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Abstract

With the advent of neuroimaging techniques, especially functional MRI (fMRI), studies have
mapped brain regions that are associated with good and poor reading, most centrally a region
within the left occipito-temporal/fusiform region (L-OT/F) often referred to as the visual word
form area (VWFA). Despite an abundance of fMRI studies of the VWFA, research about its
structural connectivity has just started. Provided that the VWFA may be connected to distributed
regions in the brain, it remains unclear how this network is engaged in constituting a well-tuned
reading circuitry in the brain. Here we used diffusion MRI to study the structural connectivity
patterns of the putative VWFA and surrounding areas within the L-OT/F in children with typically
developing (TD) reading ability and with word recognition deficits (WRD; sometimes referred to
as dyslexia). We found that L-OT/F connectivity varied along a posterior- anterior gradient, with
specific structural connectivity patterns related to reading ability in the ROIs centered upon the
putative VWFA. Findings suggest that the architecture of the VWFA connectivity is
fundamentally different between TD and WRD, with TD showing greater connectivity to
linguistic regions than WRD, and WRD showing greater connectivity to visual and
parahippocampal regions than TD. Findings thus reveal clear structural abnormalities underlying
the functional abnormalities in the VWFA in WRD.
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1. Introduction

A significant number (5-17%) of individuals experience difficulty with word recognition,
which is sometimes referred to as dyslexia (see (Elliott and Grigorenko, 2014) for a
discussion of the complexity of the dyslexia definition). These types of reading difficulties
are characterized by inaccurate and slow recognition and decoding of words, or difficulty
with phonological to orthographic conversions, despite adequate instruction and intelligence
(Lyon et al., 2003). While the behavioral deficits of word recognition deficits (Word
Recognition Deficits; WRD) are comparatively well characterized, the underlying neural
mechanisms are still being investigated.

With the advent of neuroimaging techniques, especially functional MRI (fMRI), brain areas
associated with word reading have been proposed. These areas comprise two distinct routes,
corresponding to distinct approaches to word reading. The dorsal route, which comprises the
left parieto-temporal region, has been proposed to be important for orthographic-to-
phonological conversions (Pugh et al., 2000), and is activated during fMRI tasks with novice
readers and during phonological decoding tasks. The ventral route, which is in the left
occipitotemporal/fusiform region (L-OT/F), is associated with the visual orthographic
conversion crucial to word identification skill, and is thought to be important for fast and
efficient word recognition (McCandliss et al., 2003). Within this route, there is a smaller
area of particular interest which is known by some as the putative visual word form area
(VWEFA (Cohen et al., 2000; Petersen et al., 1988)). Anomalous activation of this region is
seen in individuals who struggle with word-level reading. Evidence from lesion (Epelbaum
et al., 2008; Mandonnet et al., 2009), positron emission tomography (PET) (Petersen et al.,
1990; Price et al., 1996), and fMRI and event-related potential (ERP) studies (Braet et al.,
2012; Brem et al., 2010; Brem et al., 2006; Brem et al., 2009; Cohen et al., 2002; Nestor et
al., 2012; Rauschecker et al., 2011) indicates that the VWFA is selectively responsive to
written letter strings relative to other visual categories such as line drawings. (Note,
however, that some have challenged this degree of specificity of the VWFA, as it also
activates during other non-linguistic tasks [see (Price and Devlin, 2003; Vogel et al.,
2012)]).

Despite an abundance of evidence on how the VWFA is functionally associated with word
reading performance, discovering the underpinning structural connectivity of the VWFA is
of no less importance. Fluent reading requires efficient and well-tuned left hemisphere
circuitry, and therefore difficulties with reading have long been hypothesized to be reflective
of inefficiencies in cortical connections; such suppositions date as far back as the initial
studies of pure alexia, the original “disconnection syndrome” (Dejerine, 1892). Diffusion
weighted MR imaging (Lebihan and Breton, 1985; LeBihan et al., 1986) is a non-invasive
technique that can detect the preferential diffusion direction of water molecules in
anisotropic tissues, such as muscular and axonal tissues. By fitting the diffusion MR (dMRI)
signal to a tensor model, diffusion tensor imaging (Basser et al., 1994), or DT, has already
become a widely used method to characterize the diffusion anisotropy in neuronal tissues. It
has been used to reveal differences in white matter microstructure between typical readers
(TD) and those with WRD in both adults (Klingberg et al., 2000) and children (Beaulieu et
al., 2005; Deutsch et al., 2005). In addition to the voxel based morphometry (VBM)
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analysis, dMRI has also been utilized in numerous neuroimaging studies to track white
matter fiber pathways and to relate structural brain connectivity to specific brain functions
(Behrens et al., 2003a; Johansen-Berg et al., 2004; Saygin et al., 2012), including reading
abilities (Beaulieu et al., 2005; Rimrodt et al., 2010; Vandermosten et al., 2012b).

