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Increased local gyrification mapped in Williams syndrome
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Applying a recently developed method to analyze gyrification with
excellent spatial resolution across thousands of points across the lateral
and medial cortical surface, we mapped differences in cortical surface
anatomy between subjects with Williams syndrome (WS; n=42) and
an age-matched sample of healthy subjects (n=40). WS subjects
showed increased gyrification bilaterally in occipital regions and over
the cuneus. Differences were more pronounced in the left hemisphere
than in the right, with additional regions of increased gyrification in
WS in the left precuneus, posterior and anterior cingulate, paracentral
and mesial frontal lobe. No cortical area was significantly more
convoluted in healthy subjects relative to the WS subjects. On the
lateral surfaces, the direction and pattern of gyrification asymmetries
were similar in WS subjects and controls; posterior brain regions had
greater gyrification in the left hemisphere, while anterior brain regions
showed greater gyrification in the right hemisphere. On the medial
surfaces, control subjects and WS individuals differed considerably
with respect to the degree but also direction of gyrification asymmetry.
Our findings confirm and extend previous studies measuring cortical
complexity at the global whole-brain or hemispheric levels. The
observed gyrification abnormalities in individuals with WS might be
related to dysfunctions in neuronal circuits and consequently
contribute to the distinct cognitive and behavioral profile accompany-
ing the disorder.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

Williams syndrome (WS) is a rare genetically determined
disorder with an estimated incidence of 1 in 20–30,000 births.
Affected individuals usually show mild to moderate mental
retardation accompanying profound impairments in visual–motor
abilities and spatial cognition (with a preferential attention to detail
and relatively spared skills in face recognition). Persons with WS
also demonstrate relative strengths in language (rich in vocabulary
and affective prosody, but with delayed onset of grammar and
vocabulary acquisition) and possess a distinct auditory sensitivity,
such as attraction to music, displeasure towards certain sounds, and
relatively well preserved auditory rote memory abilities. WS
individuals exhibit general and anticipatory anxieties, specific
phobias, as well as several attentional characteristics that can
manifest as concentration problems but also as unusual looking
patterns (e.g. longer, more frequent and intense looks) in social
interactions. People with WS have been described as having an
appetitive social drive. For a review of cognition and behavior in
WS, please refer to Bellugi et al. (2001) and Mervis and Klein-
Tasman (2000).

Over the past two decades numerous research groups have
attempted to elucidate the neuronal correlates underlying the
enigmatic behavioral and cognitive profiles associated with WS.
Histological examinations show differences in neuronal cell size,
coarseness, and packing density as well as neuronal organization,
clustering and orientation in WS (Galaburda et al., 1994, 2002;
Galaburda and Bellugi, 2000; Holinger et al., 2005). Gross
anatomical analyses indicate that alterations in brain morphology
also are present in WS. These morphological abnormalities involve
the cerebellum, corpus callosum, amygdala, hippocampus, brain
stem and cortical thickness, as well as global and regional gray and
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white matter volumes and density (Jernigan and Bellugi, 1990;
Wang et al., 1992; Jernigan et al., 1993; Galaburda et al., 1994,
2002; Galaburda and Bellugi, 2000; Reiss et al., 2000, 2004;
Schmitt et al., 2001a,b,c; Meyer-Lindenberg et al., 2004, 2005;
Thompson et al., 2005; Eckert et al., 2005). Peculiarities in the
geometry (or folding pattern) of the cortical surface, such as
increased global cortical complexities and regional gyrification, as
well as reduced distances from the cerebral hull to the fundi of
particular sulci (sulcal depths), or shortened extents of major sulci
have also been detected in individuals with WS (Galaburda and
Bellugi, 2000;Galaburda et al., 2001; Schmitt et al., 2002;Thompson
et al., 2005; Kippenhan et al., 2005).

