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Williams syndrome (WS) is a neurodevelopmental condition caused
by a hemizygous deletion of ∼26–28 genes on chromosome 7q11.23.
WS is associated with a distinctive pattern of social cognition. Ac-
cordingly, neuroimaging studies show that WS is associated with
structural alterations of key brain regions involved in social cognition
during adulthood. However, very little is currently known regarding
the neuroanatomical structure of social cognitive brain networks
during childhood in WS. This study used diffusion tensor imaging to
investigate the structural integrity of a specific set of white matter
pathways (inferior fronto-occipital fasciculus [IFOF] and uncinate
fasciculus [UF]) and associated brain regions [fusiform gyrus (FG),
amygdala, hippocampus, medial orbitofrontal gyrus (MOG)] known
to be involved in social cognition in children with WS and a typically
developing (TD) control group. Children with WS exhibited higher
fractional anisotropy (FA) and axial diffusivity values and lower
radial diffusivity and apparent diffusion coefficient (ADC) values
within the IFOF and UF, higher FA values within the FG, amygdala,
and hippocampus and lower ADC values within the FG and MOG
compared to controls. These findings provide evidence that the WS
genetic deletion affects the development of key white matter path-
ways and brain regions important for social cognition.
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Introduction

Williams syndrome (WS) is a neurodevelopmental condition
caused by a specific and well-defined genetic deletion (∼26–28
genes on chromosome 7q 11.23) (Meyer-Lindenberg et al.
2006). WS is associated with a distinctive pattern of social-
cognition and behavior that include deficits in emotion recog-
nition (Plesa-Skwerer et al. 2006), an increased affinity toward
processing faces (Riby and Hancock 2008; Riby et al. 2011),
and lower social inhibition (Gosch and Pankau 1994; Doyle
et al. 2004). Affected adults often present with aberrant struc-
ture of brain regions important for social-cognitive functioning
(Jarvinen-Pasley et al. 2008; Martens et al. 2008). Although
several studies have demonstrated structural alterations of key
brain regions involved in social cognition in adults with WS,
very little is known about brain structure during childhood in
this condition. The current study used diffusion tensor
imaging (DTI) to investigate the structural integrity of a
network of key white matter pathways and brain regions inte-
gral to the development of social-cognitive functioning in chil-
dren with and without WS.

Adults with WS exhibit abnormal structure of a network of
white matter pathways and associated brain regions important
for processing facial expressions and emotions. With respect to
white matter tracts, adults with WS show increased fractional

anisotropy (FA) within the left inferior fronto-occipital fascicu-
lus (IFOF) (Arlinghaus et al. 2011), decreased FA within the
right IFOF (Arlinghaus et al. 2011; Avery et al. 2012), and de-
creased FA within the uncinate fasciculus (UF) (Avery et al.
2012; Jabbi et al. 2012) compared to controls. The IFOF is a
ventral associative bundle that connects the ventral occipital
lobe and the orbitofrontal cortex (Catani et al. 2002; Catani and
Thiebaut de Schotten 2008; Martino et al. 2010) and is involved
in face and emotion processing (Thomas et al. 2008; Philippi
et al. 2009). The UF connects the amygdala, hippocampus, and
the medial orbitofrontal gyrus (MOG; Kier et al. 2004; Catani
and Thiebaut de Schotten 2008; Colnat-Coulbois et al. 2010)
and is also involved in face and emotion processing (Papagno
et al. 2011; Xu and Potenza 2012). Although DTI studies have
shown abnormal structural integrity of the IFOF (Arlinghaus
et al. 2011) and UF (Avery et al. 2012) in adults with WS, the in-
tegrity of these pathways during childhood in WS is currently
not known.

Many brain regions that the IFOF and the UF serve to
connect exhibit neuroanatomical alterations in adults with WS.
In particular, when compared to healthy controls, adults with
WS exhibit disproportionately larger gray matter volume of the
fusiform gyrus (FG; Reiss et al. 2004; Thompson et al. 2005),
amygdala (Reiss et al. 2004; Martens et al. 2009; Capitao et al.
2011), and orbital frontal cortices (Reiss et al. 2004; Meda et al.
2012) and smaller gray matter volume of the hippocampus
(Meda et al. 2012). These neuroanatomical findings in adults
with WS raise important questions as to whether children with
WS exhibit structural abnormalities in this same social cogni-
tive brain network. Furthermore, though voxel- or volume-
based anatomical studies have demonstrated atypical gross
structure of the FG, amygdala, hippocampus, and orbital
frontal cortices in WS, very little is known regarding alterations
of microstructure within these key brain regions. Although DTI
is more often used to explore white matter microstructure,
recent DTI studies suggest that altered diffusivity in brain
regions that include gray matter may be representative of ab-
normal cell density, cell loss, or orientation of associated axons
(Blood et al. 2010; De Gennaro et al. 2011; Juranek et al. 2012;
Oishi, Mielke et al. 2011).