Compared to the wide use of dMRI in other cognitive studies, research that specifically
explores the structural aspects of the VWFA has just started, but is of nontrivial
significance. In the first modern study examining the in vivo anatomical connections of the
VWEFA, Epelbaum and colleagues used DT-tractography to map the connectivity of the
VWEFA in an adult epilepsy patient before and after surgery (Epelbaum et al., 2008). Before
surgery, the patient was a proficient reader, and tractography results showed that the VWFA
(identified by fMRI) was linked to the occipital lobe and to supramarginal gyrus through the
inferior longitudinal fasciculus (ILF) and arcuate fasciculi (AF), respectively. Then, a small
part of the cortex in the neighborhood of the VWFA (including part of the VWFA) was
resected. Post-surgery, preservation of the AF was observed, but degeneration of the ILF
was revealed; in conjunction with these findings, pure alexia with letter-by-letter reading
developed in the patient. This case study provided direct evidence that the connection
between the VWFA and occipital cortex plays a key role in visual word form conversion,
and that disruption to these white matter connections can result in reading difficulty.
However, the ILF does not seem to be the only pathway through which the VWFA
communicates with the rest of the brain. A limitation of the study that Epelbaum et al.
(2008) acknowledged was the limited number of diffusion sensitizing directions in the
dataset (Epelbaum et al., 2008), which may have underestimated connections via the inferior
frontal occipital fasciculus. This postulation was indeed supported by a more recent elegant
DTI study in healthy children English speakers (Yeatman et al., 2012), where VWFA were
identified with localizer and used as seed region for diffusion tractography. This study
(Yeatman et al., 2012) also identified other plausible white matter tracts including the
vertical occipital fasciculus. Of note, the VWFA connections via the inferior frontal
occipital fasciculus have also been reported in healthy adult Dutch speakers (Vandermosten
etal., 2012a).

These studies provided an anatomical description of the white matter in the neighborhood
that the VWFA sits in, but it remains unclear how this neighboring wiring system is engaged
in constituting a well-tuned reading network in the brain. For example, provided that the
VWEFA circuitry could be used to support various tasks (Ben-Shachar et al., 2007), what
precise pattern of engagement is associated with reading performance? As fMRI becomes
widely adopted to measure gray matter engagements in a particular cognitive process, it has
been newly suggested that the fMRI activations in the brain can be precisely predicted from
how this region is wired with the rest of the brain (Saygin et al., 2012). In other words, a
map of structural connectivity pattern of a particular region with the rest of the whole brain
can be used to estimate its functions and ultimately its role in mediating cognitive behaviors.
This study (Saygin et al., 2012) is particularly informative for researchers investigating the
VWEA circuitry, since it was carried out in the right fusiform gyrus while the VWFA sits in
the left fusiform region. Overall, the combined VWFA and right fusiform dMRI literature
suggest that the VWFA connectivity profiles of individuals may carry information about
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how the circuitry is organized to support reading, and therefore may be able to differentiate
between TD and WRD.

The current study aimed to investigate the L-OT/F (inclusive of the putative VWFA)
connectivity patterns along a posterior-anterior gradient that included the VWFA, and
compare these connectivity patterns between children with WRD, as defined by difficulty
with word-level decoding, and TD children. Previous studies have demonstrated that more
anterior regions in the L-OT/F are engaged in increasingly multimodal and semantic
computations, whereas posterior regions are responsible for perception of the more visual
aspects of print, including false-fonts (Cohen et al., 2004; Cohen et al., 2002). In order to
obtain a fine grained understanding of L-OT/F connectivity, five consecutive spherical
regions of interest (ROI) were defined within the L-OT/F region, which was based upon the
functional neuroimaging literature (Brem et al., 2009). These ROIs progress along a
posterior to anterior gradient, corresponding to an increased specialized response to print in
children (Brem et al., 2009; van der Mark et al., 2009) and in adolescents and adults (Brem
et al., 2006; Brem et al., 2009; Vinckier et al., 2007). While various studies have reported a
number of regions in the brain related to visual word reading (see meta-analyses (Maisog et
al., 2008; Richlan et al., 2009)), the results of meta-analyses (Maisog et al., 2008; Richlan et
al., 2009), along with a more recent study using the VWFA localizer method (Rauschecker
et al., 2011), overlap within the L-OT/F region, specifically ROIs 2, 3, and 4 (Fig. 1) in the
current study. Distinct functioning within these ROIs may imply that the neuronal networks
comprising these sub-systems link to distinct cortical areas, and thus suggest that the white
matter connectivity patterns specific to each ROl would be differentiable from each other.

