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Although gyral and sulcal patterns are highly heritable, and emerge in a tightly controlled sequence during development, very little is
known about specific genetic contributions to abnormal gyrification or the resulting functional consequences. Williams syndrome (WS),
a genetic disorder caused by hemizygous microdeletion on chromosome 7q11.23 and characterized by abnormal brain structure and
striking cognitive (impairment in visuospatial construction) and behavioral (hypersocial/anxious) phenotypes, offers a unique oppor-
tunity to study these issues. We performed a detailed analysis of sulcal depth based on geometric cortical surface representations
constructed from high-resolution magnetic resonance imaging scans acquired from participants with WS and from healthy controls who
were matched for age, sex, and intelligence quotient, and compared between-group differences with those obtained from a voxel-based
morphometry analysis. We found bilateral reductions in sulcal depth in the intraparietal/occipitoparietal sulcus (PS) in the brains of
participants with WS, as well as in the collateral sulcus and the orbitofrontal region in the left hemisphere. The left-hemisphere PS in the
WS group averaged 8.5 mm shallower than in controls. Sulcal depth findings in the PS corresponded closely to measures of reduced gray
matter volume in the same area, providing evidence that the gray matter volume loss and abnormal sulcal geometry may be related. In the
context of previous functional neuroimaging findings demonstrating functional alterations in the same cortical regions, our results
further define the neural endophenotype underlying visuoconstructive deficits in WS, set the stage for defining the effects of specific
genes, and offer insight into genetic mechanisms of cortical gyrification.
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Introduction
The study of associations between human genetics, brain struc-
ture and function, and cognition represents one of the important
challenges of modern science. Williams syndrome (WS) is a rare
disorder that offers an exceptional opportunity to study a well
characterized genetic defect, a hemizygous microdeletion on
chromosome 7q11.23 (Morris and Mervis, 2000), which is asso-
ciated with a specific neurobehavioral phenotype (Metcalfe,
1999; Mervis and Klein-Tasman, 2000). Individuals with WS
show severe deficits in visuospatial construction (i.e., the ability
to visualize a compound object as a set of parts or to construct a
copy) (Frangiskakis et al., 1996; Mervis et al., 2000), are hyperso-

cial, and evidence anticipatory anxiety and specific phobia. Cur-
rent neuroimaging methods are uniquely positioned to help dis-
cover “intermediate phenotypes” characterizing underlying
abnormalities on the neural systems level. Among potential en-
dophenotypes, cortical folding is an attractive candidate, because
brain structure is highly heritable (Thompson et al., 2001b;
Wright et al., 2002), and the emergence of folding patterns is
under tight developmental control (Mima and Mikawa, 2004).
Several studies have addressed the macroscopic cortical abnor-
malities found in WS, using qualitative/descriptive (Galaburda
and Bellugi, 2000; Galaburda et al., 2001), volumetric (Reiss et al.,
2000), and voxel-based morphometry (VBM) (Meyer-
Lindenberg et al., 2004; Reiss et al., 2004) approaches. However,
these methods do not directly characterize what is arguably the
most salient feature of the cortex: its highly convoluted surface
geometry. This geometry can be studied with surface models cre-
ated from high-resolution magnetic resonance imaging (MRI),
using recently developed software tools such as FreeSurfer (Dale
et al., 1999; Fischl et al., 1999a) and Surefit (Van Essen et al., 2001;
Van Essen, 2004), which allow comparison of morphometric
properties such as sulcal depth at each node of a polygonal-mesh
cortical representation. Surface-based registration based on gyral
and sulcal patterns allows the comparison of such measures be-
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tween groups. This approach has been shown to improve the
power of group-comparison analyses relative to traditional
volume-based registration methods (Fischl et al., 1999b) and
should be free of bias, provided that the analysis uses a custom-
ized brain template (Good et al., 2001; Thompson et al., 2001a).
Because gray matter is contained in the convoluted cortical sheet,
it can be expected that sulcal geometry may be related to differ-
ences in local gray matter volume.