This study was designed to investigate the structural integ-
rity of the IFOF and UF pathways and the aforementioned set
of associated brain regions during childhood in WS. We col-
lected DTI data from children with WS and a typically develop-
ing (TD) control group. In order to assess the structural
integrity of the IFOF and UF white matter tracts, we used a
tract-based spatial statistics (TBSS) approach (Smith et al.
2006) and compared FA, radial diffusivity (RD), axial diffusiv-
ity (AD), and apparent diffusion coefficient (ADC) between
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groups. To assess the structural integrity of the FG, amygdala,
hippocampus, and MOG, we used a standardized, atlas-based
(DiffeoMap) approach (Faria et al. 2010) and compared FA and
ADC between groups. Given that aberrant social behavior is
observed very early in development in children with WS
(Tomc et al. 1990; Klein-Tasman and Mervis 2003; Doyle et al.
2004), we predicted that a pediatric WS sample would exhibit
abnormal anatomy within the IFOF (Arlinghaus et al. 2011),
UF (Avery et al. 2012), FG (Golarai et al. 2010; Haas, Hoeft,
et al. 2012), amygdala (Reiss et al. 2004; Martens et al. 2009;
Capitao et al. 2011), hippocampus (Meyer-Lindenberg, Mervis
et al. 2005), and MOG (Reiss et al. 2004; Meda et al. 2012).

Materials and Methods

Participants
A total of 36 children, 18 WS and 18 TD, participated in this study. A 7q
11.23 deletion was confirmed for all WS participants (11 females:
mean age = 11.88 years, range = 6.38–17.97 years, SD = 4.17), and each
participant exhibited the clinical features of the WS phenotype, includ-
ing cognitive, behavioral, and physical profiles (Martens et al. 2008).

TD children were recruited locally (Palo Alto, CA, USA) and were fi-
nancially compensated for their participation (14 females; mean
age = 11.06 years, range = 6.64–17.89 years, SD = 2.92). All subjects
were screened for a history of psychiatric or neurologic problems
using the Child Behavior Checklist (Achenbach 1992). No participant
had a contraindication for MRI and written informed consent and/or
assent were obtained from each parent and participant. This study was
approved by the Stanford University Administrative Panel on Human
Subjects in Medical Research. There were no statically significant differ-
ences in age (t = 0.69, P = 0.50) or sex [χ2 (1, N = 36) = 1.18, P = 0.28]
between groups.

Cognitive and Social-Cognitive Assessment
Each participant’s intellectual functioning was assessed using the
Wechsler Intelligence Scale for Children–Fourth Edition (Wechsler
2003). Social and emotional functioning was assessed using the Social
Cognition subscale within the Social Responsiveness Scale (SRS; Con-
stantino and Gruber 2005) and the Affect Recognition subscale within
the Developmental Neuropsychological Assessment-II (NEPSY-II)
(Korkman et al. 2007).

Image Acquisition
Participants were trained for MRI procedures using an in house MRI
simulator. Following successful completion of an MRI practice proto-
col, diffusion tensor images were acquired using a 3T whole-body
GE-Signa HDxt scanner (GE Medical Systems, Milwaukee, WI, USA)
with a quadrature head coil. A diffusion-weighted sequence was based
on a single-shot, spin-echo, echo-planar imaging sequence with diffu-
sion sensitizing gradients applied on either side of the 180 refocusing
pulse (Basser et al. 1994). Imaging parameters for the diffusion-
weighted sequence were as follows: field of view (FOV) 24 cm; matrix
size 128 × 128; time repetition (TR)/time echo (TE) 5910/70.3 ms; 44
axial-oblique slices; slice thickness 3.2 mm/no skip. Diffusion gradient
duration was d = 32 ms and diffusion weighting was b = 850 s/mm2

and b = 0 as reference images. Diffusion was measured along 23 non-
collinear directions and was repeated 6 times.

Diffusion-Weighted Scans Preprocessing
Diffusion-weighted images were corrected for eddy current distortions
and head motion using an affine transformation as implemented by
Automated Image Registration (Woods et al. 1998). All individual
images were visually inspected to eliminate slices with motion artifacts.
There were no statistically significant differences in the number of
eliminated image slices between groups (WS: mean = 173.94,
SD = 204.80; TD: mean = 101.94, SD = 139.70) (t = 1.23, P = 0.23). The

remaining images were averaged and the pixel intensities of the mul-
tiple images were fitted to obtain each element of the symmetric diffu-
sion tensor. Images, including FA, RD, AD, and ADC, were calculated
using DTIStudio (http://www.mristudio.org/).

TBSS
TBSS was used to investigate the structure of the IFOF and UF. The
TBSS analysis was initiated by aligning each subject’s FA image into
common space using nonlinear and linear registrations. Subsequently,
FA images were averaged to produce a group mean FA image. A skele-
tonization algorithm was applied to the group mean FA image to
define a group template of the lines of maximum FA. FA values for
each subject were then projected onto the group template skeleton.
The FA skeleton was thresholded to FA >0.25. The original registration
parameters of the FA image were then applied to the RD, AD, and ADC
images. FA, RD, AD, and ADC data were then projected onto the skel-
eton and were fed into voxelwise between-group statistics (P < 0.05)
using ‘‘randomize’’ (v. 2.1 in FSL4.1), a permutation program used for
inference (thresholding) on statistic maps when the null distribution is
not known (Nichols and Holmes 2002). All analyses were corrected
for multiple comparisons (familywise error) and used threshold-
free cluster enhancement (Smith and Nichols 2009) with default
parameters.

