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Functional imaging in humans and anatomical data in monkeys have implicated the insula as a multi-
modal sensory integrative brain region. The topography of insular connections is organized by its cytoar-
chitectonic regions. Previous attempts to measure the insula have utilized either indirect or automated
methods. This study was designed to develop a reliable method for obtaining volumetric magnetic reso-
nance imaging (MRI) measurements of the human insular cortex, and to validate that method by exam-
ining the anatomy of insular cortex in adults with Williams syndrome (WS) and healthy age-matched
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lnsyula controls. Statistical reliability was obtained among three raters for this method, supporting its reproduc-
Morphometry i!)ility not only across raters, but within different software pa'icka.ges. Thel proce@ure describe'd 'here uti-
Native-space lizes native-space morphometry as well as a method for dividing the insula into connectivity-based
Cortex sub-regions estimated from cytoarchitectonics. Reliability was calculated in both ANALYZE (N = 3) and

Williams syndrome BrainlmageJava (N = 10) where brain scans were measured once in each hemisphere by each rater. This
highly reliable method revealed total, anterior, and posterior insular volume reduction bilaterally (all
p’s <.002) in WS, after accounting for reduced total brain volumes in these participants. Although spec-
ulative, the reduced insular volumes in WS may represent a neural risk for the development of hyperaf-
filiative social behavior with increased specific phobias, and implicate the insula as a critical limbic
integrative region. Native-space quantification of the insula may be valuable in the study of neurodevel-
opmental or neuropsychiatric disorders related to anxiety and social behavior.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

A variety of methods have been described for assessing insular
morphometry, each of which has inherent, specific limitations. Pre-
vious attempts to measure the insula using an indirect method of
measuring the cerebrospinal fluid (CSF) space in the Sylvian fossa
(Foundas et al., 1996, 1997) revealed inferred reductions in insular
volume in Alzheimer’s disease. Insular volume reductions were in-
ferred because the measurements were of CSF space in the Sylvian
fossa, and increased CSF was assumed to equate to reduced insular
cortex. Subsequently, this method yields no direct quantification of
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insular volumes. Efficiency is the main advantage of semi-auto-
mated methods, such as voxel-based morphometry (VBM) or Free-
Surfer (Desikan et al., 2006). While VBM has been used to show
changes in insular morphometry (Karas et al., 2003, 2004), individ-
uals with a clinical or developmental disorder may have variations
in anatomical landmarks, such as gyrification, that are critical for
normalization algorithms and automated measurements (Thomp-
son et al.,, 2000a,b). Voxel-based morphometry is also a whole-
brain statistical approach (Mechelli et al., 2005), and the current
study was focused specifically on insular morphometry. FreeSurfer
has difficulty correctly identifying the insula due to its complex
boundaries, and does not label this region. It should be noted that
the anatomical boundaries, gyri and sulci are visible in post-mor-
tem brains and can be visualized on magnetic resonance imaging
(MRI) scans (Naidich et al., 2004). One previous study that mea-
sured insula volume directly using volumetric MRI methodology
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(Crespo-Facorro et al., 2000), but this research group designed their
own software package to measure the insula which runs only on a
Linux platform. Therefore, a novel method was developed and used
in the reported study. This method is similar in approach to the
Crespo-Facorro method in its use of insular boundaries and na-
tive-space (i.e. non-warped, ACPC-aligned) morphometry. It differs
from previous methods by including a procedure to attempt to
estimate the two main insular sub-regions based on connectivity
(Mesulam and Mufson, 1982a,b,c) and is not restricted to any par-
ticular software package. The insula is a multifunctional region of
cortex, but its connectivity with other brain regions is topograph-
ically organized (Mesulam and Mufson, 1982a,b,c; Augustine,
1985, 1996; Craig, 2003; Dronkers, 1996; Oppenheimer et al.,
1992; Yaxley et al., 1990). While the current method is based pri-
marily on anatomical data from non-human studies (Mesulam and
Mufson, 1982a,b,c), more recent studies in humans provide strong
homology between insular organization (i.e. cytoarchitectonic sub-
regions) in non-human primates and humans (Bonthius et al.,
2005; Shaw et al., 2008). The design of methods to specifically
demarcate these connectivity-based regions will likely enhance
the understanding of insular involvement in general function and
in clinical disorders.