Because WS is associated with mild-to-moderate retardation,
inferential power is limited when typical participants with WS are
compared with normal controls. This is particularly relevant to
studies of the cortex, because general intelligence has been shown
to be associated with brain structure in healthy humans (Thomp-
son et al., 2001b). To avoid this problem, we studied a selected
group of high-functioning participants with WS and normal in-
telligence quotient (IQ). We recently found localized gray matter
volume reductions in this type of group (relative to matched
controls) in the intraparietal/occipitoparietal sulcus (PS) and or-
bitofrontal cortex (OFC) using VBM (Meyer-Lindenberg et al.,
2004). Because surface-based cortical measures have been shown
to be sensitive to age (Chung et al., 2003; Sowell et al., 2004) and
gender (Luders et al., 2004), we controlled for these parameters as
well.

Materials and Methods
Overview. We constructed cortical surface models from high-resolution
MRI images and then computed the distributions of sulcal depth in a
group of participants with WS and in a group of matched healthy con-
trols. For group analyses, we created a customized cortical surface tem-
plate, performed surface-based registration to this template for each par-
ticipant, and compared sulcal depth measures across the two groups on a
standardized average surface. To aid in our analyses, and for visualization
purposes, we also created average cortical surface representations for the
individual groups. Results were visualized on these average surfaces, and
further analyzed on individual surfaces. Finally, changes in cortical ge-
ometry were compared with local reductions in gray matter volume, as
measured by VBM.

Participants. We studied an exceptional group of 14 participants with
WS [seven female (F), seven male (M); mean age, 27.6 years; SD, 9.6] and
normal IQs (mean, 91.2; SD, 9.7) and a group of 13 demographically
matched (6 F, 7 M; mean age, 31.2 years; SD, 7.1; mean IQ, 95.7; SD, 5.5)
healthy controls (Table 1). Participants with WS were genetically tested
with fluorescence in situ hybridization to verify the WS diagnosis. All
participants with WS in this study had typical hemideletions in the WS-
critical area (Morris and Mervis, 2000) of chromosome 7q11.23. Healthy
controls were screened for medical and psychiatric conditions and for
drug or alcohol abuse. All participants provided written informed con-
sent as specified by the National Institute of Mental Health Internal
Review Board and were compensated for their time.

Image acquisition and preprocessing. For each participant, six axial
high-resolution structural images (spoiled gradient-recalled acquisition
in a steady-state sequence, 124 slices; echo time, 5.2 ms; repetition time,
12 ms; field of view, 24 mm; resolution, 0.9375 � 0.9375 � 1.2 mm) were
acquired on a 1.5 T scanner (GE Signa, Milwaukee, WI). These structural
images were intensity normalized (Sled et al., 1998), registered using the
Analysis of Functional NeuroImages (AFNI) (Cox, 1996) 3dvolreg tool,
and averaged using the AFNI 3dMean tool to improve the signal-to-

noise ratio. The brain extraction tool from the Oxford Centre for Func-
tional Magnetic Resonance Imaging of the Brain (Oxford, UK) (Smith,
2002) was used in combination with Interactive Segmentation of MEDx
(Medical Numerics, Sterling, VA) to remove extracranial matter from
the averaged image. FreeSurfer version 0.9 (Dale et al., 1999; Fischl et al.,
1999a) was used to segment gray and white matter and to create white
matter, “inflated white matter,” and pial surface representations for each
participant. Segmentations and surface meshes were subjected to careful
visual inspection, and segmentations were manually corrected when nec-
essary. The resulting surface representations consisted of large numbers
(typically 150,000) of points, or nodes, connected in a triangular mesh. In
the course of creating inflated surfaces, FreeSurfer computed sulcal depth
measures as described previously (Fischl et al., 1999a), by integrating the
dot product of the movement vector during inflation with the surface
normal vector at each node.

