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Abstract: Williams syndrome (WS) is a condition caused by a contiguous deletion of approximately
26–28 genes from chromosome 7, and is characterized by abnormal social and emotional processing and
abnormal structure and function of the amygdala. Prior studies show that the amygdala is relatively
enlarged in WS, but very little is known regarding the regional specificity of increased amygdalar volume
in this condition. Here we investigated the regional specificity of structural alterations of the amygdala in
WS, compared to a typically developing (TD) control group. We acquired high resolution brain MRI data
from 79 participants (39 WS, 40 TD) and used a surface-based analytical modeling approach. The WS
group exhibited several areas of increased radial expansion of the amygdalar surface and no areas of
decreased radial expansion of the amygdalar surface compared to TD controls. The areas found to exhibit
particularly increased radial expansion in WS included the bilateral posterior cortical nucleus, lateral
nucleus, and the central nucleus. This greater regional and anatomical specificity of altered amygdala
structure in WS contributes to a model relating genetic risk in WS to the development of key brain regions
for social and emotional functioning. Hum Brain Mapp 35:866–874, 2014. VC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Williams syndrome (WS) is a neurodevelopmental con-
dition that affects approximately 1 in every 10,000 individ-
uals and is caused by a contiguous deletion of �26–28
genes on chromosome 7q11.23. WS is paired with a com-

pelling neuropsychological phenotype characterized by

cognitive delays, visuo-spatial deficits, heightened non-

social anxiety, and an abnormally increased drive toward

social interaction [Martens et al., 2008; Meyer-Lindenberg

et al., 2006]. Investigating WS with brain imaging offers a
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unique opportunity to elucidate the association between

genes, the brain, and social-cognitive function.
Individuals with WS tend to exhibit abnormalities in

social behavior and emotion processing [Haas and Reiss,
2012; Jarvinen-Pasley et al., 2008]. Persons with WS are
generally more driven toward social interaction [Doyle
et al., 2004], more socially fearless [Gosch and Pankau,
1994], and relatively less inhibited toward strangers [Dodd
et al., 2010], compared to age- or mentally age-matched
controls. In terms of emotion processing, individuals with
WS tend to exhibit more fears and anxieties in response to
non-social stimuli (e.g., spiders) [Leyfer et al., 2006, 2009]
but are generally less sensitive to fearful stimuli that are
socially related (e.g., fearful facial expressions) [Plesa-
Skwerer et al., 2006, 2009; Santos et al., 2010]. Together,
these findings support the hypothesis that WS is associ-
ated with abnormal structure and function in brain regions
important for social behavior and processing emotions.

One brain region particularly important for social and
emotional function is the amygdala [Aggleton, 2000]. Inter-
estingly, WS is associated with both functional and struc-
tural aberrations of the amygdala [Haas et al., 2009; Meyer-
Lindenberg et al., 2005; Reiss et al., 2004]. In particular, sev-
eral studies have shown that individuals with WS exhibit
disproportionately enlarged overall amygdalar volumes (in
reference to whole brain volume), compared to typically
developing (TD) controls [Capitao et al., 2011; Jabbi et al.,
2012; Martens et al., 2009; Reiss et al., 2004] while some
studies have not [Chiang et al., 2007; Meda et al., 2012]. The
inconsistency of findings may in part be due to localized
structural abnormalities of the amygdala in this condition.

The structural and functional connections of the amyg-
dala with other brain regions are also abnormal in WS. For
example, Jabbi et al. [2012] demonstrated increased frac-
tional anisotropy within the amygdoloid white-matter
pathway, the uncinate fasciculus, and Sarpal et al. [2008]
demonstrated reduced functional connectivity between the
amygdala and the fusiform face area in WS as compared
to TD controls. Combined, these findings support the hy-
pothesis that WS is associated with abnormal structural
morphology of the amygdala and related brain regions.

