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Abstract
Diffusion tensor imaging (DTI) was used to investigate the involvement of brain white matter in
Williams syndrome (WS), a genetic neurodevelopmental disorder. Whole-brain DTIs were
obtained from 16 young adults with WS and 16 normal controls. A voxel-based analysis was
performed to compare fractional anisotropy (FA) values between the two groups. A tract-based
analysis was also performed to compare FA values between the two groups along two major white
matter tracts that pass through the external capsule: the uncinate and inferior fronto-occipital
fasciculi. Several regions of both increased and decreased FA were found within major white
matter tracts that connect functional regions that have previously been implicated in the cognitive
and neurological symptoms of the syndrome. The tract-based analysis provided additional insight
into the involvement of specific white matter tracts implicated in the voxel-based analysis within
the external capsule. The results from this study support previously reported changes in white
matter diffusion properties in WS and demonstrate the potential usefulness for tract-based analysis
in future studies of the disorder.
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1. Introduction
Williams syndrome (WS) is a disorder caused by a 1.5Mb hemizygous deletion on
chromosome 7 (7q11.23) [1]. This deletion results in a unique set of physical, cognitive, and
behavioral symptoms. Characteristic physical traits include unique cranio-facial features,
such as a wide mouth with full lips and protrusive ears [2], and cardiovascular abnormalities
[2, 3]. Individuals with WS typically exhibit mild to moderate mental retardation along with
a unique combination of relative cognitive strengths and weaknesses, such as very good
verbal short-term memory and poor visuospatial construction [4]. Behaviorally, individuals
with WS typically demonstrate hypersociability and heightened empathy [5, 6], non-social
anxiety [7], and sensitivity to loud or sudden noises [8, 9].

The diversity of symptoms exhibited in this syndrome suggests that multiple functional
networks within the brain may be affected in different ways. This, along with evidence that
several genes included in the typical WS deletion are involved in normal neural
development and function [10–14], has led to increasing interest in studying the neural
systems involved in the disorder. Magnetic resonance imaging (MRI) studies have revealed
structural abnormalities, such as increased gyrification [15–17], reduced sulcal depth in the
intraparietal and orbitofrontal sulci [18, 19], and a reduction in the extent of the central
sulcus [20, 21]. Functional MRI (fMRI) studies have revealed differences in neural
activation during tasks involving response inhibition [22], processing of fearful stimuli [23],
visuospatial construction [24, 25], and auditory processing [26] in WS subjects compared to
normal controls. Recently, diffusion tensor imaging (DTI) has been used to investigate white
matter (WM) involvement in WS [27, 28], revealing multiple regions of both reduced and
increased anisotropy throughout the brain.

These DTI studies used region of interest (ROI) analysis methods [27, 28] and tract-based
spatial statistics (TBSS) [27]. In some cases, the differences in anisotropy found between the
two groups were located within large WM bundles that contained multiple major WM tracts,
making interpretation of the results more difficult than in WM regions consisting of a single
tract. In the study described here, differences in fractional anisotropy (FA) were examined
with a voxel-based comparison of young adults with WS and normal young adults to see if
results from the previous studies could be replicated. A region of WM where multiple tracts
merge was investigated further with a tract-based analysis, in an attempt to separate
contributions from different WM tracts.