For TBSS, DTI metrics within the IFOF and UF were compared
between groups (Fig. 1A,C). The IFOF and UF ROIs were selected from
within the FSL software package (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/).
Specifically, the ROIs were segmented based on the ICBM-DTI-81
white matter labels atlas and were delineated by a trained expert on a
standard-space average of diffusion MRI tensor maps (Hua et al. 2008).
No modifications were performed on the IFOF or UF ROIs. For each
pathway, between-group comparisons were conducted on FA, RD, AD,
and ADC, while age was entered as a covariate. In order to aid in the
interpretation of between group differences in FA, subsequent
between group analyses of RD, AD, and ADC were restricted to loci
within the IFOF and UF where significant between group differences

Figure 1. Schematic visualization of regions of interest (ROIs). ROIs are overlaid on a
standardized T1 template (MRIcroN: ch2.nii.gz). Panel A displays white matter tract ROIs;
inferior fronto-occipital fasciculus (IFOF) in yellow and the uncinate fasciculus (UF) in
cyan. Panel B displays mixed tissue-type ROIs; fusiform gyrus (FG) in red, amygdala in
green, hippocampus in blue, and medial orbitofrontal gyrus (MOG) in magenta. Panel C
displays all ROIs with tracts (IFOF and UF) being displayed as partially transparent.
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in FA were observed. FA is a measure representative of the degree of
diffusion anisotropy within a voxel. Anisotropy within a given voxel is
thought to be determined by fiber diameter and density, degree of
myelination, extracellular diffusion, interaxonal spacing, and intravox-
el fiber-tract coherence (Chanraud et al. 2010). For example, increased
FA is typically associated with an increase in inner axon diameter (Sen
and Basser 2005). RD represents the mean diffusivity perpendicular to
the vector with the largest eigenvalue ([λ2 + λ3]/2), while AD is a
measure of diffusivity of along the axis of the fiber (vector with the
largest eigenvalue, λ1). Thus RD is thought to represent fiber integrity
and myelination and AD is thought to reflect fiber coherence. Lastly,
ADC is a measure representative of the overall rate of diffusion within a
voxel. FA, RD, and AD metrics are associated with one another. For
example, increased FA is often observed in association with either
reduced RD or increased AD. Neurobiologically, increased FA, paired
with reduced RD, may be representative of increased myelination or
packing density (Sen and Basser 2005). While increased FA, paired
with increased AD, may be representative of the structure of the axon
itself (Song et al. 2002, 2003). There currently exist several different
interpretations regarding how diffusion properties may be associated
with specific neurobiological characteristics. Therefore, such interpret-
ations must be considered cautiously.

Atlas-Based Analysis
We also used an atlas-based approach to investigate structural altera-
tions within the FG, amygdala, hippocampus, and MOG (Oishi et al.
2009; Faria et al. 2010). This approach utilizes the large deformation
diffeomorphic metric mapping (LDDMM) as the normalization algor-
ithm (Ceritoglu et al. 2009) and is well suited to match the shapes of
anatomical regions within brains that have different shapes (Ceritoglu
et al. 2009; Oishi et al. 2009; Faria et al. 2010). The measurements ac-
quired as a result of LDDMM are in native space and thus reduce errors
associated with image processing (Ceritoglu et al. 2009; Oishi et al.
2009; Faria et al. 2010). LDDMM produces highly accurate brain seg-
mentations across participants of various ages (Faria et al. 2010) and
clinical diagnoses (Oishi, Akhter et al. 2011) that also include WS
(Faria et al. 2012).

In this study, we designated the FG, amygdala, hippocampus, and
MOG as a priori regions of interest (ROIs) (Fig. 1B,C). ROIs were de-
signated based on histological and DTI studies demonstrating brain
regions that the IFOF and/or the UF serve to connect (Catani et al.
2002; Kier et al. 2004; Catani and Thiebaut de Schotten 2008) and
studies demonstrating structural alterations of social-cognitive brain
regions in adults with WS (Reiss et al. 2004; Meyer-Lindenberg, Mervis
et al. 2005; Thompson et al. 2005; Martens et al. 2009). The atlas-based
ROIs were selected from the JHU_MNI_single-subject atlas (Oishi et al.
2009) and were segmented using high-resolution MR images (based
on the ICBM-152), acquired as part of the International Consortium for
Brain Mapping project (Mazziotta et al. 1995, 2001; Thompson et al.
2000).

A 2-step image transformation was used to warp an atlas to individ-
ual native space. A skull-stripped ‘‘JHU_MNI_single-subject’’ atlas
(Oishi et al. 2009) was used for the linear and nonlinear normalization
of FA images. Dual-contrast LDDMM (Ceritoglu et al. 2009) was used
for nonlinear normalization (single a/c ratio was 0.005). The inverse
transformation matrices were then used to transfer the presegmented
atlas (Oishi et al. 2009) to each subject’s native space, thus enabling the
automated segmentation of each ROI. The transformation matrix from
the FA image was then applied to the original ADC image. Following
transformations, all ROIs were visually inspected and locations were
verified based on an anatomical atlas of the human brain (Mai et al.
1997). There was no threshold in terms of FA or ADC applied to any of
the ROIs. The ROIs selected for atlas-based analyses are likely not com-
posed exclusively of gray matter. The boundaries were not based on
the gray-white matter boundary as defined in T1-weighted images.

For the atlas-based analysis, we compared diffusivity characteristics
(i.e., FA and ADC) between groups. We selected FA and ADC as DTI
metrics of interest based on evidence that FA and ADC may represent
abnormal cell density, cell loss, or orientation of associated axons in

brain regions comprised of mixed tissue types (Blood et al. 2010; De
Gennaro et al. 2011; Juranek et al. 2012; Oishi, Mielke et al. 2011).

Statistical analyses of atlas-based ROIs were initiated by conducting
a repeated measures ANCOVA with group (WS vs. TD) as the between
subjects factor, ROIs (FG, amygdala, hippocampus, and MOG) as the
within subjects factor, and age entered as a covariate. Our statistical
analysis was designed to investigate microstructure within networks of
brain regions associated with the IFOF and UF. The IFOF and UF
connect brain regions within a single hemisphere. Therefore, each
ANCOVA was performed on the left and right hemisphere set of ROIs
independently. To reduce the likelihood of committing a Type 1 error
for each ANCOVA analysis, a Bonferroni correction was adopted [0.05/
2 (left and right side)] resulting in a statistical threshold of P = 0.025.
Under the scenario that a significant effect of group (WS vs. TD) on
ROI structure was observed (P < 0.025), the main effect of group on
each ROI independently was then investigated using a statistical
threshold of P < 0.05.

