrens, 2003). Tract-Based Spatial
Statistics (TBSS) (Smith et al., 2006) was then used to prepare the individual diffusion maps
for voxel-based group analysis by performing the following steps (see Figure 4): all subject
FA images were aligned to a template of averaged FA images (FMRIB-58) in Montreal
Neurological Institute (MNI) space using a non-linear registration algorithm implemented in
FNIRT (FMRIB's Non-linear Registration Tool) (Rueckert et al., 1998). We have previously
found that the MNI adult framework is adequate for co-registration of DT data from
adolescent brains (Wilke, Schmithorst, & Holland, 2003; Wang et al., 2012 ). After
transformation into MNI space, a cohort mean FA image was created and thinned to
generate a cohort mean FA skeleton of the white matter tracts. Each subject's aligned FA
image was then projected onto the cohort mean FA skeleton by filling the cohort mean FA
skeleton with FA values from the nearest relevant tract center, which was achieved by
searching perpendicular to the local skeleton structure for maximum value. This second
local co-registration step can alleviate alignment problems and reduce significant inter-
subject variability.
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4.5 Statistical Analysis

The Pearson correlation coefficient was used to check the correlation between sight word
efficiency scores from the TOWRE-II test and reading comprehension standard scores as
measured by the WJ-111. By using the JHU white-matter tractography atlas built in FSL (Hua
et al., 2008; Wakana et al., 2007), two major white matter fiber tracts, including Arcuate
Fasciculus (AF) and the Inferior Longitudinal Fasciculus (ILF), were selected as masks to
extract mean FA from voxels with FA > 0.2 on the skeleton space from TBSS (see Figure
4). Controlling for age, we used Spearman's rank correlation coefficient (p<0.05, family-
wise error (FWE) corrected using false discovery rate (FDR), see Benjamini & Hochberg
(1995)) to compute the partial correlations between the mean FA of each ROI and the
reading measures: Sight Word Efficiency subtest (TOWRE-II), (Torgesen et al., 2012) and
the Passage Comprehension test [WJ-I11, (Woodcock, McGrew, & Mather, 2001)]. Further,
for voxel-wise analysis within the two fiber tracts, we used a non-parametric permutation-
based statistical analysis (with 5000 permutations) provided by “randomize” (Nichols et al.,
2002) with the Threshold-Free Cluster Enhancement (TFCE) (Smith, et al., 2007) approach
(p < 0.001, uncorrected).
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Refer to Web version on PubMed Central for supplementary material.
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TOWRE-II: Sight Word Efficiency Scaled Score Woodcock-Johnson 111: Passage Comprehension Standard Score
Within ROI ILF (a) Within ROI ILF (b)

Figure 1.
TBSS results of significant positive correlations between FA in ILF and the Sight Word

Reading Efficiency standard score (TOWRE-II) (a), and the Woodcock-Johnson I11; Passage
Comprehension Standard Score (WJ-111) (b) are superimposed on the fiber skeleton (Green)
and overlaid on the MNI152 T1 template (p <0.002, uncorrected). Images are in radiological
orientation.
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Figure 2.
Partial correlation plots (controlling for age) for mean FA values from two atlas-based fiber

tracts within the TBSS skeleton: [A-1]: Mean FA values in the AF correlates with the
TOWRE-II; [A-2]: Mean FA values in the AF correlates with WJ-111; [I-1]: Mean FA values
in the ILF correlates with the TOWRE-II: [I-2]: Mean FA values in the ILF correlates with
WJ-111.
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Figure 3.
TBSS results of significant positive correlations between FA in AF and the Woodcock-

Johnson I11: Passage Comprehension Standard Score (WJ-I11) are superimposed on the fiber
skeleton (Green) and overlaid on the MNI152 T1 template (p <0.02, uncorrected). Images
are in radiological orientation.
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Figure 4.
TBSS processing pipeline. Images are in radiological orientation.
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