The amygdala is a key brain region for processing emo-
tions, especially fear-inducing stimuli [LeDoux, 1998,
2003]. For example, the amygdala is involved in assessing
the emotional salience of environmental cues [Phan et al.,
2004], fear conditioning [Sehlmeyer et al., 2009], social and
non-social anxieties [Shin and Liberzon, 2010], and in
processing facial expressions [Fusar-Poli et al., 2009]. The
amygdala is a complex structure composed of a network
of interconnected and related nuclei [Aggleton, 2000].
Amygdala nuclei work together to process various types
of social and emotional stimuli. For example, the lateral
nucleus is the main input region within the amygdala and
is important for forming stimulus-value associations, such
as during fear conditioning [LeDoux, 2007; LeDoux et al.,
1990]. Conversely, the central nucleus is the main output

region within the amygdala and is thought to influence
the expression of innate emotional responses and associ-
ated physiological responses [LeDoux, 2007]. Lastly, there
is some evidence suggesting that the lateral nucleus is
more important to processing threatening stimuli (e.g., an-
gry facial expressions) as compared to other amygdala
nuclei such as the central nucleus [Hoffman et al., 2007].

Recent advancements in MRI analysis techniques enable
us to investigate the regional specificity of structural alter-
ations of subcortical brain regions, such as the amygdala,
in vivo in humans [Chung et al., 2010; Tamburo et al.,
2009; Thompson et al., 2004a]. Although surface-based
subcortical shape analyses are based on estimations that
are most likely around the vicinity of specific nuclei in
question, this approach has demonstrated localized struc-
tural alterations of the amygdala associated with traits
such as psychopathy [Boccardi et al., 2011; Yang et al.,
2009] and diseases such as Alzheimer’s [Cavedo et al.,
2011].

In this study, we used surface-based modeling [Thompson
et al., 2004b] to investigate the regional specificity of struc-
tural alterations of the amygdala in a group of participants
with WS, compared to a TD control group. Based on prior
evidence [Capitao et al., 2011; Jabbi et al., 2012; Martens et al.,
2009; Reiss et al., 2004], we expected WS to be associated
with greater overall amygdalar volume, relative to TD con-
trols. Based on previous evidence of abnormal emotion proc-
essing in WS [Munoz et al., 2010; Plesa-Skwerer et al., 2006,
2009; Santos, et al., 2010], we further predicted that WS
would be associated with regionally specific alterations in
specific amygdalar nuclei important for the processing and
expression of emotions (lateral and central nuclei).

METHODS

Participants

Demographic data for participants in this study are pre-
sented in Table I. A total of 79 individuals, 39 WS and 40
TD, participated in this study. WS participants (39 total; 24
females; mean age ¼ 26.1, SD ¼ 11.0) were recruited via
advertisements through national agencies, physicians
within local clinics, and the Stanford University Medical
School. All participants were diagnosed based on exhibit-
ing the WS genetic deletion and on exhibiting the medical
and clinical features of the WS phenotype, including cog-
nitive, behavioral, and physical profiles [Martens et al.,
2008; Meyer-Lindenberg et al., 2006]. The genetic diagnosis

TABLE I. Demographic data for each participant group

n M/F IQ Age

WS 39 15/24 63.28 � 11.71 26.06 � 11.03
TD 40 17/23 114.48 � 11.31 21.34 � 11.41

WS: Williams syndrome, TD: typically developing, M: males, F:
females, IQ: intellectual quotient.
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of WS was confirmed with fluorescent in situ hybridiza-
tion (FISH) in all participants using probes for the elastin
gene. These studies were performed as a component of the
present study (n ¼ 31) or confirmed via medical records
provided by each participant’s legal guardian (n ¼ 8). Par-
ticipants in this study partially overlap with participants
reported in previous studies from our laboratory [Haas
et al., 2009, 2010; Reiss et al., 2004; Thompson et al., 2005].

TD subjects were recruited locally (Palo Alto, CA) and
were financially compensated for their participation (40
total; 23 females; mean age ¼ 21.3, SD ¼ 11.4). TD subjects
were screened for a history of psychiatric or neurologic
problems. There were no subjects that exhibited any his-
tory of psychiatric or neurologic problems.