Sulcal depth analysis. To avoid bias in the normalization procedure, a
custom template was created using the FreeSurfer mris_make_template
tool, based on cortical surfaces from all 27 participants. Individual sur-
face representations were then spherically registered to this template, and
the resulting surface-to-surface mappings were used to project individual
sulcal depth data onto common surfaces for purposes of visualization,
group data averaging, and statistical comparisons. The FreeSurfer mris-
_make_average tool was used to create within-group average surfaces
and a combined average surface. These average surfaces contained equal
numbers of nodes that were in correspondence because of their icosahe-
dral sampling.

Between-group statistical comparisons of sulcal depth were made us-
ing the FreeSurfer mris_glm tool with 200 iterations of nearest-neighbor
spatial smoothing. Analyses were restricted to regions identified as sulcal
in both group averages, based on the sign of the sulcal depth. Thresholds
were based on a false discovery rate (FDR) value of p � 0.01, thus limiting
the expected proportion of false positives among suprathreshold voxels
to 1 in 100 (Genovese et al., 2002). These results were confirmed with
nonparametric permutation tests (using custom software developed by
the authors) on data that were subjected to surface-based diffusion
smoothing (Chung et al., 2003) with a full width at half-maximum of 25
mm [in keeping with recent surface-smoothing guidelines (Lerch and
Evans, 2005)]. Statistical testing consisted of randomly permuting the
members of the two groups 1000 times and comparing the difference
between group-average sulcal depth values in each case to the difference
in the canonical case (in which WS and control participants were prop-
erly labeled). The p value for this test corresponded to the rank position
of the difference in the canonical case within the distribution of differ-
ences generated from all 1000 permutations.

The AFNI SurfMeasures tool was used to compute sulcal depth differ-
ences within selected regions of interest (ROIs). Volumetric VBM data
were overlaid onto the overall average surface using the AFNI 3dVol2Surf
tool. Surface-based figures presented here were produced using SUMA
(Saad et al., 2004), the AFNI surface-visualization tool.

VBM analysis. The averaged MRI scans described above were pro-
cessed using an optimized VBM protocol (Good et al., 2001), which
included creating group-specific (volumetric) templates. An initial 12-
parameter affine spatial normalization was performed, followed by non-
linear spatial normalization using an optimal linear combination of 4 �
5 � 4 spatial basis functions. The Jacobian-modulated gray matter maps
were smoothed using a 10 mm isotropic Gaussian filter. Results were
thresholded at a level of p � 0.01 (corrected for multiple comparisons on
the voxel level). Additional details of our VBM methods were provided
previously (Meyer-Lindenberg et al., 2004).

Results
Group analyses: sulcal depth and VBM
Between-group comparisons of sulcal depth revealed several ar-
eas of localized sulcal depth reduction in WS. Figure 1 shows
sulcal depth measures that were averaged by group and then
displayed on the composite average inflated surface. Because the
depth measures obtained from FreeSurfer were normalized with
zero mean and unit variance, the scale of 0 –2, shown in Figure 1,

Table 1. Participant demographics

Gender Age Handedness IQ

Controls 6 F, 7 M 31.2 100% right 95.7
WS 7 F, 7 M 27.6 100% right 91.2
p value 0.84a 0.29b 0.18b

a�2 test.
bt test.
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represents 2 SDs. For ease of visualization,
sulcal depth values were used to modulate
the height of the inflated surface in an out-
wardly normal direction, and gyral regions
are not shown. Striking reductions in sul-
cal depth, as highlighted in the maps of
statistical difference (Fig. 1B,C, bottom
rows), were found in the PS regions bilat-
erally, and reductions were also seen in the
left collateral sulcus and OFC. The statisti-
cal threshold for these maps was based on
an FDR threshold of p � 0.01. Significant
differences were confirmed by nonpara-
metric permutation testing. The differ-
ences indicated by the statistical analysis
are clearly visible when inspecting the
within-group average surfaces side by side.
The PS is shallower for WS than for con-
trols, as shown in Figure 2, which depicts
posterior views of within-group averaged
white matter surfaces for both
hemispheres.