Lastly, we performed an exploratory analysis designed to investigate
between group differences within other brain regions known to be
functionally and/or structurally abnormal in WS including the superior
parietal lobule (Eckert et al. 2005; Boddaert et al. 2006), insula (Cohen
et al. 2010; Jabbi et al. 2012), and cingulate (Reiss et al. 2004; Campbell
et al. 2009) (Supporting Materials and Methods section).

Behavioral Correlations
Within each group (WS and TD), post hoc, exploratory analyses de-
signed to investigate the association between behavioral measures (full
scale IQ, Social Cognition, and Affect Recognition) and diffusivity
metrics were conducted. Regression analyses were restricted to diffu-
sivity metrics (TBSS: voxel-by-voxel or atlas-based) found to be signifi-
cantly different between groups (WS vs. TD) and were performed
using SPSS software (Version 18), using a statistical threshold of
P < 0.05. In addition, we performed a series of exploratory analyses de-
signed to test for correlations between behavioral measures (full scale
IQ, Social Cognition, and Affect Recognition) and all white matter path-
ways (TBSS), and behavioral measures and all ROIs (atlas-based analy-
sis), using a statistical threshold of P < 0.05.

Results

Behavioral Measures
Means (M) and standard deviations (SD) for each behavioral
measure are reported in Table 1. As expected, children with
WS exhibited lower full scale IQ, compared to TD children
(t = 12.73, P < 0.001). Compared to TD children, children with
WS also scored higher on the Social Cognition subscale of the
SRS (note: higher scores correspond to greater severity of pro-
blems) (t = 8.95, P < 0.001) and scored lower on the Affect Rec-
ognition subscale of the NEPSY-II (t = 2.86, P = 0.008).

TBSS: IFOF and UF
Results of the TBSS analysis are presented in Figure 2. All stat-
istical analyses were conducted while age was entered as a

Table 1
Behavioral Measures

TD WS

M SD M SD t P

Full scale IQ 113.56 13.25 55.90 13.93 12.73 <0.001
SRS Social Cognition 45.76 6.40 75.98 12.44 8.95 <0.001
NEPSY-II Affect Recognition 10.50 1.90 7.77 3.19 2.86 0.008

Note: IQ, intelligence quotient; SRS, social responsiveness scale; NEPSY-II, developmental
neuropsychological assessment-second edition.
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covariate. Compared to controls, children with WS exhibited
higher FA values within the right IFOF (blue areas) and bilat-
eral UF (red areas) (Fig. 2A). Compared to controls, children
with WS exhibited lower RD values within the right IFOF
(yellow areas) and bilateral UF (green areas) (Fig. 2B). Further-
more, children with WS exhibited higher AD values within the
right IFOF (blue areas) and bilateral UF (red areas) (Fig. 2C).
One cluster within the left UF was observed to have lower AD
values in WS compared to controls (Fig. 2C: green cluster, 2
left images). Lastly, compared to controls, children with WS ex-
hibited lower ADC values within the right IFOF (yellow areas)
and bilateral UF (green areas) (Fig. 2D). There were no statisti-
cally significant differences for WS < TD in FA, WS > TD in RD,
or WS > TD in ADC within the bilateral IFOF or UF. The results
of whole brain (all white matter pathways), between group
comparisons are presented as Supplementary Table S1 and
Fig. S1.

Atlas-Based Analysis
We performed a repeated measures ANCOVA for each DTI
metric (FA and ADC) with group (WS vs. TD) as the between
subjects factor and ROIs (FG, amygdala, hippocampus, and

MOG) as the within subject factor, with age entered as a covari-
ate. This analysis showed a significant effect of group on FA on
the left [F1,33 = 11.41, P = 0.002] (Fig. 3A) and right
[F1,33 = 13.43, P = 0.001] (Fig. 3B) set of ROIs. With regard to
ADC, this analysis showed a significant effect of group on the
right set of ROIs [F1,33 = 6.51, P = 0.016] (Fig. 3C), but no sig-
nificant effect of group on the left set of ROIs [F1,33 = 2.01,
P = 0.17].

Based on the results of repeated measures ANCOVA analy-
sis, we tested for main effects of group (WS vs. TD) on FA
values within the left and right set of ROIs and on ADC values
within the right set of ROIs. For FA values within the left (L) set
of ROIs, children with WS showed higher values within the
L. FG (t = 2.53, P = 0.016), L. amygdala (t = 2.95, P = 0.006), and
L. hippocampus (t = 2.96, P = 0.005) compared to controls. No
statistically significant differences for FA values were observed
between groups within the L. MOG (t = 0.97, P = 0.34).