Each participant’s full scale intellectual functioning was
assessed using either the Wechsler Intelligence Scale for Chil-
dren—Fourth Edition (WISC-IV) [Wechsler, 2003] for partici-
pants 16 years of age or younger or the Wechsler
Abbreviated Scale of Intelligence (WASI) [Wechsler, 1999] for
participants 17 years of age or older. As expected, the TD
group (mean IQ ¼ 114.5, SD ¼ 11.3) exhibited higher IQ
scores as compared to the WS group (mean IQ ¼ 63.28, SD ¼
11.7) (t ¼ 17.79, P < 0.01). There were no significant differen-
ces in IQ scores derived from the WISC-IV vs. WASI within
the WS (t ¼ 1.63, P > 0.10) or TD (t ¼ 0.86, P > 0.10) groups.
There were no significant between-group differences in age
t(1, 77) ¼ 1.86, P > 0.05, or proportion of males to females,
(X2 ¼ 0.13, P ¼ .72), or handedness (X2 ¼ 1.52, P ¼ 0.29).
None of the participants had a contraindication for MRI.
Written informed consent and assent were obtained accord-
ing to the Declaration of Helsinki. This study was approved
by the Stanford University Administrative Panel on Human
Subjects in Medical Research.

Image Acquisition

Images were collected on a 3T GE Signa scanner (Lucas
Center of Radiology, Stanford University) using a custom
build birdcage head coil. Coronally oriented T1-weighted
MR images were acquired using fast spoiled gradient
recall (FSPGR) parameters: repetition time (TR) ¼ 6.4–6.6
ms; inversion time (TI) ¼ 1.6 ms; echo time (TE) ¼ 300 ms,
flip angle ¼ 15�; field of view (FOV) ¼ 220 � 176 mm2;
matrix size ¼ 256 � 256; pixel size ¼ 0.8594 � 0.8594
mm2; and slice thickness ¼ 1.5–1.7 mm (adjusted for brain
size in anterior/posterior direction).

Image Analysis

All whole-brain MR images underwent bias correction
with a regularization parameter set to 0.00001 and a full-
width half-maximum (FWHM) of 30 mm in SPM8 (http://
www.fil.ion.ucl.ac.uk/spm/). T1-weighted anatomical
FSPGR images were bias corrected in SPM8 in order to
account for spatially varying artifacts that arise due to the
pulse sequence and MR scanner environment. Based on pre-

vious testing with segmentation of FSPGR images in Freesur-
fer, we used the bias regularization and FWHM modules
within SPM8 ‘‘New Segment’’ and specified a regularization
of ‘‘extremely light (0.00001)’’ and a FWHM of 30 mm cutoff.
Freesurfer version 5.1 was then used to segment and measure
amygdalar structure volumes (http://surfer.nmr.mgh.har-
vard.edu/) [Fischl et al., 2002]. Freesurfer is an automated
MRI analysis tool designed to segment cortical and subcorti-
cal brain structures (http://surfer.nmr.mgh.harvard.edu/
fswiki). The use of automated approaches such as Freesurfer
reduces error related variance such as inter- or intra-rater
bias. Segmentation of the amygdala using Freesurfer is reli-
able across various pulse sequences and voxel geometries
[Wonderlick et al., 2009]. Freesurfer has been shown to be
effective for measuring condition-specific alterations in
amygdalar volume [Dewey et al., 2010; Lehmann et al., 2010].

Based on our a priori hypothesis of altered shape of the
amygdala in WS, we designated the amygdala as the region
of interest (ROI) in this study (Fig. 1). Following segmenta-
tion by Freesurfer, each amygdalar ROI was visually
inspected for validity using Freesurfer’s built-in FreeView
utility and manually edited when necessary. Manual editing
of the amygdala was performed on 13 of the 79 images
(15%) by a trained rater (KS), blind to subject demographics.
Edits were performed in accordance with a standardized
procedure used to manually delineate the amygdala [Karch-
emskiy et al., 2011; Reiss et al., 2004]. Brain and amygdalar
volume measures were then extracted in Freesurfer for
between-group analyses. Brain size was calculated by sum-
ming total gray and white matter volumes. Brain size did
not include cerebellar, brain stem, and ventricular volumes.
To perform surface modeling, the segmented brains and
their corresponding amygdalar ROIs were oriented and nor-
malized to a standard brain template (the ICBM-152) using
a 9-parameter transformation with FMRIB’s Linear Image
Registration Tool (FLIRT) [Jenkinson et al., 2002]. FLIRT is a
robust and accurate automated linear (affine) registration
tool based on a multi-start, multi-resolution global optimi-
zation method (FLIRT: http://www.fmrib.ox.ac.uk/analy-
sis/research/flirt/).