2. Methods
2.1. Subjects

Williams syndrome subjects were recruited from the annual music camp for young adults
with Williams syndrome and other developmental disorders hosted by the Vanderbilt
Kennedy Center for Research on Human Development, the Blair School of Music, and the
National Williams Syndrome Association. Normal controls (NC) were recruited from the
general population. Functional, structural, and diffusion tensor imaging scans were acquired
for each subject during a single imaging session. Informed consent was obtained from each
subject according to the requirements of the Institutional Review Board. DTI data sets from
a total of 16 WS subjects and 16 NCs were compared. Structural images from an additional
NC who did not have DTI data were used as the initial target for creation of a study-specific
template used in the image co-registration process. The WS group consisted of 6 females
and 10 males; all but 3 subjects were right handed; and their mean age was 24 years (range =
16 to 33 years). IQ scores for the WS group were assessed by the Kaufman Brief
Intelligence Test (KBIT) [29]. The mean composite IQ for the group was 68 (range = 46 to
93 and standard deviation = 14) with a mean verbal score of 77 (range = 57 to 103 and
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standard deviation = 12) and a mean nonverbal score of 56 (range = 20 to 94 and standard
deviation = 23). The NC group consisted of 8 females and 8 males; 12 NCs were right-
handed, 3 were left-handed and one was ambidextrous; and their mean age was 23 years
(range = 16 to 32 years). IQ was not measured for the NC group. The target subject was a 19
year-old NC male who was right handed. A summary of the subject demographics is shown
in Table 1. There was no significant difference in the mean age of the two groups (P =
0.255), and handedness was determined by the Edinburgh Handedness Inventory [30].

2.2. Image Acquisition
All images were acquired using a Philips Achieva 3T MRI scanner (Philips Healthcare,
Best, The Netherlands) with high-performance gradient coils (80 mT/m gradient strength
and 100 mT/m/ms slew-rate) and an 8 channel SENSE (sensitivity encoding) head coil.
Diffusion weighted images (DWIs) were acquired with 32 diffusion-encoding directions
(tr(b) = 1000 s/mm2) and one non-diffusion-weighted image volume (tr(b) = 0 s/mm2).
Single-shot EPI and sensitivity encoding (SENSE) were used to decrease total scan time.
The imaging parameters used were TE = 60 ms, TR = 10,000 ms, SENSE factor = 2, FOV =
256 × 256 mm2, matrix size of 128 × 128, and 2 mm slice thickness. Whole-brain coverage
was obtained with 60 axial slices in 6 minutes. A high-resolution, T1-weighted 3D
anatomical volume was acquired using a multi-shot gradient echo sequence with TE = 4.6
ms, TR = 8.9 ms, SENSE factor = 2, FOV = 256 × 256 mm2, and matrix size of 256 × 256.
The volume consisted of 170 sagittal slices with an isotropic voxel size of 1 mm3, and total
scan time was 4 minutes and 24 seconds.

2.3. Image Processing
2.3.1. Tensor Calculation—Eddy current distortion and in-plane bulk subject motion
were corrected within the original DWIs with the Philips Research Imaging Development
Environment (PRIDE) Diffusion Registration tool (release 0.5). This tool performs an affine
registration of each DWI to its corresponding non-diffusion-weighted image (b0) [31]. The
distortion- and motion-corrected DWIs were then used to calculate the diffusion tensor and
FA maps, as well as extract the b0 image volume, with a modified version of the PRIDE
Fiber Tracking tool (Version 6.0a1). The in-house modifications to the tool included the
addition of a routine to automatically reject from the tensor calculation data points corrupted
by bulk and physiological motion. For each voxel, the residuals of the tensor fit are assumed
to be normally distributed with a mean of zero, and data points with residuals greater than 3
standard deviations (|z|= 3) are considered to be outliers. However, the estimated mean and
standard deviation (σ) of the residuals may be biased by outliers, so the value of (σ) must be
calculated in a way that is robust to the effects of the outliers. The standard value (z) of each
residual (r) is defined as

(1)

where μ is the mean of the residual values. By determining the value of the residuals that
correspond to the 25th (r25) and the 75th (r75) percentiles, the value of (σ) can be solved for,
since (μ) is assumed to be zero and the standard values for the 25th (z25) and 75th (z75)
percentiles can be found in any standard normal table. The values of r25 and r75 are
determined by

(2)

and
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(3)

respectively, and z25 = −0.6745 and z75 = 0.6745 for a normal distribution. Substituting
these values into Eq. 1 and solving for σ gives

(4)