Our VBM analysis indicated regions of
significantly reduced gray matter volume
bilaterally in the PS as well. The third row
of Figure 2 provides a visual comparison of
the results of the sulcal depth and VBM
analyses, demonstrating the high degree of
spatial concordance between the PS ab-
normalities found using these two meth-
ods. Figure 2 also shows a plot of individ-
ual participants’ normalized sulcal depth
measures within the ROIs defined by the
thresholded sulcal depth statistics (i.e., the
regions shown in blue) in the PS region
bilaterally. Each point in the plot repre-
sents the average sulcal depth within the
back-projected version of the ROI on an
individual surface. The overall averages
within the region were naturally lower
than the peak values shown in Figure 1, but
the average depths for the WS participants
were consistently less, indicating relatively
shallower sulci. There was, in fact, no over-
lap between the groups in the left hemi-
sphere on this measure, and only a single
participant with WS overlapped the con-
trol group in the right hemisphere. We
quantified this difference in absolute
terms in the left hemisphere by calculat-
ing the node-by-node position differ-
ences between the two group-average surfaces within the left-
hemisphere ROI: on average, the PS was 8.5 mm deeper
(SD, 2.0 mm) in controls than in participants with WS.

Figure 3 shows an inferiomedial viewpoint of the left hemi-
sphere of the overall average surface, showing the significant
( p � 0.01) differences in sulcal depth (in blue) within the collat-
eral sulcus as well as on the medial aspect of the OFC region. The
VBM statistical map (threshold was p � 0.01 corrected) is over-
laid as well (Fig. 3, in red), illustrating a small region of gray
matter volume reduction in the OFC. Although it is somewhat
near the blue region of reduced sulcal depth in the OFC, the
spatial correspondence is not nearly as strong here as in the PS.

The regions of gray matter volume reduction and reduced sulcal
depth do not overlap at p value thresholds of either 0.01 or 0.05.
The VBM analysis did not indicate a gray matter volume reduc-
tion in the collateral sulcus.

Single-subject analyses
To investigate both group variability and individual contribu-
tions to our result in the PS, we examined single-subject surfaces.
Figure 4 shows the sulcal depth group difference statistics (dis-
played in Figs. 1, 2) back-projected to individual inflated left
hemisphere surfaces of participants with WS. We used inflated
surfaces to ensure that the region, which typically lies at the bot-

Figure 1. Average sulcal depth measures for the WS and control groups and areas of statistically significant difference. Maps of
average normalized (depths on individual surfaces were normalized with zero mean and unit variance) sulcal depth were con-
structed after all participants’ surface representations underwent spherical registration to a custom template to align gyral and
sulcal patterns. For ease of visualization, sulcal depth values were used to modulate the height of the surface in an outwardly
normal direction. A, Correspondence of folded white matter and inflated surface, illustrating how sulcal patterns are displayed on
the inflated surface. B, Views of average sulcal depth for the left hemisphere in healthy control (top row) and WS (middle row)
groups. The last row shows the statistical difference map, which is thresholded using a false discovery rate of p � 0.01. The largest
regions of significant difference were found in the PS and the collateral sulcus. C, Similar views for sulcal depth data on the right
hemisphere. Note the significant difference in the PS in this hemisphere as well.
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tom of a sulcus, was visible in all cases. Back-projecting the ROI
from the standard surface in this way shows that individual PS
regions were generally well mapped to the template, with very few
“interruptions” of the back-projected sulcus by gyral regions. The
individual surface maps additionally provide an indication of the
anatomical variability dealt with by the surface-based registra-
tion. Figure 4 also shows the variance of the sulcal depth measures
for the WS group, mapped onto the group’s average white matter
surface to allow for a more familiar visual anatomic interpreta-
tion. The variance in sulcal depth was found to be the highest
within the central region of the PS on the average surface.