Although empirical data indicate major deviations in cortical
surface anatomy, local effects are difficult to capture using global
measures, such as fractal dimension (Thompson et al., 1996a,b,
2005). Older measures, such as the gyrification index (Zilles et al.,
1988; Schmitt et al., 2002), may require some level of manual
tracing –which is time-consuming and susceptible to rater bias – and
the resulting measures depend on the brain3s orientation (i.e. slicing
direction). Finally, region-of-interest (ROI) analyses provide max-
imal regional specificity but make it hard to identify changes in
regions that do not neatly fall within specific region boundaries
determined in advance. Moreover, the analysis of a priori defined
regions is compromised by inter-individual or inter-hemispheric
variations in architectonic areas that may not be predictable from
visible gross anatomic landmarks (Rademacher et al., 1993).

To circumvent the limitations of previous studies, we applied a
recently developed method, which generates detailed and region-
ally specific estimates of surface gyrification at every point across
the cortex, to a large sample of WS subjects and age-matched
controls (N= 82). As demonstrated recently (Luders et al., 2006),
our gyrification measure resembles the 3D extension of the well-
known gyrification index (GI) proposed by Zilles et al. (1988),
without introducing any bias from the rater or slice orientation.
Given that the traditional GI revealed the degree of cortical folding
to be invariant after the age of 2 years (Armstrong et al., 1995),
alterations in gyrification observed with the current approach
suggest neurodevelopmental effects. Using our gyrification
measure, we generated maps of disease-related effects on cortical
surface anatomy in an automated fashion. In addition, we
generated maps indexing hemispheric differences in gyrification
(hereafter referred to as gyrification asymmetry). Given the
unusual profile of cognitive strengths and weaknesses in WS as
well as prior evidence of differential hemispheric effects in this
condition (Hickok et al., 1995; Reiss et al., 2000, 2004; Galaburda
et al., 2002; Schmitt et al., 2002; Mobbs et al., 2004; Thompson et
al., 2005; Kippenhan et al., 2005; Holinger et al., 2005), we used
this measure to assess for potential disease-related disturbances in
gyrification asymmetry.

Materials and methods

Subjects

We analyzed the brain scans of 42 subjects with genetically-
confirmed Williams syndrome (mean age: 29.2±9.0 years, age
range: 12–50 years; 19 M/23 F) and 40 age-matched healthy
controls (age: 27.5±7.4 years; age range: 18–49 years; 16 M/24 F).
This same cohort was also described in Reiss et al. (2004) and
Thompson et al. (2005). All WS participants (with no history of
epilepsy or other neurological conditions) were evaluated at the
Salk Institute or at Cedars-Sinai Medical Center (CSMC) as part of
a program project on genetics, neuroanatomy, neurophysiology,
and cognition. Healthy control subjects (with no history of major
psychiatric, neurological, or cognitive impairment) were recruited
at both the Salk Institute and Stanford University. Handedness was
determined by writing hand. There was no difference in the
frequency of left or right hand writers between the groups (chi
square (2,78)=0.01, ns). Thirty-seven of the 42 WS participants
wrote with their right hand compared to 32 of the 36 control
participants with handedness data. Writing hand data were missing
for 4 control participants. All procedures were approved by the
Institutional Review Boards of all three institutions, and all
participants (or parents and guardians, respectively) provided
informed consent.

MRI acquisition

MR images of each participant3s brain were acquired with a GE-
Signa 1.5 T MRI system (General Electric, Waukesha, WI, USA)
located at one of three sites, as described previously (Reiss et al.,
2004): (1) University of California, San Diego, (2) Scripps Clinic,
San Diego, and (3) Stanford University, Stanford. In all cases,
sagittal brain images were acquired with the same three-dimensional
(3D) volumetric radio frequency spoiled gradient echo (spoiled
gradient-recalled acquisition in a steady state) pulse sequence using
the following scan parameters: TE=5 ms; TR=24 ms; 45° flip
angle; matrix size=256×192; FOV=240×240 mm; slice thick-
ness=1.2 mm, with 124 contiguous slices. Scans were prepro-
cessed at the UCLA Laboratory of Neuro Imaging (USA) and
analyzed at the University of Jena (Germany) by image analysts
blinded to all subject information, including age, gender, IQ, and
diagnosis.