Statistical Analysis

Overall adjusted amygdala volume was compared
between groups. Amygdalar volumes were adjusted for
total brain volume by calculating the ratio between the av-
erage amygdala (non-normalized, left and right combined)
and total brain volume for each subject [Capitao et al.,
2011]. Two-sample t-tests were then used to compare
adjusted amygdalar volumes between groups using a sta-
tistical threshold of P ¼ 0.05. To account for any effect of
demographic factors on adjusted amygdalar volumes, sub-
sequent between-group t-test analyses were conducted,
while sex and age were entered as covariates. We also
investigated laterality differences in volume between
groups. Specifically, we performed a repeated measures
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analysis, with hemisphere (left vs. right adjusted amygdala
volume) entered as the within subjects factor and group
(WS vs. TD) as the between subjects factor. Lastly, post hoc
correlation analyses between IQ scores and amygdalar vol-
ume within each group (WS and TD) were conducted.

Statistical surface modeling was applied to the trans-
formed, normalized amygdalar ROIs [Thompson et al.,
2004b]. In this type of analysis, the surface maps of the
amygdala are analyzed by computing the radial distance
of each surface point on the amygdala from a centroid
(medial curve) threading down the center of each ROI.
The medial curve was defined as the 3-dimensional curve
traced out by the centroid of the amygdalar boundary in
each coronal image slice. ROIs were initially oriented to
standard space based on each subject’s whole brain trans-
formation (9-parameter) to the ICBM-152 brain template
using FMRIB’s Linear Image Registration Tool (FLIRT).
The radial distance surface points (across subjects) were
then aligned by overlaying a standardized frequency of ra-
dial distance points (i.e., the distance between a 3-dimen-
sional curve traced out by the centroid and the surface on
each coronal image slice) over the surface of each ROI. This
created a mesh surface, on each ROI, with a homologous
spatial frequency of each radial distance point across sub-
jects (i.e., point-by-point correspondence). Thus, statistical
comparisons were performed on radial distances that were
in homologous locations across subjects.

Student’s t-tests were used to compare the radial distance
for each point on the amygdala between the WS and TD
groups. To assess the overall significance of any group dif-
ferences in the maps, parametric surface point P-values
were corrected for multiple comparisons using permutation
tests of group assignment (400,000 total: [Thompson et al.,
2004b]). P-values were then overlaid onto a 3-D surface ren-
dering of amygdalar subregions, which were interpolated
based on a standardized histological atlas [Mai et al., 1997]
as in prior surface-based amygdalar studies [Boccardi et al.,
2011; Cavedo et al., 2011; Yang et al., 2009] (Fig. 1A). Specifi-
cally, in 3-dimensional space, the average mesh model of the
left and right amygdalae, from our sample, was oriented
along an anterior–posterior axis. Next, the contour of each
subregion was outlined on a digital 3-dimensional template
and their boundaries were projected onto the surface of the
3-dimensional mesh model [Cavedo et al., 2011].

RESULTS

Overall Volume of the Amygdala in WS and TD

The adjusted amygdalar volume was compared between
the WS and the TD group by using a two sample t-test.
The WS group exhibited a larger adjusted volume of the
amygdala, compared to the TD group, t(1, 77) ¼ 3.66, P <
0.001. The overall adjusted amygdala volume (left and
right combined) was 10.2% larger in WS (M ¼ 16.11 �
10�4, SD ¼ 0.19 � 10�3) as compared to controls (M ¼
14.62 � 10�4, SD ¼ 0.17 � 10�3). The left amygdala was

Figure 1.