Figure 5 shows equivalent views for individual healthy con-
trols (i.e., sulcal-depth statistics back-projected to individual in-
flated left hemisphere surfaces of the control participants) and
the variance in sulcal depth for the control group mapped onto
the white matter surface of the average controls. In this case, the
variance on the white matter surface is additionally shown from a
posterior viewpoint to properly visualize the (deeper, in this case)

PS. These visualizations also demonstrate a typical amount of
anatomical variability and show that individual PS regions were
generally well registered with respect to the PS region for healthy
controls of the template. In contrast to the WS group, however,
the variance in sulcal depth within the PS region for controls was
quite low.

Discussion
Our analysis of sulcal geometry in a selected group of high-
functioning participants with WS relative to a healthy, IQ-
matched control group revealed significant depth reductions bi-
laterally in the PS, with additional significant reductions
observed in the left orbitofrontal region and in the left collateral
sulcus. The most pronounced finding was in the left PS, which
was 8.5 mm shallower in the WS group. In addition to the striking
depth reduction, we also observed locally higher variance of this
parameter within this region in WS participants than in controls,
as shown in Figure 4, consistent with increased variability attrib-
utable to a pathological process. In a previous study comparing
groups similar to these (smaller by one WS and two control par-
ticipants), we found that the PS played a crucial role in the visuo-
constructive deficit that is the hallmark neuropsychological fea-
ture of WS (Meyer-Lindenberg et al., 2004). A reduction in gray
matter density, based on VBM analysis, was also recently ob-
served in a locale very similar in persons with WS and mental
retardation (Reiss et al., 2004). Together with supporting func-
tional imaging results from typical WS participants (Mobbs et al.,
2004; Eckert et al., 2005) and convergent neuropsychological ev-
idence (Mervis et al., 2000; Nakamura et al., 2001; Galaburda et
al., 2002; Paul et al., 2002; Atkinson et al., 2003), our results
emphasize the importance of this region in the pathophysiology
of WS. Importantly, recently presented data from a different
group of participants (of typically lower IQ) with WS (Van Essen

Figure 2. Illustration of significantly shallower PS found in WS. A, Top row shows posterior
views of within-group average cortical surface models for control and WS groups, showing the
visibly deeper sulci (indicated by arrows) in the average representation of the brains of controls.
The middle row highlights the regions of significant group differences in normalized sulcal
depth (shown in blue) on these average surface models. The bottom row additionally overlays
the results (shown in red) of a VBM analysis for the same group of participants (thresholded at
p � 0.01 corrected), showing regions of significant reduction in local gray matter volume.
Overlapping regions are shown in purple. B, Plot of individual participants’ sulcal depth mea-
sures within the ROI defined by the thresholded sulcal depth statistics (i.e., the regions shown in
blue) in the PS region. Each point in the plot represents the average sulcal depth within the
back-projected version of the ROI (using the inverse of the spherical registration transforma-
tion) on an individual participant’s surface. RH, Right hemisphere; LH, left hemisphere.

Figure 3. Inferiomedial views of overall average surfaces (white matter and inflated), illus-
trating regions of significant ( p � 0.01) sulcal depth difference and significant ( p � 0.01
corrected) local gray matter volume reduction (based on VBM analysis). Significantly shallower
sulcal regions (shown in blue) were found within the collateral sulcus and in the orbitofrontal
region. The orbitofrontal region also shows a small nearby region of significant local gray matter
volume reduction (in red).
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et al., 2004) directly support the current
findings by also identifying a circum-
scribed depth reduction in PS as the most
pronounced sulcal depth abnormality in
WS. It is also noteworthy that previous
measurements of gyrification indices sub-
divided by lobe (Schmitt et al., 2002), al-
though not directly referable to depth
measurements on the cortical surface,
showed significant parietal abnormality.
Our examinations of single-subject sur-
faces did not reveal gross qualitative ab-
normalities in the PS region. Rather, we
found that the sulci were reliably shallower
in the WS group, arguing for a consistent
(although variable in magnitude) geneti-
cally driven pathological process in an an-
atomically defined region that underlies
both the sulcal depth and VBM finding.