Williams syndrome (WS) is a genetic condition associated with
the deletion of approximately 20 contiguous genes on chromo-
some 7. Most individuals with WS have general intellectual disabil-
ity as well as particular cognitive deficits in visual-spatial,
mathematical, and problem-solving abilities (Bellugi et al., 2000).
Individuals with WS also typically display hyperaffiliative behav-
ior, atypical expressive language, and enhanced musical interest.
WS individuals also express increased incidence of specific pho-
bias, anxiety disorders consisting of an extreme fear of a specific
object or situation that is disproportionate to the actual danger
or threat. Previous functional imaging studies have shown insular
involvement in emotional processing (Damasio et al., 2000; Craig,
2003; Mayer et al., 2006; Rauch et al., 1995; Winkielman et al.,
2006; Carr et al., 2003; Phillips et al.,, 2004) and speech-motor
functions (Braun et al., 1997; Corefield et al., 1999; Dronkers,
1996; Price, 2000; Fox et al., 2001; Brown et al., 2005). The insula
is involved in reactions to aversive stimuli and representation of
aversive experiences (Paulus and Stein, 2006), both physical (i.e.
visceral and somatic pain) and emotional (i.e. affect and mood)
(Damasio et al., 2000; Zald and Pardo, 2002; Mayer et al., 2006).
In particular, the right anterior insula has been identified as a
key region of interest in specific phobias (Wright et al., 2003;
Paulus and Stein, 2006). While Wright and colleagues examined
small animal specific phobia, it is reasonable to assume that insular
activity is generalizable to most, if not all, types of specific phobias.

It was hypothesized that the anatomy of insular cortex would be
atypical in individuals with WS as compared to healthy matched
controls based on their characteristic anomalous social-emotional
processing, and exacerbation of specific phobias especially. Atypical
anatomy can be defined by atypical size of the region-of-interest
(ROI) in the left and/or right cerebral hemisphere, or atypical asym-
metry patterns. Examples of atypical ROI volume and asymmetry
have been found in other clinical populations. Atypical brain region
volume may represent a change in morphology specific to a clinical
population (Foundas et al., 2003), while atypical asymmetry could
be related to specific behavioral attributes (Foundas et al., 2004),
such as stuttering severity. Given the predominant right hemi-
spheric deficits in WS (i.e. emotional anomalies) (Meyer-Lindenberg
etal., 2004; Nakamura et al., 2001), it was hypothesized that the WS
group would have right hemispheric insular volume reductions. In
addition, based on the connectivity of the insular sub-regions and
its involvement in specific phobias, it was hypothesized that the
anterior sub-region would be more anomalous than the posterior
sub-region.

2. Methods
2.1. Insular method reliability

2.1.1. Subjects

Initial reliability was calculated using 3 subjects (6 hemi-
spheres) from Tulane University. All subjects used in this study
were right-handed adults. Scans were selected at random from a
cohort of neurologically intact adults.

Initial reliability was extended by adding a set of 10 subjects
from the Williams syndrome data set that were randomly selected
and included in a separate reliability calculation described below.

2.1.2. Data acquisition

Volumetric MR images from Tulane University were acquired for
each subject on a GE 1.5 Tesla Signa scanner. T1 weighted images
were obtained as a series of 1.5 mm gapless sagittal images. A fast
gradient spoil recall was used for the GE scans, with the following
parameters: TR = 400, TE = 19, 256 x 256 voxel matrix, 24 cm field
of view and 10 degree flip angle. To ensure subject confidentiality
and rater blindness, each scan was assigned a subject number. To
correct for head position and create a standardized space across
images, the MR images were aligned in ANALYZE using the ACPC
tool so that the line containing the anterior commissure and poster-
ior commissure, or AC-PC line, was in the horizontal plane.