Preprocessing

All acquired brain scans were inspected carefully and not
included if of poor quality. An exhaustive description of the
selection criteria and procedure is provided in Reiss et al. (2004).
All MR images were processed with a series of manual and
automated procedures, as summarized in Thompson et al. (2005).
Briefly, image volumes were transformed into a standard space
using affine transformations and corrected for intensity inhomo-
geneities (Sled et al., 1998). Subsequently, each individual3s
cortical surface was extracted and 3-dimensionally rendered using
automated software (MacDonald, 1998). That is, we created
spherically-parameterized mesh models of the cortical surface
using signal intensity information, where each individual mesh was
continuously deformed to fit the threshold intensity value that best
differentiated extra-cortical cerebrospinal fluid from underlying
cortical gray matter (GM). Each resulting cortical surface was
represented as a high-resolution mesh of 131.072 surface triangles
spanning 65,538 surface points. Given that each individual mesh
parameterizes a sphere, the surface points correspond to each other,
allowing us to measure gyrification and statistically test point
averages across subjects and samples, in the same manner as a
voxel-wise analysis of 3D image data.

Measures of local gyrification

Local gyrification was evaluated by measuring mean curvature
(do Carmo, 1976) across thousands of vertices on the lateral and
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medial surfaces of each individual cortical model. Mean curvature
(Tcurvature) at a given point is defined as

Tcurvature ¼
Xnv
v¼1

ðx̄v � x̃vÞ:Ñ v

Bv

� �2

where x̃v is the centroid of the neighbors of vertex v, Bv is the
average distance from the centroid of each of the neighbors, Ñv is
the normal vector of vertex v, and · is the vector product operator
(MacDonald, 1998). In other words, mean curvature can be
thought of as the mean angular deviation (in degrees) from a planar
surface for points on a small closed loop surrounding a vertex.
Local gyrification was estimated in a three-step approach as
detailed in Luders et al. (2006). Briefly, calculating the mean
curvature across the cortical surface results in large positive values
for local maxima (corresponding to gyri) and large negative values
for local minima (corresponding to sulci). To increase the signal-to-
Fig. 1. Examples of folding patterns (gyrification). The two upper panels illustrate e
After calculating mean curvature expressed in degrees, sulci can be identified
characterized by large positive values (displayed in red). After calculating the ave
absolute values regardless of whether they represent gyri or sulci (examples not sho
higher values for areas with greater gyrification (displayed in yellow and red) and lo
noise ratio for the mean curvature measure at a given vertex, we
averaged the curvature values within a geodesic distance of 3 mm
(Step I). We then calculated the absolute value of the average mean
curvature resulting in curvature values greater than or equal to zero
(Step II). Finally, absolute mean curvature values were smoothed
using a surface-based heat kernel smoothing filter (Chung et al.,
2005) with a full width at half maximum (FWHM) of 10 mm (Step
III). Fig. 1 demonstrates examples of mean curvatures as well as
smoothed absolute mean curvature for representative examples of
folding pattern from a WS patient and normal control brain.

Analyses of group effects on gyrification

We linearly averaged the curvature values from each vertex
across subjects in order to create maps of average gyrification in
WS subjects and healthy controls, followed by computing the
mean difference between the two groups. Finally, statistical
xamples of folding pattern in a representative control (CTL) and WS subject.
as regions with large negative values (displayed in blue), while gyri are
rage mean curvature within a distance of 3 mm, values are transformed into
wn). Finally, surface smoothing with a heat kernel (FWHM=10 mm) reveals
wer values for areas with smaller gyrification (displayed in blue and purple).
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differences of local curvature values between WS subjects and
controls were obtained using an analysis of covariance (ANCOVA)
model applied to each corresponding mesh point of the cortical
surface. Overall, this model permits the analysis of group
differences while removing variance explained by age, gender,
and total brain size1, which were integrated as covariates into the
model. We compared the groups using the resulting t-values and at
a p-value threshold of 0.001. In addition, we generated color-coded
maps indexing the standard deviation (SD) of mean curvature from
the adjusted data (that is, where the variance explained by age,
gender and total brain size was removed) for thousands of surface
points across the lateral and medial cortex in participants with WS
and healthy controls (Supplementary Fig. 1).