For FA values within the right (R) set of ROIs, children with
WS showed higher values within the R. FG (t = 2.80, P = 0.008),
R. amygdala (t = 3.79, P = 0.001), and a trend toward signifi-
cance (P < 0.10) within the R. MOG (t = 1.75, P = 0.09). No stat-
istically significant differences for FA values were observed

Figure 2. Areas within the inferior fronto-occipital fasciculus (IFOF) and uncinate fasciculus (UF) that exhibit differences between Williams syndrome (WS) and typically developing
(TD) controls in diffusion tensor imaging metrics as measured by tract-based spatial statistics (TBSS), with age entered as a covariate. Areas corresponding to significant differences
in fractional anisotropy (A), radial diffusivity (B), axial diffusivity (C), and apparent diffusion coefficient (D) are overlaid on a standardized T1 template (Montreal Neurological
Institute). Areas within the IFOF that were higher in WS when compared to TD are displayed in blue; areas within the IFOF that were higher in TD when compared to WS are
displayed in yellow; areas within the UF that were higher in WS when compared to TD are displayed in red; areas within the UF that were higher in TD when compared to WS are
displayed in green. L, left.
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between groups within the R. hippocampus (t = 1.50,
P = 0.14).

For ADC values within the right (R) set of ROIs, children
with WS showed lower ADC values within the R. FG (t = 2.16,
P = 0.038) and R. MOG (t = 2.76, P = 0.009). No statistically sig-
nificant differences for ADC values were observed between
groups within the R. amygdala (t = 1.25, P = 0.22) or
R. hippocampus (t = 0.65, P = 0.52).

Behavioral Correlations
We performed a post hoc, exploratory analysis designed to
investigate within-group associations between behavioral
measures (full scale IQ, Social Cognition, and Affect Recog-
nition) and DTI metrics found to be significantly different
between groups. No significant associations were observed for
the IFOF or UF in either group. However, in WS we found a
significant association between Social Cognition (SRS) and FA
values within the R. FG in WS (t = 2.39, P = 0.029). Specifically,
more difficulties in social cognition (i.e., higher SRS Social
Cognition scores) were associated with higher FA values

within the R. FG in WS (r = 0.51) (Fig. 4). The relationship
between Social Cognition (SRS) and FA values within the R. FG
in WS remained significant when age and IQ were entered as a
covariates (R2 = 0.35, P = 0.016). We performed a Fischer r-to-z
transformation and found that the association between Social
Cognition (SRS) and FA values within the R. FG was signifi-
cantly higher in WS (r = 0.51) when compared to TD controls
(r = -0.10) (z = 1.8, P = 0.036, 1-tailed). The association
between Social Cognition (SRS) and IQ was not significant
either in WS (P = 0.70) or TD controls (P = 0.89).

No significant associations between behavioral measures
(full scale IQ, Social Cognition, and Affect Recognition) and FA
values within any other ROIs (L. FG, L. amygdala,
L. hippocampus, or R. amygdala) were found in the WS or TD
groups. In addition, no significant associations were observed
between FA values within the R. FG and full scale IQ, Affect
Recognition, or between behavioral measures and ADC values
within any ROIs.

Lastly, the results of the exploratory whole brain analysis
failed to show any statistical significant associations between
DTI metrics within white matter pathways (TBSS) or ROIs
(atlas-based analysis) and behavioral measures.

Discussion

Here we report on abnormal microstructure within a network
of brain regions important for social-cognitive development in
children with WS. As predicted, microstructural alterations
were observed within the IFOF and UF white matter pathways
and the FG, amygdala, hippocampus, and MOG. Although
prior studies have investigated altered white matter structure
in adults with WS (Hoeft et al. 2007; Marenco et al. 2007;
Arlinghaus et al. 2011; Avery et al. 2012; Jabbi et al. 2012), no
prior studies have demonstrated white matter alterations
in children with this condition. This study advances our

Figure 3. Bar graphs showing diffusion tensor imaging metrics for atlas-based regions
of interest (ROIs). Data are presented from left (A) and right (B) hemisphere ROIs for
fractional anisotropy (FA), and for the right hemisphere ROIs for apparent diffusion
coefficient (ADC) (C) in WS and TD controls. FG, fusiform gyrus; MOG, medial
orbitofrontal gyrus. *P< 0.05. Error bars represent standard error from the mean.

Figure 4. Association between social cognition and fractional anisotropy (FA) within
the right (R) fusiform gyrus in children with WS. Individual differences in social
cognition as measured by the Social Responsiveness Scale (SRS) (note: higher scores
correspond to greater severity of problems) are plotted on the x-axis. Individual
differences in FAwithin the R. fusiform gyrus are plotted on the y-axis.
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understanding of the social and neural phenotype of WS by
providing evidence for early microstructural alterations within
a social cognitive brain network during childhood in WS.

The results of the TBSS analysis showed that children with
WS exhibit abnormal structural integrity within 2 white matter
pathways known to be involved in social-cognition (IFOF and
UF). Children with WS exhibited higher FA and AD values and
lower RD and ADC values within the right IFOF compared to
controls. Considering the DTI metrics together indicates that
the higher FA values within the IFOF may be driven by both
higher AD and lower RD. This pattern of altered diffusivity
may represent an increase in diffusion parallel, and/or a
reduction of diffusion that is perpendicular to the direction of
axons. Thus, this pattern may be an indication of increased
myelination or packing density, or changes in axonal structure
within the IFOF (Song et al. 2003; Sen and Basser 2005).

The IFOF is an important pathway that connects brain
regions within the ventral stream including the FG and orbito-
frontal cortices (Catani et al. 2002; Catani and Thiebaut de
Schotten 2008; Martino et al. 2010). Although there is consider-
able debate regarding the anatomical and functional distinc-
tion of the IFOF from other pathways such as the inferior
longitudinal fasciculus (Schmahmann and Pandya 2007; Lee
et al. 2008; Fusar-Poli et al. 2009), recent postmortem histologi-
cal research indicates that the IFOF can be distinguished as a
separate tract in humans (Martino et al. 2010). From a neuro-
functional perspective, recent studies suggest that the IFOF
is involved in both face (Thomas et al. 2008) and emotion
processing (Philippi et al. 2009).