Coronal brain scans were acquired for each subject from the WS
cohort using a GE-Signa 3T scanner (General Electric, Milwaukee,
WI) at Stanford University. Coronal brain images were acquired
using the following fast 3D volumetric radio frequency spoiled gra-
dient echo pulse sequence parameters: TR = 24 ms, TE = 5 ms, flip
angle = 45°, number of excitations =2, matrix =256 x 256, field
of view = 24 cm, slice thickness = 1.2 mm, 124 contiguous slices.

2.1.3. Image processing

The ANALYZE software package (MAYO Clinic, 1986), version
5.0, was used to process images and determine the volume of the
insula and connectivity-based sub-regions in each subject. In order
to utilize the program tools, the original scan files for the 3 subjects
were stacked using the Import/Export volume tool to create the full
brain file in ANALYZE format. All MRI files were aligned along the
AC-PC line. Half of the brains were randomly flipped, reversing left
and right hemispheres, to insure rater blindness. Within the pack-
age, there was a region-of-interest (ROI) function that allowed the
rater to create cursor-guided free-hand traces on individual images
of desired brain regions. The ROI tracing on each image created an
area that was multiplied to slice thickness in order to produce a
volume. Region-of-Interest volumes from successive images were
then summed to yield a volume, in cubic centimeters, for the full
extent of the desired ROIL All summations were calculated within
the ANALYZE program.

2.1.4. BrainlmageJava

(BIJ) (Ng et al., 2001) (CIBSR.stanford.edu/tools), a freeware pro-
gram developed in the Center for Interdisciplinary Brain Sciences
Research, was used to process images and trace insular ROI vol-
umes in 10 additional subjects. Brain images were stacked, aligned,
and skull stripped in BIJ. Insular ROIs were drawn on the spatially
aligned images in BIJ, and volumes were determined from the ROI
drawings. An insula-specific segmentation tool was built into BIJ
that produced the same segmentation capabilities as that used in
ANALYZE.

2.1.5. Reliability from ANALYZE and BrainlmageJava (BIJ)
Thirteen (13) total brain scans were used to calculate method
reliability across two programs, ANALYZE (N =3) and BIJ (N =10).
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Measurement reliability was determined by computing an intra-
class correlation coefficient (ICC) for the volumes obtained by each
rater for each insular region (total, anterior, posterior) and for each
hemisphere. Both intra- and inter-rater reliability were obtained.
For intra-rater reliability, the insula was measured twice in each
hemisphere of the randomly selected brain scans by the first
author. Intra-rater reliability was calculated only for total insular
volume in ANALYZE (N =3), but included all three ROIs in BIJ
(N =10). To determine inter-rater reliability, the insula was mea-
sured once in each hemisphere of three (3) brain scans in ANALYZE
(by JDC and JRM) and ten (10) different brain scans in BIJ (by JDC
and TN). An ICC value greater than or equal to 0.85 was considered
reliable.

2.1.6. The insula measure

The insula is a major limbic brain structure that is covered by
the frontal, fronto-parietal, and temporal opercula. The opercula
form the anterior, superior-lateral and inferior-lateral boundaries
of the insula, respectively. The superior and inferior circular sulci
separate the insula from the fronto-parietal and temporal opercula,
respectively (Fig. 1A). Since the inferior circular sulcus does not ex-
tend rostral to the limen of the insula, there is no well-defined
boundary between the anterior insula and the orbital frontal cor-
tex. The orbitoinsular sulcus is considered the topographic bound-
ary between the anterior insula and adjacent frontal operculum
(orbitofrontal cortex and pars opercularis). The superior and infe-
rior circular sulci fuse to form the posterior pole of the insula,
and separate the insula from Heschl’s gyrus. The medial boundary
of the insula is a band of white matter called the extreme capsule.
The orbitoinsular sulcus is viewed best from the sagittal sections,

Superior & Inferior
circular sulei

Posterior pole of

/ the Insula

Supenor Circular Sulcus

Temporal
operculum « ————— “Inferior Circuls Sulcus

while the extreme capsule can been visualized most accurately
from the coronal view. The circular sulci can be seen from both
the sagittal and coronal views, but is most accurately located in
the coronal view. That is, the insular ROI mask was drawn first in
the sagittal view and refined in the coronal view. Therefore, both
the sagittal and coronal sections are utilized in this method.