To our knowledge, this is the first study in
which results from VBM and surface-based
analysis of sulcal depth have been directly
compared. It is therefore encouraging that
the largest area of gray matter volume reduc-
tion identified by VBM was also shown to
have abnormally reduced sulcal depth. The
findings in the PS region are consistent with
a geometric interpretation in which the gray
matter volume within the cortical sheet in
the sulcal “valley” is reduced in proportion
to the reduction in surface area of the shal-
lower valley. This interpretation is compati-
ble with the results of a recent study of corti-
cal thickness in WS participants with mental
retardation (Thompson et al., 2005), which
did not show regional cortical thickness
change (by unit surface) in PS, supporting
the concept that our observed gray matter
volume and sulcal depth reductions in this region are proportionate
and perhaps causally linked by one of the biological mechanisms
discussed below.

Our study used a customized spherical template for surface
registration, enabling reliable unbiased statistical assessment of
depth differences across the entire cortical surface based on align-
ment of all surface features. Given our findings of increased vari-
ability in regions of abnormal gyrification, it might be useful to
explore new matching techniques that employ restricted sets of
surface features that may be more robust to pathology (Van
Essen et al., 2004). Additionally, we limited our study to an
examination of sulcal depth. Additional analyses, taking into
account measures of cortical thickness and its interaction with
the geometry of the cortical sheet, should help to complete the
picture of abnormal gray matter distribution in WS.

With respect to the OFC, the convergent evidence for struc-
tural abnormalities presented here emphasizes the need for addi-
tional study of this region, which has been shown to be important
in social cognition and in the regulation of emotion (Adolphs,
2003). In addition, we identified a region of abnormal sulcal
depth in the collateral sulcus, for which VBM analysis did not
indicate a gray matter volume reduction. It is interesting to note
that this region has been implicated as a zone of converging dor-
sal and ventral visual-stream information subserving spatial nav-
igation (Suzuki and Amaral, 1994; Epstein et al., 1999). Because

dorsal stream function (Meyer-Lindenberg et al., 2004) and spa-
tial cognition (O’Hearn et al., 2005) are both deficient in WS, this
might indicate subtle dysfunction in this region that should be
studied further.

Our findings are in agreement with current theories on cortical
gyrification and its pathological alteration. During development, the
human cortex changes from a smooth (lissencephalic) structure to
one that is highly convoluted (Chi et al., 1977). It is commonly as-
sumed that a major determinant of the size of a cortical area is the
number of cells it contains and the volume of their (dendritic and
synaptic) interconnections. Because each region acquires its mature
complement of cells through combinations of cell division, cell
death, and cell migration, the total number of divisions among the
progenitor cells of a region is a major determinant of its eventual size,
along with removal of postmitotic cells by apoptosis and migration
(Mima and Mikawa, 2004). Thus, the theory by Mima and Mikawa
(2004) predicts that the pattern of cortical folding depends, at least
partly, on nonuniform distribution of neuronal differentiation and
neurite growth. Our results in the PS support this theory by showing
concurrent reductions of gray matter volume and sulcal depth. Re-
markably, in the rhesus monkey, it has been shown that, over the
entire cortex, the maximal degree of cortical folding occurs in the
posterior parietal–anterior occipital region (Armstrong et al., 1991),
suggesting a potential mechanical reason that a genetically deter-
mined reduction in gray matter volume might lead to pronounced