In terms of WS, affected adults show increased FAwithin the
left inferior frontal occipital fasciculus (IFOF) (Arlinghaus et al.
2011) and decreased FA within the right IFOF (Arlinghaus
et al. 2011; Avery et al. 2012). Additionally, adults with WS
exhibit abnormal functional connectivity between brain
regions that the IFOF serves to connect (ventral occipital lobe
including the FG and orbitofrontal cortex) (Sarpal et al. 2008).
The results of the current study build on prior research by
showing that children with WS exhibit abnormal structural in-
tegrity, characterized by higher FA, AD, and lower RD and
ADC when compared to controls, within the ventral processing
stream.

The results of the TBSS analysis showed that children with
WS exhibit higher FA and AD values and lower RD and ADC
values within the bilateral UF as compared to controls. In
addition, we also observed a cluster within the left UF that
exhibited lower AD values in WS as compared to controls. As
with the IFOF, this pattern of altered diffusivity may represent
increased myelination or packing density, or changes in axonal
structure within the UF. The UF serves to connect several brain
regions within the medial temporal lobe, such as the amygdala
and hippocampus, with the orbitofrontal cortex (Catani et al.
2002; Kier et al. 2004; Catani and Thiebaut de Schotten 2008;
Peltier et al. 2010), and functions to relay information associ-
ated with face processing and emotion regulation (Lin et al.
2011; Papagno et al. 2011; Zhang, Leow et al. 2012; Xu and
Potenza 2012). DTI studies have demonstrated altered diffusiv-
ity within the UF in adults with WS (Avery et al. 2012; Jabbi
et al. 2012). However, these studies have shown lower FA
values within the UF in adults with WS while we observed
higher FA values within the UF in children with WS compared
to controls. One explanation for this inconsistency between
children and adults may be that WS is characterized by an

atypical neurodevelopmental trajectory of white matter within
the UF tract. During typical (i.e., non-WS) development of the
UF, FA values increase, while RD values decrease with age
(Eluvathingal et al. 2007). When combined with results from
Avery et al. (2012), our findings suggest that in WS, FA values
decrease and RD values increase during childhood within the
UF. Preliminary support for this hypothesis comes from a
series of correlational analyses with age (Supplementary
Material). The results of these analyses demonstrate that within
brain regions that the UF serves to connect (hippocampus and
MOG), age is associated with lower FA values in WS and
higher FA values in TD (Supporting Results section: Sup-
plementary Fig. S2B). Clearly, studies that utilize longitudinal
approaches are necessary to further investigate this intriguing
potential dissociation.

The finding of both higher and lower AD values in WS
within the left UF was not expected. A visual inspection of the
cluster exhibiting lower AD values indicates that this cluster is
relatively inferior to the cluster exhibiting higher AD values
within the left UF. This finding suggests that white matter al-
terations in WS within the left UF may not be consistent within
the entire UF pathway. Additional support for this hypothesis
comes from a tract-based DTI study of the UF in adults with
WS (Arlinghaus et al. 2011). Specifically, Arlinghaus et al.
(2011) showed both lower and higher anisotropy within the
left UF in WS as compared to controls.

We investigated the structural integrity of brain regions
associated with the IFOF and UF involved in social-cognitive
functioning (FG, amygdala, hippocampus, and MOG). Based
on evidence that these regions are structurally aberrant in
adults with WS (Reiss et al. 2004; Meyer-Lindenberg, Mervis
et al. 2005; Thompson et al. 2005; Martens et al. 2009), and
that, like adults, children with WS display abnormal social-
cognitive functioning (Tomc et al. 1990; Klein-Tasman and
Mervis 2003; Doyle et al. 2004), we hypothesized that we
would observe microstructural alterations within these struc-
tures in children with WS. The results of the atlas-based analy-
sis supported our hypothesis. Children with WS exhibited
higher FA values within the L. and R. FG, L. and R. amygdala,
and L. hippocampus and lower ADC values within R. FG and
R. MOG compared to controls.

A pattern of altered diffusivity within areas comprised of
both gray and white matter may be representative of several
neurobiological characteristics. We found that several brain
regions exhibited higher FA and reduced ADC in WS compared
to controls. Increased FA in mixed tissue type regions to be re-
presentative of greater cell density or cohesion within axons
projecting out of these regions (Blood et al. 2010; Hong et al.
2010). In terms of reduced ADC, it is currently unknown what
underlying cell structure this may represent. In fact, many
other clinical conditions, such as Alzheimer’s disease and mild
cognitive impairment are characterized by increased ADC
within the hippocampus (Oishi, Mielke et al. 2011), cingulate,
parahippocampal gyrus, and frontal lobes (Zhang, Zhang et al.
2011). Clearly, further research is necessary to elucidate how
FA and ADC may represent underlying cell structure within
mixed tissue-type brain regions.

We found that children with WS exhibit higher FA values
within the left and right FG, and lower ADC values within the
right FG compared to controls. WS is associated with gross
structural alterations within the FG. For example, both Reiss
et al. (2004) and Thompson et al. (2005) demonstrated that
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adults with WS exhibit larger gray matter of the FG relative to
healthy controls. In addition, the results of a recent MRI study
of children and adolescents (mean age 13.2 years) with WS in-
dicated smaller gray matter volume within the left FG and
larger gray matter volume within the right FG when compared
to controls (Campbell et al. 2009). In terms of functional neu-
roanatomy, adults with WS exhibit a larger area within the FG
(i.e., fusiform face area) responsive to facial expressions com-
pared to controls (Golarai et al. 2010; O’Hearn et al. 2011).
Lastly, we demonstrated that white matter fibers projecting
through the FG exhibit higher FA in adults with WS when com-
pared to age-matched and mentally age-matched controls
(Haas, Hoeft, et al. 2012). Taken together, these findings indi-
cate that higher FA and lower ADC within the FG in children
and adults with WS may underlie distinctive patterns of face
processing in this condition.