The insula was first located using the sagittal view. The insula
was traced by locating the orbitoinsular, superior and inferior sulci
in each sagittal section throughout the full medial to lateral extent
(Fig. 1A). Particular attention was paid to the anterior boundary,
the orbitoinsular sulcus, in each image; and the posterior bound-
ary, the fusion of the superior and inferior circular sulci. The circu-
lar sulci were also traced in the sagittal view, but their greatest
accuracy was obtained in the coronal view (Fig. 1C). The current
method included traces of all grey matter in sagittal images within
these boundaries (Fig. 1A). The medial boundary was set in each
coronal image along the anterior-to-posterior extent based upon
the location of the extreme capsule (Fig. 1C). Again, the circular
sulci, which separate the insula from neighboring opercular cortex,
were viewed most accurately from the coronal view, and it is in
this orientation where those boundaries were set.

The next step was to divide the insula into sub-regions. The in-
sula can be divided into sub-regions based on either anatomy or
connectivity-based compartmentalization. If the insula were di-
vided anatomically, the central sulcus of the insula would be used
to separate the insula into anterior and posterior lobules, as was
done by Makris et al. (2006). However, this topographic landmark
cannot differentiate the connectivity-based sub-regions. The con-
nectivity-based regions of the insula are demarcated by its cytoar-
chitectonic zones, which each have particular connections with

Fig. 1. Insular boundaries. Depicted are the major boundaries used to delinate the insula cortex. The top panels (A and B) show the insula in the sagittal view, which is best for
visualizing the anterior limiting sulcus and the posterior pole, but also shows the circular sulci (all labeled in panel A). The bottom panels (C and D) show the insula in the
coronal view, which is best for visualizing the circular sulci most accurately and delineating the insula from neighboring opercular cortex (all labeled in panel C). Panels A and
C show the total insular ROI, while panels B and D show the insula divided into anterior (red 1) and posterior (green 2). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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other brain regions, and may impart specific functions to specific
regions (For review of insular cyto-, myelo-, and chemoarchitec-
tonics and connectivity see Augustine, 1985, 1996). The approxi-
mated connectivity-based sub-regions described here are based
on the regions outlined by Mesulam and Mufson (1982c), who de-
scribe anatomical connections that are predominately distributed
in either anteroventral or posterodorsal insula. The anteroventral
insula, comprised of the agranular and rostral dysgranular cytoar-
chitectonic regions, has connections with the parvicelluar region of
the ventroposteromedial nucleus of the thalamus, primary olfac-
tory cortex, amygdala, hippocampus, anterior cingulate, hypothal-
amus, periaqueductal gray, orbitofrontal cortex, temporopolar
cortex and Brodmann area (BA) 6 (Mesulam and Mufson,
1982b,c). The granular and caudal dysgranular cytoarchitectonic
regions, which make up the posterodorsal insula, have connections
with distinct brains regions including medial and inferior parietal
cortex, primary and secondary somatosensory cortex, primary
and secondary auditory cortex, BA 5, supplementary motor area,
and contralateral insula. It is important to note, however, that
there is no sharp segregation between these regions, and the tran-
sition, both cytoarchitectonically and in terms of connectivity,
from anteroventral to posterodorsal is gradual (Mesulam and Muf-
son, 1982a,b; Chikama et al., 1997).

