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Abstract

Noninvasive quantitative magnetic resonance imaging methods such as diffusion tensor imaging
(DTI), can offer insights into structure/function relationships in human developmental brain
disorders. In this report, we quantified macrostructural and microstructural attributes of the corpus
callosum (CC) in children with dyslexia and typically developing readers of comparable age and
gender. Diffusion anisotropy, mean, radial and axial diffusivities of cross-sectional CC sub-
regions were computed using a validated DTI methodology. The normalized posterior CC area
was enlarged in children with dyslexia compared to typically developing children. Moreover, the
callosal microstructural attributes, such as mean diffusivity of the posterior middle sector of the
CC, significantly correlated with measures of word reading and reading comprehension. Reading
group differences in FA, MD, and RD were observed in the posterior CC (CC5). This study
demonstrates the utility of regional DTI measurements of the CC in understanding the
neurobiology of reading disorders.

Keywords

diffusion tensor imaging; corpus callosum; microstructure; macrostructure; healthy; children;
development; dyslexia; reading disorders; Letter Word 1D; passage comprehension

INTRODUCTION

The corpus callosum (CC) is the largest interhemispheric commissural white matter bundle
in humans with an estimated fiber density of 1 million axons per mm2 (1, 2). Neocortical
connectivity (3, 4) and age-related changes in area and volume of the CC are well
documented across the human lifespan (5-12). The anterior CC, or genu, is populated by
thinly myelinated, small-caliber axons that connect the frontal lobes (1, 11). The truncus, or
middle CC, is populated by myelinated, large-caliber axons connecting the supplementary
motor and auditory cortices. The posterior CC, or splenium, is populated by a mixture of
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medium and large, heavily myelinated axons that connect the temporal, parietal, and
occipital cortices (12).

The consistent architectonics of the CC makes it a landmark uniquely sensitive to
microstructural variation resulting from abnormal brain development or brain injury (13,
14). This attribute has been utilized extensively to identify neuroimaging markers for a host
of applications that include cognitive (18-24), developmental (25-27), and
neurodegenerative disorders (28, 29). In particular, structural alterations in CC have been
identified in both developmental (e.g., dyslexia) and acquired (e.g., alexia) reading disorders
(30-36).

Dyslexia affects an estimated 5-17% of school-aged children (37, 38). Despite numerous
neuroimaging studies of both children and adults with dyslexia, the underlying neural
substrates of reading disabilities remain elusive (39-41). Converging lines of evidence from
perfusion, metabolic, functional, and anatomical MRI studies of reading implicate numerous
left hemisphere structures in processing both written and spoken language (41, 42).
However, a hallmark of the dyslexic brain is increased activation in the right hemisphere,
especially in posterior regions (43). Given that the CC plays a major role in interhemispheric
communications (1, 2, 19), the bilateral brain activations observed in dyslexics suggests
possible changes in CC connectivity. Thus far, the CC literature on dyslexia is inconsistent
and contains numerous contradictions (see 41 for review); possibly due to population
definitions and disease heterogeneity of children with reading disabilities or because of poor
CC tissue segmentation methods and uncontrolled age effects (5-12, 15-17).

We hypothesized that the macro- and microstructural attributes of the CC would offer
insights into the inter-hemispheric communication in children with reading disabilities. To
test this hypothesis we utilized a recently described and validated DTI-based tissue
segmentation approach (8, 9) to identify macro- and microstructural properties of the
midsagittal CC. We then compared properties of the CC in typically reading children with
an age-matched cohort of children from two distinct reading disabled populations: children
with letter and word decoding deficits (dyslexia) and children with fluency/comprehension
deficits, but no decoding difficulties.

METHODS

Participant Demographics

Fifty children aged 10.5 to 16 years (mean = 13.4; S.D. = 1.2 years) gave written assent
along with informed parental or guardian consent to participate in this study in accordance
with the University of Texas at Houston institutional review board regulations for the
protection of human subjects. Twenty-seven participants were male and 45 were right-
handed (Table 1). All participants were English-speaking and identified as neurologically
normal by review of medical history at the time of assessment.