We also found that children with WS exhibit higher FA
values within the bilateral amygdala relative to controls. The
amygdala is involved in processing the salience of social and
emotional cues within the environment (Phelps and LeDoux
2005). Adults with WS exhibit structural and functional altera-
tions of the amygdala. For example, adults with WS exhibit a
larger overall volume of the amygdala (adjusted for whole-
brain volume) relative to controls (Reiss et al. 2004; Martens
et al. 2009; Capitao et al. 2011). Additionally, we demonstrated
that adults with WS exhibit regionally specific increased
volume of cortical nucleus, lateral nucleus, and the central
nucleus of the amygdala compared to controls (Haas, Sheau,
et al. 2012). In terms of function, adults with WS exhibit lower
amygdala response to fearful facial expressions (Meyer-
Lindenberg, Hariri et al. 2005; Haas et al. 2009), greater
response to nonsocial fear-related stimuli (Munoz et al. 2010;
Thornton-Wells et al. 2011), and greater response to happy
facial expressions (Haas et al. 2009) as compared to controls.

Interestingly, in a recent study in mice, Feyder et al. (2010)
demonstrated that Clyn2 (one of the effected genes in WS) and
Dlg4 are associated with larger headwidth of dendritic spines
of neurons within the basolateral amygdala. In terms of DTI,
there is some evidence that dendritic morphology may be
associated with the DTI metrics collected in this study. For
example, computational modeling (Jespersen et al. 2007) and
combined histological/DTI (Huang et al. 2012) studies show a
close correspondence between cytoarchitectural characteristics
including dendritic morphology and FA and ADC. This
interpretation however, should be taken with caution, as it is
currently unclear how DTI metrics are associated with specific
neurobiological characteristics, in vivo.

We observed that children with WS exhibit higher FA values
within the hippocampus compared to controls. The hippo-
campus is structurally and functionally abnormal in adults with
WS. For example, Sampaio et al. (2010) showed abnormal
asymmetry of the hippocampal formation and Meda et al.
(2012) showed smaller gray matter volume of the hippo-
campus in adults with WS compared to controls. In terms of
function, Meyer-Lindenberg et al. (2005) showed that adults
with WS exhibit lower resting blood flow and magnetic reson-
ance spectroscopy measures of N-acetyl aspartate (considered
a marker of synaptic activity) within the hippocampus com-
pared to controls. Interestingly, the results of studies using
knock out mice indicate abnormal neuronal architecture
within the hippocampus in mouse models of WS (Osborne
2010) that include a lower number of granule cells, higher

number of hilar mossy cells (Zhao et al. 2005) and altered den-
dritic spine morphology and synaptic function (Meng et al.
2002). Taken together, the increased FA values within the hip-
pocampus in children with WS reported here may represent
early alterations of neural architecture within the hippocampus
and thus may be a neural substrate associated with atypical
memory formation (Robinson et al. 2003), spatial navigation
(Mandolesi et al. 2009), and social cognition (Tomc et al. 1990;
Klein-Tasman and Mervis 2003; Doyle et al. 2004) in affected
children.

Lastly, we observed that children with WS exhibit lower
ADC values within the MOG. In terms of FA, one factor poten-
tially contributing to the lack of a significant between-group
difference is the fact that the orbitofrontal cortex is highly sus-
ceptible to signal loss and bias in anisotropy and ADC (Wilson
et al. 2003). The orbitofrontal cortex maintains many recipro-
cal connections (via the UF) with limbic areas that include the
amygdala and hippocampus (Bracht et al. 2009; Colnat-
Coulbois et al. 2010). The orbitofrontal cortex is involved in
social-cognitive processes that include sensory integration,
subjective mood states, and reward processing (O’Doherty
et al. 2001; Kringelbach and Rolls 2004). Adults with WS
exhibit structural and functional abnormalities of the MOG
(Reiss et al. 2004; Mimura et al. 2010; Meda et al. 2012). Adults
with WS exhibit larger cortical thickness (Meda et al. 2012)
and lower BOLD response to negative emotional faces
(Mimura et al. 2010) within the MOG compared to controls.
The lower ADC values within the MOG observed in this study
may be a neural substrate associated with altered reward and
emotion processing in children with WS (Triesch et al. 2006;
Klein-Tasman et al. 2007; Foti et al. 2011).

In addition to the analysis of brain regions associated with
the IFOF and UF pathways, we also performed a series of
exploratory analyses of brain regions that have also been
found to be structurally abnormal in adults with WS. The brain
regions in these analyses included the superior parietal lobule
(Eckert et al. 2005), insula (Cohen et al. 2010), and cingulate
(Reiss et al. 2004) (see Supplementary Material). The results of
these analyses did not reveal any statistically significant differ-
ences in either FA or ADC between the WS and TD groups.
Clearly, further research using advanced structural approaches,
such as VBM or cortical thickness analyses, are warranted to
further elucidate early structural alterations within these other
brain regions in WS.