Based upon the previous research, we aim to examine the patterns of connectivity between
each L-OT/F ROI and various cortical regions. We hypothesized that we would find: (1)
overall different cortical connectivity patterns across the five L-OT/F ROIs, with more
posterior regions showing greater connectivity to occipital cortex, and more anterior ROIs
showing greater connectivity to language related left hemisphere regions and (2) different
cortical connectivity patterns for WRD versus TD in ROIs2, 3, and 4 that would be
associated with differences in relative emphasis of connectivity to cortical regions engaged
in visual word form recognition versus those potentially involved in compensatory
mechanisms.

2.1. Comparison across five ROIs

To examine whether there are differences in cortical connectivity patterns across the five L-
OT/F ROls, the TD and WRD groups were combined to compute the distance matrix
(Supplementary Fig. 1). Results of the permutation test (see method session for more details)
showed that statistically significant differences existed between most of the ROls, except
between ROI4 and ROI5 (Supplementary Table 2). To further explore the cortical
contributions to these differences, the connectivity profiles of each pair of the consecutive
ROIls were contrasted, i.e., 1 for the anterior ROI and 0 for the posterior ROI, in the multiple
linear regression analysis. Findings demonstrated that connections with lateral occipital
cortex in the L-OT/F progressively decreased along a posterior to anterior gradient. Similar
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to lateral occipital cortex, the ratio of connections with lingual cortex decreased
continuously from ROI1 (the most posterior ROI) to ROI4 and increase from RO4 to ROIS5.
Opposite to the lingual cortex, connections to inferior temporal were found to increase from
ROI1 to ROI4 and decrease from ROI4 to ROI5. Connections to fusiform (excluding the
seed region) were found to increase from ROI1 to ROI2 and decrease from ROI2 to ROI5
(Supplementary Fig. 2, Supplementary Table 3). Similar findings were observed in the right
hemisphere (Supplementary Table 4, Supplementary Table 5).

2.2. Comparison between groups within ROI

2.2.1. Group differences in connectivity patterns—To compare groups, we
performed a distance-based permutation test (Reiss et al., 2010) to explore whether the
connectivity pattern differed between the TD and WRD groups across the five ROIls, with a
specific focus on the VWFA region. Statistically significant differences in connectivity
patterns, after correcting for multiple comparisons within the VWFA ROls, were found
between TD and WRD in ROI2 (Table 1), (pseudo-F[1,34] = 4.694, p = 0.0296, FDR
corrected) but not for ROI3 (pseudo-F[1,34] = 1.647, raw p = 0.252) or ROI4 (pseudo-
F[1,34] = 0.260, raw p = 0.609). As expected, no statistically significant differences were
found in either those L-OT/F ROIs external to the putative VWFA ROIs (ROI 1: raw p = 0.
627; ROI 5: raw p = 0.416), or for the right hemisphere homologous ROIs (including those
ROIs homologous to the putative VWFA), all raw ps > 0.066.

2.2.2. Characterization of the group differences in connectivity patterns—To
identify the cortical contributions to the connectivity pattern that best differentiated the TD
and WRD groups for left hemisphere ROI2, multiple linear regression analyses of group
membership (i.e., 1 for TD, 0 for WRD) on connectivity profiles were performed. The
results are listed in Fig. 2 and Table 2, where 26.14% variation in group membership was
explained by the model. Specifically, the WRD group was found to have lower connectivity
with middle and inferior temporal regions, and more connections to lateral occipital cortex
and parahippocampal regions compared to the TD group.

To further examine which fiber tracts the reconstructed fibers belong to, we performed
probabilistic fiber tracking in FSL from left hemisphere ROI2, and used a) middle temporal,
b) inferior temporal, c) lateral occipital, and d) parahippocampal regions as target ROls
respectively. The fiber tracking results in one TD subject were shown in Figure 3. By
comparing our fiber tracking results visually with the results by (Yeatman et al., 2012), the
tracts from ROI2 to middle temporal, inferior temporal and parahippocampal regions in the
left hemisphere seemed to be part of the inferior longitudinal fasciculus (ILF), which runs
anterior-posteriorly from the occipital lobe till the temporal pole. The tract between ROI2
and lateral occipital cortex on the left was found to be (part of) the vertical occipital
fasciculus (VOF).