Cognitive Scores

Children were administered a series of reading evaluations, including, the Woodcock-
Johnson 111 Letter-Word ID and Passage Comprehension sub-tests (43, 44) to evaluate word
reading and the Test of Word Reading Efficiency (TOWRE) (45) as a measure of reading
fluency. In most participants, intelligence was measured using the Kaufman Brief
Intelligence Test-2 (46) or the Stanford Binet Intelligence Test-4 (47). Based on their
standardized test performance, children were assigned to one of three reading groups:
typically-developing readers (TDR or controls), dyslexic readers (DX or dyslexics), or
readers with comprehension or fluency problems (CF or Comprehension/Fluency). Children
were classified as DX based on a standardized score below 90 on the WJIII word reading
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test. The CF group fell below a 90 cutoff on the TOWRE and/or Woodcock Johnson 111
Passage Comprehension, but not on the WJIII Letter Word ID test. Typical readers scored
above 90 on all tests. All children had 1Q scores greater than 70 to rule out intellectual
disabilities. In total, 24 children (11F) were categorized into the DX group, 15 (9F) into the
group with CF deficits, and 11 (3F) as TDR. Means and standard deviations Letter Word ID
and Passage Comprehension scores are presented in Table 1. TOWRE reading scores were
unavailable for some TDRs, but other reading scores showed average or better levels of
performance.

Conventional MRI and DWI Data Acquisition

We acquired whole-brain MRI data using a Philips 3.0 T Intera system with a SENSE
parallel imaging receive head coil (Philips Medical Systems, Best, Netherlands). The MRI
protocol (8,9) included (a) conventional MRI (3D spoiled gradient-echo (SPGR), field-of-
view=240 mm x 240 mm (isotropic voxel size = 0.9375 mm), (b) 2D dual spin-echo images
with echo/repetition times of TE{/TE,/TR=10/90/5000 ms, in the axial plane (44 axial
slices, 3 mm thickness, 0 gap covering the entire brain from foramen magnum to vertex) (c)
and a phase-sensitive MRI in the sagittal and axial planes, in addition to a matching volume
of diffusion-encoded data as described below.

The diffusion-weighted image (DWI) data were acquired using a single-shot spin echo
diffusion sensitized echo-planar imaging (EPI) sequence with the balanced /cosa21
encoding scheme with twenty-one uniformly distributed orientations (48), a diffusion
sensitization or b-factor of 1000 sec.mm™2, a repetition and echo times of TR=6100 ms, TE=
84 ms, respectively. EPI distortion artifacts were reduced by using a SENSE acceleration
factor or k-space undersampling value of two (R=2). Spatial coverage matched the
conventional MRI sequences described above (e.g., 44 axial sections, 3mm slice thickness
and 0 mm gap with identical field-of-view). DTI acquisition time was approximately 7
minutes and resulted in signal-to-noise-ratio SNR-independent DTI-metric estimation (49).

DTI Processing

The DWI data were masked to remove non-brain tissue, image distortion-corrected and
processed as described elsewhere (8). The intracranial volume (ICV) was computed from the
masked T2-weighted volumes to account for brain size variability (9). In this work, the DTI-
derived rotationally-invariant scalar metrics included the axial diffusivity (A = A1), radial
diffusivity (A | = (A + A3)/2), fractional anisotropy (FA) and mean diffusivity (D, =
A2 A DN3).

Segmentation of the Corpus Callosum and its Subdivisions

The midsagittal CC identification procedure, validation and application across the human
lifespan are detailed elsewhere (8). In brief, the identification of the midsagittal CC was
based on the appearance of the inter-thalamic mass and the fornix on the isotropically
interpolated DTI maps (8, 9). The CC was then segmented on the midsagittal slice using
D,,, FA and the principal eigenvector (8, 9). The segmented CC was then subjected to a
geometry-based subdivision into seven segments as described by Witelson (18): CC1-
rostrum, CC2-genu (or gCC), CC3-rostral midbody, CC4-anterior midbody (or bCC), CC5-
posterior midbody, CC6-isthmus and CC7-splenium (see Fig. 1A). Because CC1 showed
more anatomic variation between subjects, we report findings for CC2 through CC7 and the
entire midsagittal corpus callosum (eCC) which is defined as the sum of all callosal
midsagittal sections including CC1. The DTI metric mean value of the midsagittal eCC was
taken as the CC subregional area-weighted average.
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Statistical Analysis

All analyses of callosal midsagittal cross-sectional areas and the corresponding DTI metrics
variation were conducted in SAS 9.2 using PROC GLM (SAS Institute, Inc., 2008). All
measures of CC area were normalized by the ICV(2/3) (8, 9). The corpus callosal midsagittal
area (CCA), and ICV-normalized CCA and corresponding DTI metrics were modeled
(fitted): y= L p+L ;*age, then least-squares optimization methods were used to estimate the
coefficients, standard deviations and their statistical significance using ANOVA. Spearman
correlations of CC attributes with reading scores were then calculated with age as a
covariate (50). Given a sample size of 50 (including 45 right-handers) and three reading
groups, potential effects of gender and handedness were not analyzed, although previous
studies on healthy controls did not identify gender differences (8, 9). Additional statistical
analyses of data scatter were conducted using MATLAB R12.1 Statistical Toolbox v 3.0
(The Mathworks Inc, Natick, MA).