The aim here was to approximate the cytoarchitectonic zones
yielding two distinct connectivity-based sub-regions. Approxima-
tion of these sub-regions was performed using geometrically-de-
rived boundaries. The most anterior, posterior, inferior, and
superior points of the insular ROI were located and used to create
the four sides of a rectangular bounding box. A diagonal line based
on the central hypotenuse of the rectangle from the anterior-supe-
rior corner to inferior-posterior corner divided the insula into
anteroventral and posterodorsal and approximated the connectiv-
ity-based sub-regions described by Mesulam and Mufson (1982c)
(Fig. 2). The result from this geometric division was the angle of
the line that divides the insula into anteroventral and posterodor-
sal functional sub-regions (Fig. 1B and D). It is important to note
that the correct angle of the dividing line is set by the bounding
rectangle, and the method for approximating that line may be spe-
cific to the particular program being used. In ANALYZE, the radial
divider tool was used to accomplish this division. An inverse tan-
gent was used to calculate the dividing angle using the height

Granular (1g)
r (Idg)

and length of the bounding box. The resulting angle was set as
the starting angle and the number of divisions was set to 2. In
BIJ, an algorithm tool was implemented to perform these steps
automatically.

2.2. Insular morphometry in WS

2.2.1. Subjects

Eleven adults with WS (8 females, 3 males; mean age 27.17 +/—
11.53 years) and 11 healthy age-matched controls (6 females, 5
males; mean age 27.10 +/— 6.75 years) were matched for age and
included in the present study (see Table 1). These participants
were recruited from the Salk Institute, and genetic diagnosis of
WS was established using florescent in situ hybridization probes
for elastin. All participants gave informed consent to be included
in the current study and were native English speakers. All experi-
mental procedures were in compliance with the human subjects
committees at the Salk Institute and Stanford University School
of Medicine.

2.2.2. Data acquisition

Coronal brain scans were acquired for each subject using a GE-
Signa 3T scanner (General Electric, Milwaukee, WI) at Stanford
University. Coronal brain images were acquired using the follow-
ing fast 3D volumetric radio frequency spoiled gradient echo pulse
sequence parameters: TR = 24 ms, TE = 5 ms, flip angle = 45°, num-
ber of excitations = 2, matrix = 256 x 256, field of view =24 cm,
slice thickness = 1.2 mm, 124 contiguous slices.

2.2.3. Image processing

BIJ was used to process images and trace insular ROI volumes.
The procedure performed here was the same as that described
for BIJ in image processing under insular method reliability above.

2.2.4. WS statistics

2.2.4.1. Total brain volume. Total brain volume was calculated using
BIJ and FMRIB Software Library (FSL) 4.0. The FMRIB Automated
Segmentation Tool (FAST) was used to segment and bias correct
the images. Total white matter, grey matter, and CSF were com-
puted from the FAST products; total brain volume was computed
as the sum of total white matter and total grey matter. A one-
way analysis of variance (ANOVA), in which group (WS, control)
was the independent variable and total brain volume (in cm?®)
was the dependent variable, was used to test for group differences
in total brain volume.

2.2.4.2. Insular ROIs. A one-way repeated measures analysis of
covariance (ANCOVA) was run with hemisphere (left, right) as
the repeated measure, group as the independent variable and total
insular volume as the dependent variable. In order to control for
group differences in total brain volume, total brain volume was en-
tered as a covariate. To test anterior and posterior insular differ-
ences, a repeated measures multivariate analysis of covariance

Fig. 2. Rationale for connectivity-based sub-regions. This figure recreates insular
topography set forth by Mesulam and Mufson (1982a,b,c), and schematically
depicts the rationale and methodology used in the creation of the connectivity-
based sub-regions. The red rectangle represents the most anterior, posterior,
inferior, and superior points of the insula tracing. The solid diagonal black line
across the rectangle is the approximation of the Mesulam’s and Mufson sub-
regions, and separates the insula into anteroventral (red) and posterodorsal (green).
The cytoarchitechtonic regions are also marked: la-p, agranular-periallocortical;
Idg, dysgranular; Ig, granular. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 1
Subject demographics.
Group Gender  Total Age mean (standard deviations) Full scale IQ
Controls Female 6 28.56 (5.10)