3. Discussion

The current study examined the connectivity patterns of the L-OT/F region, including the
putative VWFA, in children with normal to poor word reading ability. We hypothesized that
across all children, we would find varying connectivity patterns between the five L-OT/F
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ROIls, which is consistent with what would be expected based on previous fMRI L-OT/F
findings. Indeed, we demonstrated that progressing along a posterior to anterior gradient in
L-OT/F, the connectivity pattern varied significantly, with decreasing connectivity to visual
areas (lateral occipital lobe, and increasing connectivity to regions classically associated
with reading (including regions local to the VWFA, e.g., left fusiform gyrus and inferior
temporal gyrus, as well as distal regions, such as supramarginal and inferior parietal areas).
Our second hypothesis was that we would find evidence of a specific relationship between
structural connectivity patterns and children’s reading abilities and that these differences
would be observed in the ROIs corresponding to the putative VWFA. Indeed, results also
supported our second hypothesis, showing differences in connectivity patterns for the L-
OT/F ROI2, such that TD participants showed a higher connection ratio to the left
hemisphere reading-related regions (e.g., left temporal and parietal regions) than WRD,
whereas WRD had a higher connection ratio to visual and parahippocampal areas than TD,
and the fiber tracts found by tractography were plausible compared with previous research
by (Yeatman et al., 2012).

The finding across all participants that the connectivity pattern in the consecutive ROIs
progressively changed from heavily connected to visual cortex to favoring regions thought
to be responsible for word recognition in the left inferior-temporal region (McCandliss et al.,
2003) was largely anticipated. However, we also found a somewhat unexpected finding,
which was that towards the anterior tip of L-OT/F, ROI5 (the most anterior ROI), differed
from ROI3 by favoring entorhinal and parahippocampal regions instead of the classical
reading-related regions. Nevertheless, there are some findings that corroborate with ours.
Epelbaum and colleagues (Epelbaum et al., 2008) have noted that macaque brain studies
have shown connections between the equivalent of the VWFA and hippocampal regions
(specifically, the hippocampal commissures), suggesting a potential link between the VWFA
and hippocampal regions. Additionally, the left hippocampus has also been found to be co-
activated with the VWFA selectively by word stimuli (Reinke et al., 2008). Because the
entorhinal cortex and parahippocampal areas are an important part of neural circuitry for
establishing long-term memory and are related to recognition memory (Murray and
Richmond, 2001; Squire and Zola-Morgan, 1991), the finding of a higher connection ratio to
these regions in the anterior portion of the L-OT/F may reflect the mechanism that readers
use for memory-based retrieval of word meaning.

Our findings showing differences between TD and WRD in structural connectivity patterns
in regions crucial for reading are quite consistent with the long-standing hypothesis that
fluent reading requires efficient and well-tuned left hemisphere circuitry. Specifically, in an
ROI central to the putative VWFA, the connectivity patterns yielding group differences
involved cortical contributions from left lateral occipital, fusiform and other classical
reading related regions. More specifically, connectivity with classical reading-related
regions, such as left inferior temporal gyrus and fusiform, was found to be positive
predictors of reading ability. Among these regions, L-OT/Fusiform region has long been
hypothesized to play an important role in modulating visual stimuli of words and/or letters
(Altarelli et al., 2013; McCandliss et al., 2003; Mechelli et al., 2000; van der Mark et al.,
2011). The finding of lower connectivity with lingual and fusiform regions, coupled with
left occipital cortex as a negative indicator, points to a link between WRD with the VWF
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recognition functionality, such that TD had a stronger tendency to connect more proximally
to L-OT/fusiform region as well as more distally to temporal (and potentially parietal)
regions, while for WRD, a larger portion of white matter tracts were dedicated for
communication with brain regions that support visual perception.

The finding of left parahippocampal being a negative predictor was unexpected. However, it
is intriguing given that children with WRD have been found to show superior recognition
memory as compared to TD children (Hedenius et al., 2013). This may reflect a mechanism
that WRD children employ when learning to read -- to involve declarative memory to
compensate for deficits in lexical retrieval for example. As also suggested by Hedenius et
al., this could be a temporary state that incurs during the process of learning to read, so that
when the WRD finally reach a comparable level of reading, the advantage in recognition
memory in WRD will finally disappear.

It is notable that no differences were observed in ROI1, which is reportedly mainly
responsible for lower level processing. The findings that WRD do not show anomalous
connectivity patterns in regions (ROI1) that involve connections to basic visual perceptual
areas are consistent with many other reports that WRD is not associated with global
abnormalities, including basic visual perceptual abnormalities, and are highly consistent
with previous studies of WRD indicating the specificity of dysfunction in WRD (Tarkiainen
et al., 2002; Tarkiainen et al., 2003). Similarly, the findings that anomalous connectivity
patterns were not found in ROI 5, which is associated with amodal semantic processing (Lau
etal., 2008; Vigneau et al., 2006), are also consistent with the thought that the abnormalities
in WRD have some specificity to print, versus reflecting a general weakness in language
altogether (Joanisse et al., 2000). Last but not least, none of the right hemisphere
homologous ROIs yielded significant group difference, which further confirms the
specificity of the VWFA abnormality found in the L-OT/F region.