RESULTS

Group Comparisons between Subregional and Entire CC Areas

Representative CC segmentations from the three groups along with the anatomical
midsagittal view are shown in Fig. 1B on three representative subjects from each group.
Figure 2A shows a bar plot of the reading group average values and corresponding standard
deviations and comparisons between the CC subregions (CC2-CC7) and entire CC areas of
the TR, DX, and CF groups. Figure 2b shows the ICV-normalized CC areas (nCCA=CCA/
ICV2/3) to minimize brain size variability. Note that the splenium of the CC is the only
region that is significantly larger in reading-disabled compared to controls (p=0.024). The
reading subgroups did not significantly differ on area measurements on CC2-CC4 (p>0.26),
but there is a trend towards a larger normalized corpus callosum in CC5 that did not achieve
the critical level of alpha adopted for the study (p=0.065).

Group Comparisons between Subregional and Entire CC DTI Metrics

No significant group differences in mean diffusivity across the entire CC was observed
(p>0.12; Fig 2C). The average FA(CC5) was significantly greater in DX compared with
TDR (Fig. 2D; p=0.024), which is explained by a reduction in RD (Fig. 2D; p =0.05) and
intact AD (Fig. 2E; p=0.54). The CF group did not differ from TDR on the callosal
microstructural attributes.

Analysis of Covariance of the Individual CC Segments

The segments of the midsagital CC were analyzed separately. FA, MD, AD, RD and CC
areas were compared between the TDR, DX, and CF groups. Age was included as a
covariate in all models. In the genu (CC2), significant interactions between age and reading
group were observed for both MD F(2,44)=3.97, p<0.03) and AD F(2,44)=3.29, p<0.05).
Planned reading group comparisons were performed for both DTI metrics. MD for the TDR
and CF groups differed F(1,44)=8.19, p<0.007) with CF children exhibiting higher MD. No
other differences in MD were observed in CC2. When AD was compared, the TDR and DX
reading groups did not differ, but approached significance F(1,44)=3.91, p=0.055). However
the DX and CF groups were significantly different F(1,44)=5.28, p<0.03) wherein DX
readers had higher AD than CF readers.

In CC5, no interactions between age and reading group were observed. However main
effects of reading group were present for FA F(2,46)=5.91, p<0.006), MD F(2,46)=3.42,
p<0.05), and RD F(2,46)=5.03, p<0.02). Planned group comparisons identified increases in
FA for the DX group compared to both TDR F(1,46)=4.57, p<0.04) and CF F(1,46)=10.69,
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p=0.002) groups. The TDR group had higher RD than both the DX F(1,46)=10.0, p<0.003)
and CF F(1,46)=5.04, p<0.03) groups. MD differed only between the DX and CF groups,
with the DX readers having lower MD F(1,46)=6.83, p<0.02).

Main effects of age on segment volume were observed for CC4 F(1,46)=4.11, p<0.05), CC5
F(1,46)=4.57, p<0.04), and CC7 F(1,46)=4.92, p<0.04), however none of these age effects
interacted with reading groups.

Age Dependence of the Macro and Microstructure attributes of the CC

As a quality assurance measure and to help visualize the sources of variance in the
macrostructural and microstructural attributes of the CC we plotted a scatter of the three
reading groups as function of age. Figure 3A shows that the CC normalized area increases
with age in the entire CC (r=0.305; p=0.03; N=50) and CC5 (r=0.32; p=0.02; Fig. 3B). The
radial diffusivity decreased slowly with age in the splenium (r=—-0.25; r=0.08; Fig. 3C)
whereas the axial diffusivity weakly correlated with age (r=0.005; p=0.97; Fig. 3D).