2.3.2. Image Registration—Normalization of the FA maps was performed in two major
steps. First, a study-specific FA template was created by normalizing each subject's FA map
(FAi, for the ith subject) to the target T1-weighted image space (T1targ) and then averaging
the resulting images (FAtemp). Normalization of the FA maps was performed by combining
the transformations from an intra-subject registration (b0,i to T1i) and an inter-subject
registration (T1i to T1targ) to define the total transformation between the b=0 image space of
each subject (b0,i), which is inherently co-registered to FAi, and the target T1-weighted
image space (T1targ). The resulting total transformation for each subject was then applied to
FAi, and the transformed FA maps were averaged to create the template (FAtemp). A diagram
of the template creation process is shown in Fig. 1. Second, the original FA maps (FAi) were
co-registered directly to FAtemp to reduce potential bias introduced from the selection of a
single normal control as the initial target.

All intermediate image registration steps were performed using linear [32, 33] and non-
linear [34] registration software provided by the Medical Image Processing Laboratory in
the Department of Electrical Engineering and Computer Science at Vanderbilt University.
Intra-subject registration steps included a rigid registration to account for subject motion
between the diffusion-weighted scan and the T1-weighted scan and then a nonlinear
registration step to reduce the effects of image distortion. Inter-subject registration included
a rigid registration with scaling to account for differences in head size and orientation
between each subject and the target, as well as a nonlinear registration step to account for
regional anatomical differences.

2.4. Voxel-based analysis—The normalized FA maps for the NC and WS groups were
compared on a voxel-wise basis with a two-sample t-test. No smoothing was applied to the
maps prior to analysis [35]. The resulting significance maps were thresholded at the P < 0.05
level. The significance maps were also masked so that only voxels with an average FA value
of 0.3 or greater in the FAtemp remained to limit the analysis to the cores of the WM tracts,
reducing the effects of minor registration errors. Permutation testing was performed with the
same significance level and masking to determine the minimum significant cluster size (in 3
dimensions) according to the methods described by Bullmore et al. [36]. Only clusters with
a volume greater than 90 voxels (90 mm3) were considered to be significant (P < 0.05). The
average FA template and map of significant clusters were transformed to the Talairach space
for visualization.

2.5. Post hoc tract-based analysis—The left and right inferior fronto-occipital
fasciculi and uncinate fasciculi were segmented, parameterized, and compared using a tract-
based analysis. Briefly, a single voxel within the center of each end of the tract was defined
in the common image space and then transformed to each subject’s native image space. A
large, spherical region of interest, centered about the transformed coordinates, was used to
initiate multi-ROI fiber tracking to segment the tract-of-interest. The central axes of the
resulting fiber tracts for each subject were then defined and parameterized in a way that also
defined point correspondence across subjects [37–40]. Finally, FA values were compared
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between groups at corresponding locations along each tract with a two-sample t-test and
thresholded at a significance level of P < 0.05 (uncorrected).

3. Results
On visual inspection, image normalization appeared to perform well in the larger WM
structures, with reliability decreasing for smaller WM tracts and for tracts branching off to
cortical areas, particularly in the parietal and occipital lobes. This was confirmed
quantitatively by calculating (separately) the within-group variance of the normalized FA
maps for both the CO and WS groups.

3.1. Voxel-based analysis
Significant differences in FA between the two groups were found in several regions where
image normalization performed well. Fig. 2 shows the overlay of the significance map on
the average FA template. The mean FA of the WS subjects compared to NCs was decreased
in the splenium of the corpus callosum, bilateral corona radiata, external capsules (EC),
cortico-spinal/cortico-cerebellar tracts extending from the pons through the posterior limb of
the external capsules (PLIC), uncinate fasciculi (UF)/inferior front-occipital fasciculus
(IFO), and superior longitudinal fasciculi (SLF). An increase in mean FA in WS was found
in the left IFO/inferior longitudinal fasciculus (ILF), bilateral SLF (right > left), and bilateral
UF. (See Table 2 for a list of representative Talairach coordinates for these regions.) Note
that a given anatomical structure can have positive and negative changes at different
positions along the tract. Significant clusters were also found in regions where image
normalization performed poorly: bilateral forceps major, anterior commissure, prefrontal
WM, ventral cingulum, fornix, cerebellar peduncles, and WM underlying the intraparietal
sulci; these regions were discarded from further analysis.