Overall, our results showed that L-OT/F for both TD and WRD were comprised of
connectivity to regions important for visual word form recognition, for example, occipital
cortex and fusiform. Nevertheless, the relative load on cortical regions for children with
WRD was different from TD, with WRD showing greater connectivity to more basic visual
processing areas and memory-related regions than TD, while TD showed greater
connectivity to classical reading-related areas as well as L-OT/fusiform region that
putatively plays a role in integrating meaning and form to relate visual stimuli to the
linguistic-specific network (van der Mark et al., 2011). It is worth mentioning, though, that
the connectivity was quantified as connection ratio. Therefore, a larger portion of fiber
tracking streamlines connecting to lateral occipital cortex could result from less amount/
dense axonal connections with L-OT/fusiform and other regions, so that the portion of
streamlines connecting to left occipital cortex was therefore “increased” due to
normalization; such abnormalities therefore may be indicative of a relatively lower number
of connections in WRD supporting the visual processing specific to word forms, not
necessarily greater absolute connections to visual cortices. Thus, while differences were
found between TD and WRD, these differences are relative differences, reflecting the
propensity of the L-OT/F ROIs, including the putative VWFA, to connect to various cortical
regions differentially in a relative manner. Overall, however, across both groups,
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connections were evident in fusiform regions, suggesting that while the circuitry in WRD
may be different, it may not be completely aberrant. Indeed, it has been suggested that the
linguistic system in WRD is poorly tuned, but not completely disrupted (Pugh et al., 2008).

Despite the contribution our study makes to the current literature, there are several
limitations. The ROIs were defined anatomically instead of functionally. Due to the
variability of the location of the VWFA as studied by fMRI experiments (Altarelli et al.,
2013; Rauschecker et al., 2011), the same ROI might not correspond to exactly the same
brain functionality across all subjects even in the same group, thus reducing the effect size
of the group comparison. Nevertheless, it is also the case that localizer based connectivity
presents its own challenges, in terms of confounding factors from unmatched anatomy in the
neighboring region of the peak activation locations. This will yield the interpretation of
results challenging in a different manner, considering the finding that connectivity pattern
varies significantly along the anterior-posterior direction regardless of groups. Thus, novel
analysis methodologies that can combine both fMRI data and diffusion MRI data with
greater sophistication will be important in future investigations. Another caveat of this study
is the lack of ability to estimate significance level of the contributors to group differences in
connectivity patterns, yielding somewhat arbitrary cut off points. The results of the current
study were discussed with efforts to confine results to the major contributors, and thus may
have limited capability of a comprehensive description of such a complex network. We hope
that a statistical framework can be developed and implemented in the near future to address
such needs, along with the incorporation of covariates, such as hemispheric side and
acquisition site, as well as testing interactions (group x side).

In closing, in previous eras, there could only be speculation of the existence of anomalies in
regions supporting reading, either in ventral occipital temporal cortex (Kinsbourne and
Warrington, 1963) or in temporal parietal cortex (Warrington and Shallice, 1980), because
of the limited neurobiological techniques available. With the advent of fMRI and dMRI,
modern techniques are now precise enough to predict brain functions with structural
information alone (Saygin et al., 2012), and fMRI studies have repeatedly found that the L-
OT/F region is selectively responsive to written strings relative to other categories. Among
the pioneers initiating the research of the VWFA using modern imaging techniques (Cohen
et al., 2000), a decade after their initial investigation, Dehaene and Cohen recently asked
(Dehaene and Cohen, 2011): “what are the precise connections of the VWFA? Can its
connectivity pattern explain its specific role in written word recognition?” The findings of
the current study contribute towards answering these questions, and provide a foundation for
further explorations in the connectivity patterns in the VWFA, especially ones that may be
less than optimal in WRD.

4. Experimental Procedure

4.1. Participants

A total of 55 children participated in this study. Before entering the study, parents of
children were administered a phone screening to ensure that participants met the study’s
inclusion criteria: 1) native English speakers, 2) normal hearing and vision, 3) no history of
major psychiatric illness, 4) no traumatic brain injury/epilepsy, and 5) no contraindication to
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MRI. Each parent gave written consent while a separate written assent was obtained from
each child at the beginning of the study, with procedures carried out in accordance with the
university’s Institutional Review Board. Participants of this study were part of a larger study
investigating the neurobiological basis of reading in children with a history of reading
difficulty, Neurofibromatosis Type 1, and TD children; note that due to the specificity of our
hypotheses regarding WRD, no participants with Neurofibromatosis Type 1 were selected to
be in the current study. During their visit, participants were given a comprehensive battery
of psychoeducational and academic achievement tests (note only selected tests are reported
in the current study; see Supplemental Table 1 for performance on these tests).