Correlation between the Macro and Microstructural Measures of the CC and Reading

Because sCC and CC5 showed significant differences on the microstructural attributes, we
show the CC attribute correlations with the Letter Word ID with and without age
adjustments in Figure 4. Fig. 4A shows insignificant correlations of Letter Word ID with the
ICV-normalized entire CC area (r=-0.189; p=0.19) and sCC (r=-0.209; p=0.15; Fig. 4B).
Average mean diffusivity in CC5 correlated positively with Letter Word 1D (r=0.349;
p=0.01; Fig. 4C) while FA (CC5) correlated negatively with Letter Word ID (r=0.387;
p=0.006; Fig. 4D). These correlations are better explained by a strong correlation with radial
diffusivity in CC5 (r=0.380; p=0.007; Fig. 4E) compared with the axial diffusivity (r=0.274;
p=0.06; Fig. 4F)

DISCUSSION

The human midsagittal CC offers an ideal compact structure to study /77 vivo white matter
connectivity in both health and disease. The CC has been the focus of several MRI and
postmortem histological reports (2, 12). It is commonly believed that the area of the CC may
be related to the number and microstructure of the axons traversing the sagittal midline (1,
2). This assumption may be most valid in the anterior CC where small-caliber axons are
thinly-myelinated and densely-packed (12). Contributors to callosal area in other regions
may include axons with different myelin, size and shape distributions in addition to glia
support cells. Anterior callosal axons interconnect certain frontal gray matter cortices where
processing is slower than that of the posterior and parietal regions (2, 12, 19).

To the best of our knowledge, this is the first application of DTI-based and validated
midsagittal callosal segmentation methods to examine the role of CC in reading disabilities
in children using cross-sectional areas and their corresponding microstructural DTI
attributes. Our finding of enlarged normalized CC splenial cross-sectional area in dyslexics
is consistent with previous reports in children (30-35). The increase in average FA (CC5) in
children with dyslexia compared to healthy controls is consistent with several previous DTI
reports on reading impairment and using different methods that include DTI tractography
(51-53). An abnormal increase in FA in patient populations has also been reported in several
developmental disorders, including Turner and William’s syndromes (54).

Since FA is a derived mathematical metric that can be expressed as a function of the ratio of
axial-to-radial diffusivities (55-58), it must be remembered that it has no simple biophysical
correlate (59). The contributors to diffusion anisotropy in white matter have not yet been
resolved even on compact structures such as the CC (9, 10). Diffusion anisotropy in white
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matter has been reported in unmyelinated structures and has been attributed to several
contributors (59) that include axonal membranes, intravoxel coherence (60), intraxonal
microstructure (61), myelination and other biophysical factors (59, 62, 63).

Reading group differences were most pronounced in the CC5 cross-sectional segment. FA
was significantly higher in DX group whereas MD and RD were significantly reduced
relative to TDRs. The CF group exhibited similar characteristics to the TDRs in measures of
FA, MD, and AD. However, RD was significantly decreased in both DX and CF readers,
compared to TDRs. These group differences may be explained by increased myelin in
segment CC5 of reading disabled children. Similar changes have been observed in animal
models of myelination (63) and stem cell therapy for white matter dysmyelination (64). The
increase in CC5 cross-sectional area might also indicate an increase in axonal caliber (65).

Either an increase in CC5 myelination or axonal caliber suggests that the dyslexic brain is
“wired” for increased inter-hemisphereic communication.

Our finding of positive correlation of reading scores in CC5 mean diffusivity and negative
correlation of FA may appear paradoxical at a glance, but these observations are consistent
with previous reports on adults and children using fiber tractography (51-53). The direction
of increase of Letter Word 1D with both axial and radial diffusivities may be hypothesized to
relate to the dynamic changes in axonal caliber or intra axonal diffusivity (59, 65).

Increases in myelination and/or axonal caliber in the CC5 segment may enhance
communication between the two hemispheres and could reflect re-wiring due to recruitment
of additional brain regions during processing of written language.
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AD,MD, RD axial, mean and radial diffusivities, respectively
CcC corpus callosum
CCA corpus callosum midsagittal cross-sectional area
eCC entire CC
cMRI conventional MRI
Day average or mean diffusivity
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FA fractional anisotropy
gMRI quantitative MRI
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Figure 1.

(A) Mlustration of corpus callosum DTI-segmentation method and (B) application to the
three groups in our study (three representative children from the healthy developing, and
children with developmental reading (dyslexia) and fluency or comprehension difficulties.
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diffusivity (D) fractional anisotropy (E) radial diffusivity and (F) axial diffusivity.
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Representative scatter plots and linear regression for the three groups of age vs. (A)
normalized callosal area (B) normalized CC5 areas (C) radial diffusivity in the splenium and
(D) axial diffusivity in the splenium.
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Figure 4.

Representative scatter plots and linear regression analysis for the three groups Letter Word
ID scores vs. (A) Normalized entire CC midsagittal area (B) normalized splenium area (C)
average mean diffusivity in CC5 (D) average FA in CC5 (E) average radial diffusivity in
CC5 and (F) average radial diffusivity in CC5.
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