3.2. Tract-based analysis
The right and left uncinate and the left inferior fronto-occipital tracts were successfully
tracked in each subject. The right inferior fronto-occipital tract was successfully tracked in
all NCs and all but 2 WS subjects, where only a single fiber was found in this tract. Fig. 3
shows the plots of the mean FA values for each group as a function of position along the
tracts, as well as a display of the mean axes for each subject (in the common image space)
with regions of significant differences highlighted. The left uncinate contained two large
regions of increased FA (WS > NC) and a small region of decreased FA (WS < NC) in the
portion passing through the EC in the WS group compared to NCs. An additional small
region of reduced FA was also found in the temporal portion of the tract. The right uncinate
contained a region of reduced FA at the anterior extent of the portion passing through the
EC, as well as a small region of reduced FA in the portion of the tract extending into frontal
WM. The left IFO contained a single region of reduced FA in the portion passing through
the EC, as well as an additional region of reduced FA in the temporal portion of the tract and
two regions of increased FA in the occipital portion of the tract. The right IFO contained a
large region of increased FA in the portion passing through the EC, as well as an additional
region of increased FA in the temporal portion of the tract.

4. Discussion
We performed a voxel-based comparison of FA between young adults with Williams
syndrome and normal controls and found several regions of WM with increased FA, as well
as several regions with decreased FA, in the WS subjects. These results are generally
consistent with previously reported differences in WM diffusion parameters between
subjects with WS and normal controls [27, 28].
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Decreased FA in the splenium of the corpus callosum is consistent with the findings of
Hoeft et al. [27], as well as reports of altered shape and reduced volume in the posterior
portion of the corpus callosum in WS [41–43]. Changes in this posterior portion of the
corpus callosum, which contains fibers connecting the right and left parietal and occipital
lobes, may be related to the visuospatial deficits associated with the disorder [41].

Another major WM tract with changes in FA that is potentially involved in visuospatial
deficits is the SLF, which contains connections between the frontal, parietal, and temporal
lobes. Hoeft et al. reported increased FA in both the right and left SLF (right > left) and a
negative correlation of FA in the right SLF with scores from the WAIS-III Object Assembly
subtest [27]. We also found regions of increased FA in both the left and right parietal portion
of the SLF, with larger cluster size in the right SLF. Unlike Hoeft et al., however, we also
found small regions of reduced FA in projections to the precentral gyri from both the left
and right SLF. These regions of reduced FA were near the lateral premotor cortex
(Brodmann area 6), which has connections to the parietal lobe (Brodmann area 40) through
the SLF [44, 45], and it has been shown that they are important for movement that relies on
external cues [46].

Our finding of decreased FA in the bilateral PLIC is consistent with the Hoeft [27] and
Marenco [28] studies, which also reported bilateral reductions of anisotropy in these regions,
and the extent of the regions of reduced FA we observed was quite remarkable. (See Fig. 2,
Z=−12 to Z=−20.) Both regions extended from the level of the pons to the level of the
superior portion of the thalamus and include several WM pathways important in motor and
sensory function, such as the corticobulbar (cranial motor function), corticospinal (motor
function in the body), corticorubral (motor coordination), thalamocortical (sensory and
motor function), and corticopontine (relay between motor cortex and cerebellum) tracts.
While mild motor symptoms have been noted in the literature [47, 48], it has not been until
recently that quantitative studies of motor signs and symptoms in WS have been published.
Gagliardi et al. [49] reported the existence of cerebellar, pyramidal, and extrapyramidal
signs that varied in distribution according to age. Hocking et al. [50] studied abnormal gait
characteristics in adults with WS and suggested that basal ganglia dysfunction and
visuomotor deficits may be involved. Quantitative measures of neurological signs or
symptoms in the WS cohort in this study were not obtained; however, research staff were
able to provide evaluations of gross motor deficits, confirming the existence of abnormal
gait and muscle weakness in several of the WS subjects in this study (data not shown).