Groups were defined according to a composite measure of word-level skills, which consisted
of the Basic Reading composite from the Woodcock Johnson Psychoeducational Battery —
Il (Woodcock et al., 2001, 2003), Test of Word Reading Efficiency Composite score
(Torgesen et al., 1997), and the Word Identification subtest from the Word Identification
and Spelling Test (Wilson and Felton, 2004). Those in the group with WRD were required
to score at less than or equal to the 19™ percentile on this composite measure (mean and
standard deviation: 73.41 + 10.69; range: 15t to 19t percentile), while those in the typically
developing group were required to score at or above the 34™ percentile (mean and standard
deviation: 102.90 + 9.16; range: 341" to 95t percentile). Of the original sample of 55, seven
children were removed from the analysis due to motion artifacts in their imaging data; two
were removed due to incomplete coverage of the brain cortex. Of the eligible participants,
20 met criteria for WRD and 16 met criteria for TD.

The two groups of children did not differ significantly with regard to age, distribution of
gender, or 1Q. A multivariate ANOVA (MANOVA) showed that, as expected, the two groups
showed statistically significant differences on all reading scores (F[1, 28] = 16.796, p <
0.001, npz = 0.808), with WRD showing poorer performance. See Supplementary Table 1
for detailed demographic and behavioral profiles.

4.2. Brain imaging procedures

4.2.1. Data acquisition—The MR data were collected on Philips Achieva 3.0 T MRI
scanners at the Johns Hopkins University (JHU) School of Medicine Kennedy Krieger
Institute (KKI) and the VVanderbilt University Institute of Imaging Science (VUIIS). The MR
imaging protocols at the two sites were the same. The diffusion-weighted (DW) images
were acquired with 8-channel head coil using single shot echo planar imaging (EPI)
sequence, TR/TE = 6237/75ms, flip angle = 90°, SENSE factor 2.5, field of view 212 x 212
mm?2. The DW data was acquired in 96 x 96 matrices, and zero filled to 256 x 256 matrices,
yielding 0.83 mm isotropic in-plane resolution. 60 axial slices were acquired with no gap,
slice thickness = 2.2mm. Diffusion weighting was applied along 32 directions with the b-
value of 700 ss/mmZ. Three non-DW images were acquired for averaging. Acquisition time
was 3 min and 38 seconds per scan. A T1-weighted structural image was acquired for each
participant using a magnetization-prepared rapid acquisition gradient-echo (MPRAGE)
pulse sequence (TR/TE = 8.0/3.7 ms, flip angle = 8°, SENSE factor = 2, voxel size = 1
mm?3). Acquisition time was 7 min per scan.
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Note that data were acquired at both the JHU-KKI and VUIIS. Therefore, to investigate any
potential confounds due to scanner locations, connectivity pattern analyses using distance-
based permutation tests were initially conducted between sites (JHU-KKI (N=20) and
VUIIS (N=16)). Results of all analyses were not significant (JHU-KKI versus VUIIS, as
well as TD-JHU-KKI versus TD-VUIIS and WRD-JHU-KKI versus WRD-VUIIS), and
therefore site was removed from further analyses. See 4.3 for description of distance-based
permutation analysis approach.

4.2.2. Data processing—The MR data were processed using Freesurfer (Fischl et al.,
2002) and FSL (Jenkinson et al., 2012). The T1 images were used to perform brain
parcellation with Freesurfer. On each side of the brain, the cortex was segmented into 34
non-overlapping regions (Desikan et al., 2006). The non-diffusion-weighted images were
registered to T1 images using 12 degrees of freedom affine registration in FSL (Jenkinson et
al., 2002), and the transformation was then inverted and applied to the parcellated T1
images. Head motion and eddy current artifacts were corrected by linearly registering the
DW images to the non-diffusion-weighted image. Five ROIs were selected within the L-
OT/F areas (Fig. 1). All ROIs have a radius of 6 mm, and lie along an anterior-posterior
gradient (Brem et al., 2009). The MNI coordinates of these ROI centers were: ROI1 (42,
-80, -14), ROI2 (-42, -68, -16), ROI3 (-42, -54, -17), ROI4 (-42, -42, -18), and ROI5
(-42, -30, —20), where ROI3 is specifically thought to represent the center of the putative
VWEFA (Cohen et al., 2000). To localize these ROIs in each individual’s native dMRI space,
the T1 image in the native space was warped to the MNI152 template (1mm isotropic
resolution) using the nonlinear registration tool, FNIRT, in FSL. The warp field was then
inverted. The inverted warp field (from MNI152 to native T1) and the inverted affine
transformation (from native T1 to native dMRI) were applied simultaneously on the ROIs in
the MNI1152 space with the nearest neighbor interpolation method. The imaging data and
each step of processing were visually checked to ensure the absence of motion artifacts or
parcellation/registration failure. Probabilistic tractography (Behrens et al., 2003b) was
performed from each of the spherical ROIs, respectively, to the whole brain cortex, which
was comprised of 68 non-overlapping parcels. 10,000 samples were initiated in each seed
voxel for the probabilistic fiber tracking, streamlines were excluded from the CSF region,
and distance bias was corrected. To ensure no overlapping between seed and targets when
performing fiber tracking, when one of them was used as seed region, this particular ROI
was masked off from all cortical target parcels. For each of the ROls, the number of
streamlines found to connect to each of the 68 target cortical parcels was summed over all
the voxels within the ROI. These numbers put together are furthermore referred to as the
““connectivity profile”.