Male 5 25.91 (8.62)

Total 11 27.10 (6.75) 117.6 (14.20)
S Female 8 27.64 (13.40)

Male 3 25.91 (5.72)

Total 11 27.17 (11.53) 61.11 (13.24)

The table above lists the mean (standard deviations) age for each group by gender.
Full scale IQ mean (standard deviations) for the total groups is included.
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(MANCOVA) was used in which hemisphere was the repeated mea-
sure, group was the independent variable, anterior and posterior
volumes were the dependent variables, and total brain volume
was the covariate.

2.2.4.3. Asymmetry. Asymmetry for each ROI was examined by
assessing the group by hemisphere (left, right) interaction that
was used in the repeated measures ANCOVA and MANCOVA anal-
yses described above.

3. Results
3.1. Reliability

The reliability of the insular measure method was determined
by intra-class correlation coefficient (ICC), and met our a priori
standards (see Table 2). Intra-rater reliability for the left and right
total insula volumes were 0.87 and 0.91, respectively, in ANALYZE.
While only total insular volume was used for intra-rater reliability
in ANALYZE (N = 3), inter-rater ICC was calculated for all insular
ROIs in ANALYZE. In ANALYZE (N = 3), inter-rater ICC values were
all greater than 0.88 (Table 2). For added confidence, intra-
(Fig. 3) and inter-rater (Fig. 4) reliability was extended to include
an additional 10 MRI scans in BIJ (N =10). Inter-rater reliability
using BIJ (N = 10) was also good (ICC's > 0.93) (Table 2). Therefore,
reliability ICC results were good across imaging programs, ANA-
LYZE and BIJ.

3.2. Williams syndrome

After establishing the reliable morphometry method to quantify
insular volume, the method was applied to a sample of WS and
matched controls. Due to insular involvement in specific phobias,
and the high incidence of specific phobias in WS, atypical insular
mophometry was expected in WS. A one-way ANOVA showed no
group difference in age (p=.987) (Table 2). A one-way ANOVA
yielded a significant difference in total brain volume between WS
participants and controls (p =.0002), which is in agreement with
previous findings of total brain volume reduction in WS (Reiss
et al., 2004; Chiang et al., 2007). Because of this difference, total
brain volume was included as a covariate for all insular volume
comparisons. A repeated measures ANCOVA showed a significant
difference in total insular volume across groups (p =.0005) that
was unrelated to hemisphere (Fig. 5A). A repeated measure MAN-
COVA yielded a significant effect of group at the multivariate level
(p <.001). Even after accounting for the reduced total brain vol-
umes in WS, the anterior (p=.002) (Fig. 5B) and posterior
(p=.0002) (Fig. 5C) insular volumes were significantly smaller in
WS participants compared to controls at the univariate level.
Means (in cm®) and standard deviations for the ROIs are summa-

Table 2

Intra-class correlation coefficients by program and region.

Hemisphere Region Intra-rater Inter-rater

ANALYZE BIJ ANALYZE BIJ

Left Anterior - 0.98 0.96 0.96
Posterior - 0.97 0.93 0.97
Total 0.87 0.98 0.96 0.97

Right Anterior - 0.98 0.93 0.93
Posterior - 0.98 0.88 0.99
Total 0.91 0.98 0.92 0.98

The table above lists ICC values for each insular ROI collected in each imaging
software package, ANALYZE (N =3) and BIJ (N =10). Intra-rater ICC values were
collected by the first author, while inter-rater ICC values were collected by the first
three authors.

rized by group in Table 3. Since no normative data on the insula
has been reported previously to the author’s knowledge, the factor
of region (anterior, posterior) was analyzed in the healthy controls
to characterize the relationship between anterior and posterior
volumes. The anterior region was significantly larger than the pos-
terior region (p <.001) and was not related to hemisphere. To be
sure, there was no group difference in region.