Results in the WM regions containing the ILF and IFO vary between this study and the
studies published by Hoeft et al. [27] and Marenco et al. [28]. We found increased FA in the
left ILF/IFO only, while Hoeft et al. reported significantly increased FA in the right ILF
only, and Marenco et al. found increased anisotropy in tract-based ROIs averaged over both
hemispheres. This region of WM contains fiber pathways associated with face and object
recognition, and it has been proposed that while face processing abilities seem to be
relatively intact in WS, higher-level object recognition and face processing may actually be
functioning abnormally [51, 52]. Perhaps also related to the ILF, Thornton-Wells et al.
(2010) reported evidence of cross-modal sensory processing (activation of the visual cortex
during auditory perception) that might be supported by increased connectivity of the
temporal and occipital lobes [26].

We found that the bilateral EC also contained regions of both increased and decreased FA,
while Hoeft et al. reported only increased FA. An additional region of WM in the UF/IFO,
slightly anterior to the EC, showed reduced FA bilaterally. Changes in the EC and frontal
WM might be related to the social aspects of the disorder. The UF and IFO, two major
association pathways with connections to the frontal lobes, pass through this region, as well
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as several smaller tracts, which include connections between the frontal lobe and the basal
ganglia and amygdala. The UF also contains connections between the amygdala and
temporal lobe structures [53]. Functional connections between the cortical regions connected
by pathways passing through the EC have been shown to be disrupted in WS. Mobbs et al.
[22] reported abnormal activity in the striatum, dorsolateral prefrontal, and dorsal cingulate
cortices in an fMRI study of response inhibition. Also,an fMRI study designed to invoke
activation in the amygdala from threatening visual stimuli by Meyer-Lindenberg et al. [23]
suggested that functional connections between different regions of frontal cortices and the
amygdala may be disrupted.

It is difficult to interpret the underlying cause of the differences in FA between the WS and
NC groups observed in this study because the diffusion tensor is sensitive to changes in local
tissue microstructure, such as cell density, edema, and demyelination, as well as differences
in structural organization. Marenco et al. [28] hypothesized that changes they found in the
principal orientation of WM tissue in several association tracts indicated that WM fibers that
normally developed in the right-left orientation either changed course during development or
failed to develop. However, as Hoeft et al. [27] pointed out, it is also possible that the
orientational differences Marenco et al. observed and the increases in FA observed in this
study and the study by Hoeft et al. indicates a decrease in normal branching of these tracts to
cortical regions along their paths. Decreased branching might lead to a decrease in the
normal amount of fiber crossing, resulting in an increase in FA. This hypothesis is consistent
with evidence that the LIMK1 and CYLN2 genes included in the typical WS deletion are
involved in normal neuronal migration and development [13, 54, 55]. LIMK1 is required for
proper functioning of an axonal guidance protein called semaphorin 3A in neural migration
[54]. This same protein has also been shown to be involved in normal pruning of axonal
branches in hippocampal neurons [56]. Furthermore, neurotrophin nerve growth factor
(NGF), which is crucial for terminal arborization and neuronal survival, is elevated during
typical development from 2 to 6 years of age but has been shown to be elevated more than
four times as long in persons with WS, from 2 to 20 years of age, which could interfere with
normal axonal pruning [57, 58]. In early development, axons send out many branches to
different functional areas, which are selectively pruned later in development as the brain
refines itself. Perhaps, while some regions experience a decrease in branching causing an
increase in FA, other regions may initially develop normal branching that is never properly
pruned, causing a decrease in FA.