Schematic representation of amygdalar nuclei and localized vol-

ume increases in WS compared to TD controls rendered onto

a standard template of the amygdala. A: Delineation of the

amygdalar nuclei were interpolated from a histological study

[Mai et al., 1997], and from previous surface-based modeling

analysis of the amygdala [Boccardi et al., 2011; Cavedo et al.,

2011; Yang et al., 2009]. AAA indicates anterior amygdaloid

area; AB, accessory basal nucleus; ACo, anterior cortical nu-

cleus; AI, amygdaloid island; BL, basolateral nucleus; BM, baso-

medial nucleus; Ce, central nucleus; La, lateral nucleus; MeA,

medial amygdaloid nucleus; PACl, preamygdalar claustrum; PCo,

posterior cortical nucleus; PHA, parahippocampal-amygdaloid

transition area; PirT, piriform cortex. B: Areas corresponding to

significantly greater radial distances in WS relative to TD con-

trols are rendered on a standard amygdalar template. No areas

corresponding to significantly greater radial distances in TD con-

trols relative to WS were observed.
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8.7% larger in WS (t ¼ 2.96, P < 0.005) and the right
amygdala was 11.6% larger in WS (t ¼ 3.65, P < 0.001) as
compared to controls. The difference in adjusted amygda-
lar volume between the WS and TD group remained sig-
nificant when age, sex, and handedness were entered as
covariates (F ¼ 6.57, P < 0.05). There was no significant
interaction observed between hemisphere (left vs. right
adjusted amygdala volume) and participant group F(1,77)
¼ 1.41, P ¼ 0.24. There were no significant positive or neg-
ative correlations between IQ and adjusted amygdalar vol-
ume within the WS or TD groups (all P’s > 0.05).

Localized Structural Alterations of the

Amygdala in WS

Analyses comparing radial distances between groups
(WS and TD) were conducted. Overall, mean radial distan-
ces were larger in the WS group (M ¼ 5.49 mm, SD ¼
0.36) as compared to the TD group (M ¼ 5.16, SD ¼ .30) (t
¼ 4.44, P < 0.001). Figure 1B shows a surface rendering of
areas exhibiting significantly (corrected for multiple com-
parisons) greater radial distances of the amygdala in WS
as compared to the TD group. No areas of the left or right
amygdala were found to exhibit significantly greater radial
distances in the TD, compared to the WS group.

An inspection of the surface rending of regions containing
significantly greater radial distances in WS as compared to
the TD group (Fig. 1) indicates that structural alterations
were localized to several amygdalar nuclei. Within the left
amygdala, WS was associated with greater radial distance
of the posterior cortical nucleus, central nucleus, medial
amygdaloid nucleus, lateral nucleus, and basolateral nu-
cleus. Within the right amygdala, WS was associated with
increased radial distance of the posterior cortical nucleus,
central nucleus, lateral nucleus, amygdaloid island, anterior
cortical nucleus, and basolateral nucleus. A qualitative view
of which nuclei show the greatest between-group differen-
ces (in terms spatial extent) indicates that large areas of the
bilateral posterior cortical nucleus, moderate areas of the
bilateral lateral nucleus, and small areas of the bilateral cen-
tral nucleus are affected in WS.

DISCUSSION

In this study, we demonstrate that WS is associated
with localized alterations in amygdalar volume and/or
morphology. Compared to controls, the WS group exhib-
ited localized greater radial distance of the amygdala (i.e.,
hypertrophy) and no localized decreases (i.e., atrophy).
This finding is consistent with previous MRI studies dem-
onstrating greater overall amygdalar volume in WS com-
pared to controls [Capitao et al., 2011; Jabbi et al., 2012;
Martens et al., 2009; Reiss et al., 2004]. These results pro-
vide an improved understanding of the regional specificity
of structural alterations of the amygdala in WS.