Analyses of group effects on gyrification asymmetry

To establish the presence and direction of hemispheric
differences in local gyrification, we calculated lateralization
indices for curvature values between corresponding vertex points
using the formula (Right−Left) / 0.5(Right+Left). Resulting
negative values index a leftward asymmetry (that is, greater
gyrification in the left hemisphere compared to the right), while
positive values index a rightward asymmetry (greater gyrification
in the right hemisphere compared to the left). Mean differences in
hemispheric asymmetry were calculated between subjects with
WS and healthy controls. Additional two-sample t-tests were
performed to establish the significance of the asymmetry index
difference between groups. Given that differences between
hemispheres between samples (gyrification asymmetry differ-
ences) are usually of much lower magnitude than the sample-
specific effect itself (gyrification differences), we used a lower
threshold of p<0.05 for lateralization effects. All p-values were
corrected for multiple comparisons using the False Discovery Rate
[FDR] method (Benjamini and Hochberg, 1995).

Results

Average maps of gyrification

Fig. 2 shows the average distributions of local gyrification
revealing similar patterns in controls (CTL) and WS subjects.
Higher values of smoothed absolute mean curvature – indicating
greater local gyrification – are seen in anterior brain regions,
including the right lateral frontal cortex (in both groups), in left
mesial frontal cortex (in WS) and bilaterally in the medial temporal
regions (in both groups). By contrast, lower values of smoothed
absolute mean curvature are found in posterior brain regions,
especially in the occipital lobe, surrounding the ventral limit of the
central sulcus, across the cingulate gyrus, and paracentral lobule (in
both groups and both brain hemispheres).

Group differences in gyrification

As further illustrated in Fig. 2, relative to healthy controls, WS
subjects exhibited increased gyrification bilaterally in occipital
regions extending anteriorly over the cuneus (and precuneus in the
left hemisphere), bilateral in the posterior and anterior cingulate,
1 Brain size was approximated by extracting and inverting the scaling
parameters from the determinant of the affine transformation matrix
generated through the prior normalization procedure.
paracentral lobe, as well as left orbital and mesial pre-frontal
cortex. Maps of mean differences between the two groups hint at
areas of relatively increased gyrification in healthy controls in
frontal and anterior temporal regions, as well as close to midline,
near the central sulcus (all of them more pronounced in the left
hemisphere), but these effects did not reach statistical significance.
That is, no cortical area was significantly more convoluted in
healthy subjects than subjects with WS (maps not shown).

Asymmetries in average gyrification

Fig. 3 shows the average distributions of local gyrification
asymmetry revealing a similar pattern in WS subjects and controls
across the lateral cortex. Leftward asymmetry – indexing a greater
gyrification in the left hemisphere compared to the right – was
observed in posterior brain regions (most pronounced in the
occipital lobe). By contrast, rightward asymmetry was found in
extended regions of the frontal lobe and inferior/posterior temporal
lobe. Interestingly, different asymmetry patterns were seen – across
the medial surfaces – between WS subjects and controls. Large
regions of rightward asymmetry in healthy controls (illustrated in
red; e.g. the precuneus), correspond to areas of leftward asymmetry
in WS subjects (illustrated in blue).

WS effects on gyrification asymmetry

As shown in Fig. 3, there were significant group differences in
asymmetry patterns. Across the whole lateral and medial surface,
WS subjects showed numerous small clusters of stronger leftward
asymmetry or diminished rightward asymmetry. These regions
correspond to clusters of significantly stronger rightward asym-
metry or diminished leftward asymmetry in healthy controls.
Importantly, although mean differences also appear to indicate
stronger rightward asymmetries in WS subjects relative to
controls, those effects did not reach statistical significance (maps
not shown).

Discussion

In this study, we applied a recently developed method (Luders
et al., 2006) to measure the regional degree of gyrification in a
well-matched sample of WS individuals versus healthy controls.
We established the presence of both disease-related effects and
hemispheric asymmetries. We revealed greater gyrification in WS
compared to control subjects, bilaterally in occipital regions as well
as across the medial cortex (Fig. 2). No cortical area was
significantly more convoluted in healthy subjects compared to
subjects with WS. With respect to gyrification asymmetry, WS
subjects showed small but numerous clusters of stronger leftward
asymmetry or diminished rightward asymmetry, across the entire
medial cortical surface (Fig. 3).