An additional consideration that should be made in the interpretation of the results reported
here is the fact that there were methodological differences between this study and the studies
by Hoeft et al. and Marenco et al. Both of the previous studies had 10 or fewer subjects per
group and acquired multiple sets of 6 diffusion directions. We compared 16 WS subjects
with 16 controls and acquired a single set of 32 diffusion directions, which has been shown
to provide a better estimation of anisotropy than multiple acquisitions of fewer than 20
directions [59]. We performed a voxel-based comparison, which allowed us to explore the
entire brain for changes without restriction to a priori knowledge of regions or tracts of
interest. However, a major limitation of this analysis technique is that it relies upon accurate
image co-registration. While the registration algorithms we used are sophisticated and great
care was taken to ensure the best possible co-registration, anatomical variability between
subjects makes it impossible for the algorithms to produce a perfect result. Registration
results are generally best in large WM structures near the center of the brain, such as the
internal capsule and corpus callosum, and the quality decreases as the structures get smaller
in size and closer to the cortex, where differences in gyrification can be particularly
problematic.
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Even within well-registered large WM structures, the registration algorithms typically used
have no way of determining whether smaller WM tracts within the larger structure are
properly aligned across subjects. This creates ambiguity in regions of WM that contain
multiple WM tracts. An example from this study is the external capsule. There is no way of
knowing whether changes in the uncinate fasciculi, inferior fronto-occipital fasciculi, or both
are the cause of the significant differences in FA that we observed. Hoeft et al. faced a
similar dilemma in their findings in the inferior longitudinal fasciculus (ILF) in both an
ROI-style and a tract-base spatial statistics (TBSS) analysis [60], where neither method
could distinguish between the ILF and IFO. Marenco et al. averaged diffusion parameters
over pairs of entire WM tracts segmented by fiber tractography, which reduces sensitivity to
localized changes, particularly since diffusion parameters can vary greatly along fiber tracts.

In an attempt to overcome these challenges, we further examined the major white matter
tracts passing through the EC with a tract-based analysis. We compared FA values between
a group of young adults with WS and a group of normal controls along the uncinate and
inferior fronto-occipital fasciculi, the two major WM pathways that pass through the inferior
portion of the external capsules, and found regions of significantly different FA in all four
tracts. Our results were consistent with the findings from the voxel-based analysis and the
two previously published studies of WS with DTI [27, 28]. The results from the voxel-based
comparison of these data suggested that the FA differences in the EC were fairly similar
between hemispheres. However, the results of this tract-specific comparison indicate that the
left and right uncinate fasciculi and IFO each contribute to changes in FA in the EC in
different ways. This is not entirely surprising, given that there is evidence of functional
lateralization associated with these WM tracts. The uncinate fasciculi connect regions in the
frontal (mainly orbitofrontal) lobes with regions in the temporal lobes, including the
amygdala [61, 62]. There is evidence of lateralization in the function of the amygdala [63],
and an fMRI study of WS designed to invoke activation in the amygdala from threatening
visual stimuli by Meyer-Lindenberg et al. [23] revealed reduced activation in the amygdalae
of WS subjects compared to normal controls, with the difference much more pronounced in
the right hemisphere. Further investigation of the functional network involved in this
observed dysfunction suggested that normal functional connections between different
regions of frontal cortices and the amygdala may be disrupted. While the path analyses
implemented by Meyer-Lindenberg et al. are not meant to be interpreted as direct
connections between anatomical locations, it is certainly possible that the reduced FA
observed in the right uncinate is involved. As discussed above, the IFO tracts might underlie
behavioral differences in face processing and language tasks, as well.