By using surface-based modeling, we obtained evidence
of regionally specific increased size of the amygdala in
WS. The resolution of MRI, even at 3 T, is not optimal for
distinguishing individual nuclei within the amygdala. We
therefore used an interpolation approach based on histo-
logical and neuroimaging studies to estimate the nuclear
localization of morphological alterations observed in this
study [Boccardi et al., 2011; Cavedo et al., 2011; Yang
et al., 2009]. We found regionally specific increased radial
distances in areas corresponding to several amygdalar
nuclei. WS was associated with moderate to greatly
increased radial distances in areas corresponding to the
bilateral posterior cortical nuclei and lateral nuclei along
with a small area of increased radial distances in regions
corresponding to the bilateral central nucleus.

The finding of increased radial distances associated with
the posterior cortical nucleus in WS was unexpected. Along
with the medial amygdaloid nucleus, the posterior cortical
nucleus maintains several connections with brain regions
involved in olfaction [Swanson and Petrovich, 1998]. There is
some evidence that WS is associated with abnormalities
within the olfactory system. For example, studies of mouse
models of WS find that some genes affected in WS (LimK and
Gtf2ird1), influence the development of the olfactory system
in mice [Ang et al., 2006; Palmer, et al., 2007]. Clearly, more
research is necessary to associate structural abnormalities of
the amygdala with sensory processing in WS.

A moderate area of the lateral nucleus also exhibited
increased radial distances in WS, compared to controls. The
lateral nucleus is the main input region within the amyg-
dala and maintains connections with the temporal lobes
(including the primary auditory cortex), fusiform gyrus,
and the lateral orbitofrontal cortex [LeDoux, 2007; Saygin
et al., 2011]. Functionally, the lateral nucleus is involved in
learning stimulus–affect associations [Johansen et al., 2010;
LeDoux et al., 1990] and fear conditioning [LeDoux, 1998,
2007; Maren, 2003]. Persons with WS tend to exhibit abnor-
malities in fear processing. More specifically, individuals
with WS are generally less sensitive to socially related fear
signals [Plesa-Skwerer et al., 2006; Santos et al., 2010], but
exhibit more fears and anxieties as related to non-socially
related fearful information [Green et al., in press; Leyfer
et al., 2006, 2009; Stinton et al., 2010] as compared to controls.
Additionally, those with WS exhibit reduced amygdala
response to fearful facial expressions [Haas et al., 2009;
Meyer-Lindenberg et al., 2005] and greater amygdala
response to non-socially related fearful stimuli (e.g., spiders)
[Munoz et al., 2010] as compared to controls. Interestingly,
WS is also often associated with hyperacusis (i.e., heightened
sensitivity to noise) [Elsabbagh et al., 2011; Klein et al., 1990].
Taken together, these findings suggest that functional abnor-
malities of the lateral nucleus of the amygdala (and/or amyg-
dalar connections with the auditory cortex) may contribute to
aberrant fear processing and hyperacusis in WS.

Lastly, a small area of the central nucleus exhibited
increased radial distances in WS as compared to controls.
The central nucleus is the main output region of the
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amygdala and maintains connections with the hypothala-
mus, basal forebrain, and the brainstem [Saygin et al., 2011].
Functionally, the central nucleus is thought to be involved in
the expression of innate emotional responses and associated
physiological responses [LeDoux, 2007]. For example, during
fear-conditioning paradigms in animals, the central nucleus
controls response behaviors such as freezing and fear poten-
tiated startle [Pare et al., 2004]. There is also evidence that
people with WS exhibit abnormalities in autonomic
responses to emotional stimuli. For example, Plesa-Skwerer
et al. [2009] showed that individuals with WS exhibit reduced
autonomic responses (heart rate and skin conductance) to
dynamically presented face stimuli as compared to age- and
IQ-matched controls. Combined, abnormal structure of the
central nucleus may be a neural substrate associated with
abnormalities in emotional reactivity in WS.