We found that FA values within the IFOF, UF pathways and
within the FG amygdala, hippocampus and MOG were in-
creased in children with WS compared to controls. Although
the specific neurobiological characteristics affecting FA are cur-
rently not completely understood, many studies have shown
reduced FA to be associated with compromised structural in-
tegrity and/or decreased function (Kubicki et al. 2007; Assaf
and Pasternak 2008; Wen et al. 2011). Conversely, there are
also several studies that show increased FA values in clinical
conditions such as autism (Cheng et al. 2010; Bode et al. 2011;
Weinstein et al. 2011), bipolar disorder (Versace et al. 2008;
Mahon et al. 2009), obsessive compulsive disorder (Li et al.
2011), attention deficit hyperactivity disorder (Li et al. 2010),
conduct disorder (Sarkar et al. 2013), mild brain traumatic
injury (Chu et al. 2010), and WS (Hoeft et al. 2007; Arlinghaus
et al. 2011). Interestingly, many aspects of the social pheno-
types associated with autism often mirror those typically
associated with WS. The fact that both autism (Cheng et al.
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2010) and WS (Arlinghaus et al. 2011) are associated with in-
creased FA values within white matter pathways, that include
the IFOF, suggests that there may be common neurobiological
substrates underlying these conditions.

The observed increased FA values may be a neural correlate
of several specific components of the WS social-cognitive phe-
notype during childhood (Haas and Reiss 2012). For example,
behavioral research has shown that, compared to TD controls,
children with WS are more motivated to approach strangers
(Dodd et al. 2010) and exhibit greater amounts of extended,
intense gaze toward the faces of others (Mervis et al. 2003).
Conversely, WS is also associated with difficulties in several
other aspects of social-cognition such as theory of mind
(Porter et al. 2008; Santos and Deruelle 2009) and emotion rec-
ognition (Skwerer et al. 2006). In this study, we measured indi-
vidual differences in social cognition by using the Social
Cognition subscale of the SRS (Constantino and Gruber 2005).
This subscale measures ones ability to interpret social cues
(e.g., difficulty recognizing when others try to take advantage
of them, or difficulty in understanding the meaning of people’s
tone and facial expressions). We found that children with WS
exhibit more difficulties in social cognition (i.e., higher SRS
Social Cognition subscale scores) and that within the WS
group, greater FA values within the right FG are associated
with more difficulties in social cognition. We did not observe
significant associations between DTI metrics and any other
SRS subscale, for any other ROI. Taken together, these findings
provide preliminary support to the hypothesis that increased
FA within the right FG reflects delayed (or deviant) social cog-
nitive development in children with WS.

This study provides evidence that children with WS exhibit
early-altered microstructure of a network of brain regions
important for the development of social cognition. However,
several methodological issues limit our ability to make firm
conclusions regarding brain–behavior associations. First, we
compared WS to a TD control group that was characterized by
normal IQ. WS is most often associated with cognitive delays
and significantly lower IQ scores that fall 1–3 standard devi-
ations below norms (Martens et al. 2008). Thus, social and
overall cognitive functions are unavoidably linked. However,
to indirectly probe for associations between IQ and structural
alterations in this study, we performed a series of correlation
analyses between IQ and each DTI metric, within each group
(WS and TD). The results of these analyses did not provide evi-
dence in support of IQ being associated with structural altera-
tions within any of the ROIs utilized in this study. Second, this
study provides evidence of altered brain structure during an
early age range, as compared to prior DTI studies in WS (Hoeft
et al. 2007; Marenco et al. 2007; Arlinghaus et al. 2011; Avery
et al. 2012), although Faria et al. (2012) investigated white
matter alterations in WS participants across an age range that
partially overlaps with those of this study (adolescents). Thus,
the current findings provide support to the hypothesis that WS
is associated with abnormalities in brain development during
childhood (also see Supporting Results section: Supplementary
Fig. S2B). However, the design of this study does not allow for a
direct test of this hypothesis. In particular, future longitudinal
studies that include multiple psychological and neuroimaging
measures, collected at multiple time points, are necessary to di-
rectly test hypotheses related to the trajectory of brain develop-
ment in WS (Johnson et al. 2002; Thomas et al. 2009;
Karmiloff-Smith 2010). Lastly, the sample size within each

group also limited our ability to draw conclusions regarding the
effect of sex on network microstructure. We performed a series
of analyses designed to compare each DTI metric (in white
matter pathways and mixed tissue ROIs) between sexes within
the WS and control groups. The results of these analyses,
however, revealed no statistically significant differences in FA,
RD, AD or ADC in any brain region. Future studies that include
larger sample sizes may be better suited to investigate this issue.

This study is also limited by the DTI acquisition parameters.
We collected DTI data along 23 noncollinear directions, while
many recently developed DTI sequences are designed to
measure diffusion along more directions (i.e., >30) (Jones
2004; Landman et al. 2007; Wang et al. 2012), which may
reduce image biases and/or distortions. To reduce the likeli-
hood that images associated with biases and/or distortions
were included in each of our analyses, we carefully reviewed
all of the acquired images. This study may have been improved
if our DTI data were paired with high-resolution structural (T1-
weighted) images. The inclusion of high resolution structural
images would allow for specific analyses of volume and tissue
type within white matter pathways and ROIs and allow for
factors such as partial volume effects to be investigated with
greater detail (Vos et al. 2011). We anticipate that future DTI
studies in WS will benefit by collecting diffusion MR data using
more advanced acquisition parameters and by acquiring comp-
lementary high-resolution anatomical neuroimaging data.

In conclusion, this study demonstrates structural alterations
within a network of key brain regions involved in social cognition
during childhood in WS. The observed altered brain structure
may be an important neural substrate associated with the devel-
opment of distinctive patterns of social behavior and emotion
processing in individuals affected with this genetic condition.
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