No significant effect of hemisphere or hemisphere by group
interaction was observed for any insular ROIL This result indicates
there was no significant asymmetry of anterior, posterior, or total
insular volume across hemispheres and no group difference in
asymmetry. Again, asymmetry of the healthy controls was exam-
ined in greater detail. Asymmetry quotient (AQ) was computed
as (left-right)/[(left + right)/2] (positive AQ = leftward asymmetry).
Controls had rightward asymmetry for anterior (AQ = —0.225), pos-
terior (AQ = —0.039) and total (AQ = —0.0145) insular regions.

4. Discussion

The two main objectives of this study were to develop a reliable
method for obtaining volumetric measurements of the human in-
sula, and to validate that method by examining the anatomy of
insular cortex in adults with WS and a group of healthy age-
matched controls. One advantage of the method reported here is
that it utilizes native-space morphometry, which means warping
procedures necessary for semi-automated methods (i.e. VBM,
etc.) were not used and changes in other gross anatomical features
outside the insula, such as gyrification or brain shape, do not affect
insular volume quantification. While the current method quanti-
fies approximated connectivity-based sub-regions of the insula de-
scribed by Mesulam and Mufson (1982a,b,c), the method reported
here is limited in that it does not quantify the distinct insular cyt-
oarchitectonic sub-regions themselves. While the cytoarchitecton-
ic sub-regions of the insula may impart the greatest functional
specialization within the insula, these regions are not visible by
current MRI technology. However, another advantage of the cur-
rent method is that it represents the first step in visualizing the in-
sula on the sub-regional level. Statistical reliability was obtained
among three raters for this method, supporting its reproducibility
not only across raters, but within different software packages. The
method described here is potentially transportable to multiple
software packages and computer environments as both ANALYZE
and BIJ are cross platform compatible. Furthermore, this method
includes a procedure for approximating the underlying connectiv-
ity-based sub-regions of the insula. This is important as insular
connectivity is topographically organized (Mesulam and Mufson,
1982a,b,c), and these connections may impart an organization of
insular function as well. This method, or similar methods with
the same objective, may allow for more precise examination of
structure-function relationships in future studies of insular anat-
omy in a variety of clinical populations that have previously shown
insular volume reduction using other methods (AD, PTSD, schizo-
phrenia) or atypical function of insular cortex (stroke with dyspha-
gia, stuttering, addiction).

The major result of this study was a reduction in both right and
left insular volume in the WS group compared to the healthy age-
matched controls. It was hypothesized that insular volume reduc-
tion would be restricted to the right hemisphere, but proved to be
bilateral. When the insula was divided into anterior and posterior
sub-regions, both sub-regions were found to be significantly smal-
ler in WS than controls. As opposed to our hypothesis of greater
anterior volume reduction, insular volume reduction in WS was
diffuse rather than being more pronounced in one sub-region or
in one hemisphere. It is also important to note that insular volume
reductions in WS were maintained after controlling for total brain
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Fig. 3. Scatterplots of intra-rater reliability. The graphs depict measurement 1 and 2 made by the first author for each insular ROI. The left column shows the left hemisphere
and the right hemisphere is in the right column. Insular ROIs are organized as total, anterior, and posterior from top to bottom. Measurement 1 is on the x-axis and

measurement 2 is on the y-axis. All measurements are in cm>.

volume. Reiss and colleagues (2004) showed changes in insular
VBM; however, these results were mixed with one insular peak lar-
ger in controls than WS and another larger in WS than controls.
There have been reports of other structural anomalies in WS, such
as discrete cortical folding abnormalities, differences in gyrification
index (Van Essen et al., 2006), and cortical grey matter differences
identified with voxel-based morphometry (Boddaert et al., 2006).
Cortical thickness has also been found to be increased in the right
perisylvian cortex in individuals with WS (Thompson et al., 2005).
However, major brain shape differences in WS combined with var-
ied automated methodologies have been suggested by Eckert et al.
(2006) to increase the likelihood of spurious neuroanatomical find-
ings in conditions such as WS (2006). This suggests that automated

methodologies are not ideal for quantifying volumetric changes in
insular morphometry. In the interest of normative data of the insu-
la and its sub-regions, the healthy controls were found to have
rightward AQ for each insular ROI and the anterior insula was con-
sistently larger than the posterior.