4.3. Connectivity pattern analysis

The focus on the connectivity pattern analysis was to examine: (1) in general, whether the
five L-OT/F ROIs differed in connectivity patterns, regardless of group membership, and if
differences were found, to determine what pattern feature best differentiated between the
ROls; the expected finding was progressed connectivity to more anterior regions
corresponding with more anterior L-OT/F ROIs, along with a similar pattern in right OT/F
ROIs and (2) whether there were differences in connectivity patterns between TD and WRD
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with a priori hypotheses that areas of difference would be centered on the VWFA and areas
known to be anomalous in WRD (corresponding to ROIs 2, 3, and 4), and if there were
differences in the connectivity patterns between groups, what pattern feature best
differentiated the groups. Additionally, control analyses were performed in the homologous
right hemisphere ROls, with the expectation that we would see no group differences in the
right hemisphere ROIs, therefore further supporting the specificity of group differences in
the VWFA region.

To determine differences across the five ROIs and between groups, we first performed a
distance-based permutation test to determine if there were any differences in connectivity
patterns. It was decided a priori that if the distance-based permutation test reached
significance, then linear multiple regressions of connectivity profiles between ROIls, and/or
between TD versus WRD would be conducted. Such analyses would then allow for the
computation of the specific cortical contributions to ROI or group difference.

4.3.1. Distance matrix and permutation test for differences in connectivity
pattern—To compare between groups the overall characteristics of the connectivity
patterns, number arrays per se, each consisting of 68 elements, an instinctive approach
would be pairwise comparisons in a repetitive fashion, but very likely it will lead to issues
arising from large number of multiple comparisons. A simple fix would be an F-test, but it is
sensitive to non-normality (Box, 1953) of data being tested. To address this issue, the
distance-based permutation test was developed for between-group comparisons in
neuroimaging studies (Anderson and Legendre, 1999; Reiss et al., 2010; Zapala and Schork,
2006), which fits the purpose of the current study.

For these reasons, the distance-based permutation test was used to detect differences
between specific grouping criteria of interest (heretofore referred to as “group
membership™): either between TD and WRD for a specific ROI, or across the L-OT/F ROls,
as well as initially to confirm that there were no site specific confounds. For example, using
the comparison between the TD and WRD groups to illustrate this approach (Fig. 4a), the
first step was measuring the similarity between individuals, which was calculated as the
linear correlation coefficient of the connectivity profiles between each pair of participants, rj;
= corr(c;, ¢j), (i, j = 1,2,...,N, i # j), where c; is a 1 by nparc Vector representing the
connectivity profile of the it" participant, Nparc IS the number of cortical parcels, and N is the
total number of participants in both the TD and WRD groups. An N by N lower triangular
matrix of distance D was created, where each element, d; j = 1-r; j, represents the
dissimilarity or distance between participants, ranging from 0 for being coherently varying,
to 2 for being negatively coherent, and 1 represents being completely unrelated. Then the
distance matrix was transformed and centered (Shehzad et al., 2011). A pseudo-F statistic
was computed to estimate how well the “group membership” (in this case, TD or WRD)
explains the distances between participants. Then the “group membership” was shuffled
15,000 times to build up a permutation distribution. Significance level p was calculated as
the percentage of random permutations which yielded a pseudo-F statistic greater than the
real “group membership” did. The false discovery rate (FDR) method (Benjamini and
Hochberg, 1995) was used to correct for multiple comparisons. The statistical significance
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was set as FDR<0.05 after multiple comparison correction. FDR was calculated using
‘multtest’ package in R.

As mentioned above, this same analysis approach was also used to detect differences
between ROIs, as well as to confirm no site specific differences. In these cases, instead of
dividing the participants into the TD and WRD groups, the “groups membership” was
defined in a more generalized way, i.e., ROI1 (Ngroup1 = 36) versus ROI2 (Ngroup2 = 36),
etc. Note that the dimension of the corresponding distance matrix D varies accordingly, i.e.,
N = Ngroup1+Ngroup2, and the rest of the test stays the same as described above.