In this study, the location of amygdala subregions were
estimated based on a histological atlas [Mai et al., 1997]
and neuroimaging studies using MRI data acquired at 3
Tesla [Boccardi et al., 2011; Cavedo et al., 2011; Yang et al.,
2009]. Recently, several neuroimaging studies have esti-
mated the location of amygdala subregions using comple-
mentary methods. For example, Solano-Castiella et al.
[2011] used ultra high field, 7 Tesla, MRI, Entis et al.,
[2012] used a geometrically based segmentation protocol,
and Saygin et al. [2011] used a tractography-based seg-
mentation approach of diffusion tensor imaging data.
Future studies of localized amygdala structural alterations
in psychiatric conditions will benefit by considering the ef-
ficacy of novel segmentation techniques.

As in several prior MRI studies on the shape of subcortical
structures using surface-based analyses techniques [Aposto-
lova et al., 2010; Lepore et al., 2009, 2010; Morra et al.,
2009a,b, 2010; Nicolson et al., 2006], we spatially normalized
each participant’s brain data into standard stereotaxic space
using a 9-parameter transformation. This procedure allowed
for statistical analyses to be focused on localized morphologi-
cal alterations of the amygdala rather than large-scale brain
volume abnormalities typically associated with WS. Indeed,
in native space, brain volumes of WS participants in this
study were 17.1% smaller than in TD controls, while amyg-
dala volumes were 9.0% smaller than in TD controls (data
not shown). Although our findings support the association
between localized amygdala alterations and the WS pheno-
type, the association between reduced brain volume and the
WS phenotype remains poorly understood.

The findings of this study advance a model linking
genetic risk in WS to aberrations of neural structure ulti-
mately influencing social and emotional functioning. How-
ever, this study is also limited in several important ways.
We compared WS to a TD control group characterized by
normal IQ. WS is most often associated with cognitive
delays and IQ scores that fall 3–5 standard deviations
below norms [Martens et al., 2008]. Based on evidence
associating the neuroanatomy of the amygdala with social
and emotional processing in WS [Martens et al., 2009], we
predicted that regionally specific alterations of amygdala

volume would not be associated with IQ, but may be asso-
ciated with the atypical social phenotype in this condition.
To investigate the association between IQ and structural
alterations of the amygdala in this study, we performed a
correlation analysis between IQ and amygdala volume
within each group (WS and TD). As expected, this analysis
did not provide evidence in support of IQ being associated
with structural alterations of the amygdala. Currently, this
study does not provide any data specifically associating
social and affective functioning to structural alterations of
the amygdala in WS. The inclusion of behavioral data rep-
resentative of social cognition, emotion processing, or anxi-
ety would have allowed for greater neurofunctional
specificity in this study. However, we were not able to col-
lect behavioral measures from a sufficient number of par-
ticipants in this regard, and thus, such statistical analyses
were not justified. Future studies on the neural substrates
of social and emotional disturbances in WS are warranted
to address the specificity of behavioral, cognitive, and
emotional factors associated with amygdalar structure in
WS. Additionally, future studies that incorporate fear con-
ditioning with neuroimaging techniques will be well
suited to test hypotheses that associate altered amygdala
volume with specific social and emotional processes. Fur-
thermore, this study only included participants with a typ-
ical (i.e., classical) genetic deletion associated with WS.
Several recent studies have described distinctive patterns
of social and neurocognitive processing in individuals
with WS having partial deletions [Antonell et al., 2010; Dai
et al., 2009; Karmiloff-Smith et al., 2012]. Thus, future stud-
ies designed to investigate how structural and functional
abnormalities of the amygdala differ in partial deletion
conditions as compared to typical (or classical) deletion
conditions of WS are warranted. Lastly, the atlas that was
used to interpolate the amygdalar nuclei in this study was
based on a single subject [Mai et al., 1997]. Future studies
may benefit by utilizing other techniques, such as proba-
bilistic tractography [Saygin et al., 2011], to localize amyg-
dalar nuclei across larger samples of subjects and patient
groups.

In conclusion, this study provides evidence of localized
increased size of the amygdala in WS. Alterations of
amgydalar structure may be a neural construct associated
with abnormal fear processing and reactivity to emotions
in this condition. These findings build on a model that
associates the WS genetic deletion to abnormal develop-
ment of brain regions important for social and emotional
processing.
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