Figure 4. Regions of significant group differences in PS sulcal depth (shown in blue), projected (using the inverse of the
spherical registration transformation) onto individual WS participants’ inflated left hemisphere surfaces, illustrating the range of
anatomical variability dealt with by the surface-based registration and also showing that the projected blue regions lie within PS
regions on the individual surfaces in their native space. At bottom right, the variance of the sulcal depth measures for the WS group
is mapped onto the group’s average white matter representation (to allow a more familiar visual anatomic interpretation),
illustrating a high degree of variance (up to 0.08 in normalized units) in sulcal depth within the PS region for the WS group.
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changes in gyrification in this region. Armstrong et al. (1991) also
observed that the occipitoparietal region had the largest ratio of su-
pragranular laminas to the lower granular and infragranular layers
and that this parameter was related to cortical folding. It would be of
interest to determine whether an alteration of this cellular ratio could
be found postmortem in WS.

According to the radial unit hypothesis (Rakic, 2003), cortical
neurons originate in proliferative zones lining the cerebral cavity and
migrate to their proper positions guided by transient scaffolds
formed by shafts of elongated radial glial cells that appear to be under
genetic control in humans (Rakic, 2004). Interestingly, this ap-
proach indicates different cellular mechanisms determining cortical
thickness and sulcal depth (Rakic, 2004), which could explain our
findings of reduced PS sulcal depth in WS, whereas others find PS
thickness to be unaffected in WS (Thompson et al., 2005). It has also
been shown that changes in subcortical connectivity patterns can
effect gyral patterns (Rakic, 1988), which complements Van Essen’s
(1997) theory that tension along axons in white matter can explain
how and why the cortex folds in characteristic species-specific pat-
terns. Our results are consistent with these proposals assuming that a
reduced population of neurons in PS would result in a reduction in
local white matter connections. Additional investigation, particu-
larly diffusion tensor-based imaging, would be helpful in testing this
hypothesis. Preliminary data in a subgroup of five participants with

WS in fact showed abnormal white matter
integrity, using the trace and fractional an-
isotropy parameters, in the region immedi-
ately underlying PS (Marenco et al., 2004).

Because general IQ (Thompson et al.,
2001b) and neuropsychological function
(Fornito et al., 2004) have both been linked
to cortical folding patterns in humans, our
use of high-functioning participants with
WS removed an important potential prob-
lem in interpreting our results: because they
cannot be explained by between-group IQ
differences, they are likely to be closely re-
lated to the genetic determinants of WS. Of
course, additional abnormalities may
emerge in the study of typical WS partici-
pants with mental retardation. It would be
particularly interesting to compare high-
and low-IQ WS groups to determine
whether some aspects of cortical folding
might be differentially related to intelligence.

The convergent evidence for a key role of
PS in WS leads to the question of molecular
mechanisms underlying the observed struc-
tural abnormality, which would, in turn,
point to genetic pathways leading to visuo-
constructive deficits. Two important candi-
date genes that lie within the WS critical re-
gion are LIM (a cysteine- and histidine-rich,
zinc-coordinating domain composed of two
tandemly repeated zinc fingers) kinase 1
(LIMK1), implicated by linkage in the gene-
sis of the visuospatial constructive deficit
(Frangiskakis et al., 1996), and cytoplasmic
linker 2 (CYLN2) (Hoogenraad et al., 2002).
Both genes regulate dynamic aspects of the
cytoskeleton of the cell (Hoogenraad et al.,
2004), either via the actin filament system
(LIMK1), or through the microtubule net-

work (CYLN2), suggesting cellular mechanisms by which the ob-
served alterations in cortical folding could arise. Subsequent knock-
out mice studies (Hoogenraad et al., 2002; Meng et al., 2002) have
confirmed abnormal neural development and structure, making the
study of these genes, particularly in small deletion families
(Frangiskakis et al., 1996; Morris et al., 2003), a promising strategy
for future identification of genetic mechanisms that underlie general
visuoconstructive abilities.
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