4.3.2. Cortical contributions to group differences in connectivity pattern—To
identify the connectivity pattern that best differentiated between “group membership” (TD
versus WRD, or any pair of consecutive ROIs), linear multiple regressions of connectivity
profiles were performed. Prior to conducting these analyses, the connectivity profiles were
normalized by the total fiber counts, so that for each participant, the percentages of fiber
counts originating from one particular ROI connecting to all cortical parcels sum up to
100%. The principal component analysis (PCA) was then performed on total connectivity
profile C, an N by npqarc matrix, and the minimum number of components accounting for
>90% of total variance in dataset, npc, was determined.

The scores of each participant corresponding to these components, X, in an N by npc matrix,
were used as predictor variables, and the group membership, Y, in an N by 1 vector, as
response matrix. For example, for the TD and WRD comparisons (Fig. 4b), Y = X-fpc + &,
where Yj=1,for 1 <i<Nyp; Yi=0, for Nyp+1l <i <N, N = Nyp+Nwrp, Ntp and Nwrp
represent the number of participants in TD and WRD groups respectively. The linear
multiple regression coefficients fpc, an npc by 1 vector, denotes a linear combination of npc
principal components that best differentiates between groups, which was then translated
back into the connectivity profile variables, or f= PC* fipc, Where fis an npac by 1 vector,
and PC is a Nparc by npc matrix comprised of the first npc principal components. For the
ROI comparison, similarly, Y = X-fpc+ €, where Yj = 1, for 1 < i< Ngoy); Yi =0, for
NROI(k-1)+1 <i<N,N= NROI(k)+NROI(k-1)v NROI(K) and NROI(k-l) represent the number of
participants in the ki and (k-1)t ROI groups respectively. In this study, particularly, the TD
and WRD participants were combined to identify differences between consecutive ROIs,
and thus NROI(k) = Nyp+Nwrp for k=1,2,....5.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Illustation of the five L-OT/F ROIs. A lateral view of the five L-OT/F ROIs is shown in (a),

where the ROIs progress along a posterior to anterior gradient, each with a radius of 6 mm.
The brightest ROI was numbered 15¢, and the 3™ ROI represents center of the putative
VWEFA. An axial view of the five L-OT/F ROIs was shown in (b), corresponding to the slice
labeled with a dotted line in (a).
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Figure 2.
Cortical contributions to the group differences in the connectivity pattern of L-OT/F ROI2.

A linear regression of group membership (1 for TD, 0 for WRD) onto connectivity profiles
was performed, and regression coefficients, 5, were displayed in colors to show
contributions from each cortical parcel that best described the group difference, i.e., cortical
parcels that had a higher connection ratio in TD than WRD were labeled with hot colors,
vice versa.
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Figure 3.
Illustration of fiber tracts from left hemisphere ROI2. The three-orthogonal views were

shown on the left panel and 3D renderings were on the right. Target regions include: (a)
middle temporal, (b) inferior temporal, (c) lateral occipital, and (d) parahippocampal
regions. Green: seed; blue: target ROI; orange: fiber tracts.
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Figure 4.

Schematic diagram of connectivity pattern analysis pipeline. (a) To test whether there is a
group difference in connectivity pattern, a distance-based permutation test was performed,
where pair-wise correlation coefficients were computed among participants to estimate
similarity between individuals, and distance, or dissimilarity, was calculated as one minus
similarity. The triangular matrix yielded a single value of pseudo-F statistic that estimates
how well the “group membership” explains the distances between individuals. Then the
group membership was permutated to build a pseudo-F distribution and hence to determine
the statistical significance. (b) If a significant difference was found, a linear multiple
regression of group membership with connectivity profiles was performed to compute
cortical contributions to group difference.
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Table 1

Results of the permutation tests in the VWFA (ROls 2, 3, and 4) for connectivity pattern differences between
the TD and WRD groups

pseudo-F  p(pr > pseudo-F)2

ROI2 4694 0.0296*
ROI3 1647 0.3857
ROI4  0.260 0.6002

a . . L
A total number of 15,000 permutations were computed, and p was calculated as percentage of random permutations (pr) which yielded a pseudo-
F statistic greater than the real group membership did.

*
p < 0.05, corrected for multiple comparisons using the FDR method.
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Cortical contributions to the connectivity pattern characteristic of the group difference found in left

hemisphere ROI2

Table 2

Cortical parcels coefficient

TD >WRD

L middletemporal 1.056555
L inferiortemporal 1.018094
L superiortemporal ~ 0.455544
L lingual 0.435474
L fusiform 0.378173
L superiorparietal 0.169229
L inferiorparietal 0.128544

Cortical parcels coefficient
WRD >TD
L lateraloccipital -1.870934

L parahippocampal  -1.707080
L entorhinal -0.200536
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Predictors positively contributing to TD group membership are listed on the left. Coefficients whose absolute values are greater than 5 percent of
the maximum absolute value of coefficients are listed.
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