There is evidence linking the insula to a wide variety of func-
tional roles. In particular, the insula appears to be important for
the representation of aversive experiences, especially fear and
anxiety (Paulus and Stein, 2006). WS has a unique relationship
with anxiety disorders. While hyperaffiliative behavior is a hall-
mark of the syndrome, so is an exacerbation of other specific pho-
bias (unrelated to social behavior). The insula has been identified
as a key region of interest in specific phobias (Wright et al., 2003),
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while social phobia is driven more by amygdalar function (Can-
nistraro and Rauch, 2003). A recent functional MRI study of
healthy adults probed the sociality of emotional content and
found that the insula responded to non-social-emotional stimuli
while the amygdala was more responsive to social stimuli (Brit-
ton et al., 2005). The amygdala has strong topographic, reciprocal
connections with both the anterior and posterior insula (Mufson
et al., 1981). Enlarged amygdalar volumes have been reported
previously in WS (Reiss et al.,, 2004), while this study reports
diffuse insular volume reduction. Combining present data with
previous structural and functional imaging data suggests there
may be a functional imbalance between the amygdala and insula

in individuals with WS. This functional imbalance may be related
in part to the aberrant anatomy of insular cortex in WS. This
imbalance may contribute to a behavioral propensity for greater
social affiliation and increased frequency of specific phobias
simultaneously. Although speculative, the reduced insular volume
in WS may represent a neural risk for the development of hyper-
affiliative social behavior with specific phobias, and implicates
insular cortex as a critical limbic integrative region as has been
proposed by others (Crespo-Facorro et al., 2000; Mesulam and
Mufson, 1982c). Future studies should be designed to more
directly examine some of these proposed structure-function
relationships.
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Table 3

Total brain and insular ROI volumes by group.

Region Groups

Hemisphere ROI Controls Williams

Left Anterior 2.98 (0.38) 2.21 (0.30)
Posterior 2.35(0.19) 1.59 (0.23)
Total 5.33 (0.55) 3.79 (0.46)

Right Anterior 3.04 (0.35) 2.06 (0.48)
Posterior 2.38 (0.332) 1.58 (0.27)
Total 5.442 (0.62) 3.64 (0.73)

Total brain volume 1316.83 (87.41) 1136.41 (94.56)

This table lists means (standard deviations) in cm? for total brain volumes and each
insular ROI across groups. Individual subject volumes for insular ROIs can be seen in
scatter plots in figure 7.

This method brings new focus upon the insula in structural MRI
studies related to anxiety, emotional processing and social behav-
ior. It establishes a native-space methodology for measuring the
insula as well as segmenting the structure into approximated con-
nectivity-based anterior and posterior regions. Previous studies
that examined morphometric differences in insular cortex were
limited by either indirect measurements (Foundas et al., 1996,
1997), or automated methods that required brain-warping (Karas
et al., 2003, 2004). Furthermore, none of these studies examined
connectivity-based sub-regions of the insula. Measuring these
sub-regions is important for understanding how the insula may
play a role in specific symptoms of clinical disorders. This method
will allow researchers to probe insular morphology more precisely
in clinical populations, particularly those related to anxiety and
aberrant social behavior. It will also allow for further exploration
and establishment of asymmetry patterns in healthy control popu-
lations and potential deviations in clinical populations. New algo-
rithm development that allows for fully automated and accurate
segmentation of the insula will allow for this work to proceed more
efficiently and rapidly in the future.
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