Correspondence with previous findings

Our observation of increased gyrification in the occipital cortex
in WS subjects, agrees with work by Galaburda et al. (1994, 2002)
that found increased cell size, decreased cell packing density, and
abnormal neuronal organization patterns in area 17. Others report
diminished callosal areas in segments that predominantly connect
parietal and occipital areas (Galaburda and Bellugi, 2000; Schmitt
et al., 2001b). Further agreements between our current findings and



Fig. 2. Gyrification effects. The two upper panels reveal the average distribution of local gyrification in healthy controls (CTL) and subjects with WS. Curvature
values are expressed in degrees, with blue and purple colors indicating regions of lower gyrification, while yellow and red indicate areas of higher gyrification.
The third panel demonstrates the mean differences between subjects with WS and healthy controls. Areas with higher gyrification in WS appear in yellow and
red, whereas blue and purple indicate higher gyrification in control subjects. The last panel illustrates regions of significantly increased gyrification in WS
compared to normal controls (threshold p<0.001, corrected for multiple comparisons using FDR).
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the spatial location of previous observations with respect to surface
complexity and gray matter are discussed below.

Surface complexity

Our findings corroborate other recently published results
demonstrating increased gyrification in WS subjects (Galaburda
and Bellugi, 2000; Schmitt et al., 2002; Thompson et al., 2005).
Moreover, the present study not only confirms prior global
hemispheric effects in the same sample of subjects (Thompson et
al., 2005), but also indicates the exact region of altered surface
geometry (e.g., left and right occipital cortex and cuneus, left
precuneus, posterior/anterior cingulate, paracentral lobe, orbital/
mesial pre-frontal cortex). As well as improved regional specificity,
the current approach can also discriminate between lateral and
medial effects, which has not been possible with classical
measurements of fractal dimension (Thompson et al., 2005) or
gyrification index (Schmitt et al., 2002). Interestingly, this measure
demonstrates that occipital cortices and medial surfaces (rather than
lateral regions) show the greatest gyrification differences between
WS and control subjects. By contrast, a previous study revealed
reduced sulcal depths in WS in occipital and orbito-frontal regions
(Kippenhan et al., 2005), but differences in the chosen measures
may account for these spatial discrepancies, given that our absolute
mean curvature approach measures cortical convolutions based on
both gyral and sulcal characteristics (e.g. sulcal depth and length,
frequency of folding). Alternatively, cohort differences may account
for contrasting results. Disease-related effects may differ in samples
of typically lower-functioning WS individuals (as in this study)
relative to exceptional WS subjects with normal intelligence [as in
Kippenhan et al. (2005)]. On the other hand, this finding might also
support the hypothesis that greater amounts of cortex are buckled
upward into gyri at loci where sulcal depth is observed to be
reduced. This theory clearly requires further research, however.

Utilizing sulcal depth as the primary metric, Van Essen et al.
(2006) compared cortical folding in 16 individuals with WS to



Fig. 3. Lateralization of gyrification. The two upper panels reveal the average profiles of gyrification asymmetry in healthy controls (CTL) and subjects with WS.
Leftward asymmetries can be identified in regions with large negative values (displayed in blue and purple), while rightward asymmetries are characterized by
large positive values (displayed in light yellow and red). The third panel reveals cortical regions where subjects with WS have stronger leftward or diminished
rightward asymmetries (displayed in blue and purple) and stronger rightward or diminished leftward asymmetries (displayed in yellow and red) relative to
healthy controls. Regions with increased leftward (diminished rightward) asymmetry in WS subjects correspond to regions of increased rightward (diminished
leftward) asymmetry in healthy controls, and vice versa. The fourth row illustrates areas with significantly increased leftward or diminished rightward asymmetry
in subjects with WS (threshold p<0.05, corrected for multiple comparisons using FDR). Increased rightward and/or diminished leftward asymmetry in subjects
with WS did not pass the threshold of significance (maps not shown).
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healthy controls. Sulcal depths differ between the two groups
across large segments of the cortex—including dorso-posterior and
ventro-anterior regions of each hemisphere. Although the number
of cortical locations identified as having between-group sulcal
depth differences was more broadly and laterally distributed than
the cortical complexity differences found in the present study,
regions of the occipital, orbito-frontal and cingulate cortices were
singled out in both studies. Different results between the two
studies are likely due to significant methodological variation.