In conclusion, the evidence from this study and previous DTI studies of WS is consistent
with structural, functional, and behavioral differences found in the disorder and warrant
further study to improve our understanding of the role of white matter changes. The tract-
based analysis method used in the paper allowed us to demonstrate its usefulness in the
investigation of the role of specific white matter tracts in behavioral and cognitive
dysfunction in Williams syndrome. To the best of our knowledge, it is the first of its kind in
the study of Williams syndrome. Previous DTI studies that included fiber tracking could not
identify localized changes within the tracts or assign involvement to particular tracts in
regions of WM where multiple fiber pathways traveled together. Hopefully, more precise
knowledge of the specific WM tracts affected in WS will aid in the design of future
functional, structural, and behavioral studies of the disorder.
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Figure 1.
Schematic of the process used to create the study-specific FA template (FAtemp) used for
image normalization. First, each subject’s FA map was transformed to the T1targ image
space (dashed box), then the average of all the subjects’ transformed FA maps was
calculated and used as the FA template for the second step of the registration process.
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Figure 2.
Voxel-based comparison of FA in WS compared to NC. Overlay of regions of significantly
increased (warm colors) and reduced (cool colors) FA in WS compared to controls on
coronal slices of the average FA template in Talairach space. (Images displayed according to
radiological convention. i.e., the left hemisphere is shown on the right.)
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Figure 3.
Tract-based comparison of FA of two major WM tracts in the external capsule in WS
compared to NC. The mean axes of the left (A) and right (B) uncinate (yellow) and inferior
fronto-occipital (white) fasciculi from each subject are displayed together as viewed from
the left. Regions of significantly (P < 0.05) reduced and increased FA are marked in blue
and red, respectively. Regions of significantly increased (magenta) and decreased (cyan) FA
found near the EC in the voxel-based analysis are also shown for comparison, and
orientation is marked as follows: anterior (A), left (L), superior (S), and inferior (I). Mean
FA values for each group are plotted as a function of position along the left uncinate (C), left
inferior fronto-occipital tract (D), right uncinate (E), and right inferior fronto-occipital tract
(F), with regions of significantly reduced and increased FA marked in blue and red,
respectively.

Arlinghaus et al. Page 15

Magn Reson Imaging. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Arlinghaus et al. Page 16

Ta
bl

e 
1

Su
bj

ec
t d

em
og

ra
ph

ic
s

A
ge

 (y
ea

rs
)

H
an

de
dn

es
s

G
ro

up
N

R
an

ge
M

ea
n

St
an

da
rd

de
vi

at
io

n
R

ig
ht

L
ef

t
A

m
bi

de
xt

ro
us

C
on

tr
ol

s
M

al
e

8
18

 –
 3

2
23

5
5

2
1

Fe
m

al
e

8
16

 –
 2

6
22

3.
5

7
1

0

To
ta

l
16

16
 –

 3
2

23
4

12
3

1

W
ill

ia
m

s
M

al
e

10
16

 –
 3

3
24

5
7

3
0

sy
nd

ro
m

e
Fe

m
al

e
6

16
 –

 3
0

24
5

6
0

0

To
ta

l
16

16
 –

 3
3

24
5.

5
13

3
0

Magn Reson Imaging. Author manuscript; available in PMC 2012 November 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Arlinghaus et al. Page 17

Table 2

Voxel-based analysis results

WM Region Talairach Coordinates

X Y Z

Decreased FA

Corona radiata (L) −15 −6 45

Corona radiata (R) 17 −6 44

External capsule (L) −26 9 8

External capsule (R) 27 9 8

PLIC (L) −20 −18 5

PLIC (R) 21 −18 5

Splenium 1 −36 12

SLF (L) −39 −11 31

SLF (R) 41 −8 28

Uncinate/IFO (L) −17 19 −9

Uncinate/IFO (R) 17 19 −9

Increased FA

External capsule (L) −29 5 −5

External capsule (R) 27 8 −3

ILF/IFO (L) −38 −37 −4

SLF (L) −42 −30 26

SLF (R) 37 −25 32

SLF (L) −37 −44 21

SLF (R) 33 −42 21
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