Gray matter volume

The spatial correspondence of clusters indicates diminished
GM volume and reduced sulcal depths in WS subjects, and GM
and sulcal geometry may be related (Kippenhan et al., 2005),
albeit this relationship lacked consistency across cortical structures
(Meyer-Lindenberg et al., 2004; Kippenhan et al., 2005). Another
study detected increased GM in the anterior cingulate and orbital/
mesial prefrontal cortices in WS (Reiss et al., 2004). These GM
increases may relate to our present findings of increased
gyrification in similar regions, supporting the assumption of a
positive relationship between regional gyrification and GM
volume. Other studies, however, (Reiss et al., 2000, 2004;
Meyer-Lindenberg et al., 2004) reported diminished GM in
parietal-occipital regions, where we detected significantly en-
hanced gyrification. Moreover, when correlating cortical thickness
and a global measure of complexity in the same sample presented
here, Thompson et al. (2005) revealed a positive correlation in
healthy controls in some regions of the right hemisphere (but not
left hemisphere), and neither hemisphere in WS subjects. WS
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subjects had greater overall cortical complexity, but also less GM
and thinner cortices, except in perisylvian regions, where the
cortex was thicker than in controls. There may be no simple
relationship between surface geometry (e.g., gyrification mea-
sures) and regional amounts of tissue (e.g., GM volume and
cortical thickness); the presence and direction of this relationship
may depend on the spatial location on the cortical surface and the
population of interest (see below).

Neurodevelopmental implications

A specific neurodevelopmental mechanism associated with WS
is likely to give rise to identifiable morphological abnormalities in
WS subjects. For example, haploinsufficiency for one or more
genes in the WS critical region of 7q is thought to contribute to
early abnormalities in cortical development (Hoogenraad et al.,
2002; Danoff et al., 2004; Zhao et al., 2005). Aberrant cortical
development could lead to an abnormal confluence of cortex in
(and prominence of) the orbito-frontal region (Reiss et al., 2004)
accompanied by increased gyrification as a greater volume is
folded to fit into a smaller space. The unusual shape and smaller
brain volume in WS subjects, as well as their dorsal–ventral
dissociations for neuroanatomy and cognition support this premise
(Atkinson et al., 1997, 2003; Bellugi et al., 1999; Galaburda et al.,
2001; Reiss et al., 2004; Kippenhan et al., 2005). In addition,
increased gyrification may reflect differences in connectivity as it
has been suggested that white matter anchors areas of connected
cortex and folding occurs in relation to or surrounding these
anchors (Van Essen, 1997). Finally it is also possible that aberrant
gyrification patterns in WS are a secondary consequence of an
(genetically determined) abnormal amount or loss of tissue, where,
for example, a disproportioned loss of white matter, might lead to
more gyrification. Alternatively, increased gyrification might be
caused by less GM and/or a thinner cortex. That is, in order to fit
more GM into the same surface the cortex has to be more gyrified
(Toro and Burnod, 2005). For instance, frontal cortex, which is
thicker than occipital cortex, is also less gyrified and the gyri are
wider and fewer.

Functional implications

Circumscribed structural alterations in regions of the occipital
and mesial prefrontal cortex, as well as the anterior cingulate are
candidate anatomic substrates for some of the most prominent
cognitive and behavioral characteristics in WS individuals. Our
observation of relatively increased gyrification in occipital regions
as well as in the cuneus and precuneus in WS may relate to visuo-
spatial deficits in this population (Morris and Mervis, 2000).
Extending speculations by Galaburda et al. (2002) who proposed a
primary involvement of the peripheral visual cortex (on the medial
surface of the occipital lobe), we also detected anomalies in cortical
regions likely to represent central vision (occipital pole). Conse-
quently, WS subjects may have structural deficits not only in visual
pathways that encode information about spatial relationships and
the visual control of action (Atkinson et al., 1997), but also in
primary visual areas. Together with supporting observations of
WS-specific gross-anatomical, cellular, and functional pecularities
in occipital and parietal cortices (Galaburda and Bellugi, 2000;
Reiss et al., 2000, 2004; Galaburda et al., 2002; Schmitt et al.,
2002; Mobbs et al., 2004; Meyer-Lindenberg et al., 2004;
Kippenhan et al., 2005; Eckert et al., 2005) aberrant caudal brain
regions may be one relevant neuroanatomical substrate for visuo-
spatial impairments in WS.

Similarly, attentional deficits, hyperactivity, and concentration
problems as often reported in individuals with WS (Morris and
Mervis, 2000) might be associated with increased cortical folding
in the cingulate, as well as orbital and mesial prefrontal regions,
disrupting the well-described executive attention network (Max et
al., 2005). Finally, the abnormal profile of excessive social
behavior in WS subjects (Morris and Mervis, 2000) may be
associated with the observed structural abnormalities in the left
orbito-frontal, mesial prefrontal, as well as left anterior and
posterior cingulate cortices. Those structures are implicated in the
processing of emotions and control of social behavior (Adolphs,
2003) and have been previously suggested as potentially
contributing to disturbances in this domain of function in WS
(Schmitt et al., 2002; Reiss et al., 2004; Mobbs et al., 2004;
Kippenhan et al., 2005). These observations may generate new
hypotheses that will lead to a more complete elucidation of links
among gene, brain and cognition in WS.

Potential confounds

A potential confound for increased gyrification in WS subjects
might be the group-specific brain sizes in our sample, with
significantly smaller total cerebral volumes and total gray matter in
WS subjects compared to healthy controls, as detailed elsewhere
(Thompson et al., 2005). Notwithstanding, since total brain volume
(TBV) is inextricably correlated with diagnosis, we did not
statistically control for TBV because this would incorrectly
eliminate some disease-specific effects. We previously noted
increased gyrification in smaller female brains compared to larger
male brains (Luders et al., 2004). These findings support the
hypothesis that smaller overall brain volumes are associated with
increased folding complexities (Galaburda et al., 2002; Luders et
al., 2006). The brain volume deficit in WS is predominantly
accounted for by smaller posterior regions (Galaburda and Bellugi,
2000; Reiss et al., 2000; Holinger et al., 2005). Given the increased
occipital gyrification observed here, lobar volume and cortical
folding may be inversely related. It is not yet clear whether the
abnormal folding in WS is a secondary consequence of aberrant
local shape, or directly genetically determined. Moreover, since
behavior itself is capable of modifying the brain structures that
support it (Galaburda and Bellugi, 2000; Draganski et al., 2004),
increased gyrification is not only likely to alter functional
outcomes but also prone to be modified by certain WS-specific
behaviors.

Gyrification asymmetry

WS subjects and healthy controls showed a leftward asymmetry
in posterior brain regions (most pronounced in the occipital lobe)
and rightward asymmetry in the frontal and inferior/posterior
temporal lobe. Significant asymmetry differences were detected
across the lateral and medial cortical surface, where WS subjects
showed small but numerous clusters of stronger leftward
asymmetry and/or diminished rightward asymmetry. Although it
seems to be premature to relate our hemispheric differences to any
functional or behavioral outcomes, together with previous
observations of abnormal asymmetry patterns in WS (Galaburda
and Bellugi, 2000; Reiss et al., 2000; Holinger et al., 2005), the
present asymmetry findings might serve as reference data to
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stimulate further research on functional lateralization in WS. For
example, event-related potential (ERP) techniques have documen-
ted that WS subjects show neither the expected left hemispheric
dominance for grammatical function (Bellugi et al., 1999; Mills et
al., 2001), nor right hemisphere asymmetries for face processing
(Mills et al., 2000).
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