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A Genetic Model for Understanding Higher
Order Visual Processing: Functional
Interactions of the Ventral Visual Stream
in Williams Syndrome

Williams syndrome (WS) is a rare neurodevelopmental disorder
caused by a 1.6 Mb microdeletion on chromosome 7q11.23 and
characterized by hypersocial personality and prominent visuospatial
construction impairments. Previous WS studies have identified
functional and structural abnormalities in the hippocampal forma-
tion, prefrontal regions crucial for amygdala regulation and social
cognition, and the dorsal visual stream, notably the intraparietal
sulcus (IPS). Although aberrant ventral stream activation has not
been found in WS, object-related visual information that is
processed in the ventral stream is a critical source of input into
these abnormal regions. The present study, therefore, examined
neural interactions of ventral stream areas in WS. Using a passive
face- and house-viewing paradigm, activation and functional
connectivity of stimulus-selective regions in fusiform and para-
hippocampal gyri, respectively, were investigated. During house
viewing, significant activation differences were observed between
participants with WS and a matched control group in IPS. Abnormal
functional connectivity was found between parahippocampal gyrus
and parietal cortex and between fusiform gyrus and a network of
brain regions including amygdala and portions of prefrontal cortex.
These results indicate that abnormal upstream visual object
processing may contribute to the complex cognitive/behavioral
phenotype in WS and provide a systems-level characterization of
genetically mediated abnormalities of neural interactions.

Keywords: amygdala, fMRI, functional connectivity, fusiform gyrus,
intraparietal sulcus, parahippocampal gyrus.

Williams syndrome (WS) provides a model condition for
understanding brain mechanisms mediating between genetic
variation and cognitive-behavioral phenotypes in humans.
Caused by a hemizygous microdeletion of approximately 1.6
Mb (containing some 25 genes) on chromosome 7q11.23, WS is
typified by a highly specific cognitive and behavioral profile,
including a gregarious, hypersocial personality combined with
nonsocial anxieties, and a prominent impairment in the visuo-
spatial construction domain (Bellugi et al. 2000; Mervis et al.
2000; Meyer-Lindenberg et al. 2006). Most individuals with WS
also have mild to moderate mental retardation.

The hallmark cognitive impairment in WS is in visuospatial
construction, the ability to visualize an object (or picture) as
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a set of parts and construct a replica from those parts
(Frangiskakis et al. 1996). This is characterized neuropsycho-
logically by poor performance on tests of block design or
pattern construction (Bellugi et al. 1988, 1994; Mervis et al.
1999, 2000; Mervis and Morris 2007). Hierarchically organized
and functionally specialized, the visual system is divided into 2
processing streams that emerge from the primary visual cortex:
a dorsal stream extends into the parietal lobe and processes
spatial information whereas a ventral stream extends into the
temporal lobe and subserves object processing (Ungerleider
and Mishkin 1982). The hierarchical organization and cognitive
specificity of this neural system, combined with the relatively
isolated visuospatial construction impairment in WS, led to the
hypothesis that dorsal, but not ventral, stream function is
compromised. This hypothesis is supported by behavioral
studies that report relatively normal face (Tager-Flusberg
et al. 2003) and object (Atkinson et al. 1997; Paul et al. 2002;
Landau et al. 2006) recognition abilities, indicating a function-
ally intact ventral stream, and by functional neuroimaging
studies that show no aberrant ventral stream activation during
object-processing paradigms (Meyer-Lindenberg et al. 2004;
Mobbs et al. 2004). In marked contrast, profound dorsal stream
abnormalities, consistent with the observed visuospatial defi-
cits, have been uncovered. In particular, a localized structural
anomaly in the intraparietal sulcus (IPS), consisting of bi-
laterally reduced gray matter volume (Meyer-Lindenberg et al.
2004; Reiss et al. 2004; Boddaert et al. 2006; Eckert et al. 2006)
and sulcal depth (Kippenhan et al. 2005; Van Essen et al. 2000),
has been identified. This structural finding was associated with
hypoactivity in directly adjacent parietal regions during spatial
localization and visuospatial construction, and reduced informa-
tion flow from the IPS to these later dorsal stream regions was
indicated by path analysis (Meyer-Lindenberg et al. 2004).
There is, thus, clear evidence for a dorsal stream abnormality
in WS in the context of relatively intact ventral stream
activation during visual processing. This neurogenetic dissoci-
ation offers the unique opportunity to study how object
information is further processed in brain regions known to be
abnormal in WS that show well-documented and widespread
neural interactions with the ventral stream. For one, the ventral
stream provides input essential for an amygdala-prefrontal



system that is involved in social and nonsocial fear signaling and
has been shown to be dysregulated in WS (Meyer-Lindenberg,
Hariri, et al. 2005; Schultz 2005) and is thought to underlie the
hypersocial, gregarious behavioral profile, the lack of socially
related fear, and presence of nonsocial anxieties typical in this
condition (Meyer-Lindenberg, Hariri, et al. 2005). Further,
during face viewing, marked hypoactivity has been observed in
the anterior hippocampal formation (Meyer-Lindenberg,
Mervis, et al. 2005), a region important for integrating spatial
and object information from both dorsal and ventral streams
(Suzuki and Amaral 1994; Janzen and van Turennout 2004).
Finally, the dorsal and ventral streams themselves are exten-
sively interconnected (Suzuki and Amaral 1994), particularly
between the IPS and parahippocampal gyrus, both involved in
processing aspects of the spatial environment (Epstein et al.
1999). The parahippocampal gyrus and another ventrally
located region in the fusiform gyrus respond in a categorically
selective manner to distinct classes of visual stimuli, such
as depictions of places and images of faces, respectively
(Kanwisher et al. 1997; Aguirre et al. 1998a; Epstein and
Kanwisher 1998; Haxby et al. 2001). Whereas the area in the
fusiform gyrus related to face processing (often referred to as
the fusiform face area [FFA]) clearly resides in the ventral
stream in both its anatomical and cognitive domains, the place-
processing area in the parahippocampal gyrus (termed the
parahippocampal place area [PPA]) appears to be functionally
linked to visuospatial cognition: it is crucial for navigation and
for processing information about the layout of objects in space;
it receives functionally linked, convergent input from dorsal
and ventral streams; and it is linked to the hippocampus.

In the present study of participants with WS and normal
intelligence quotient (IQ), we used surface-based activation and
functional connectivity approaches to examine the contribu-
tions of these specialized ventral areas to processing in dorsal
stream and amygdala-prefrontal circuits. FFA and PPA were
functionally defined for each participant with a passive face- and
house-viewing functional magnetic resonance imaging (fMRI)
paradigm that reliably activates these regions (Kanwisher et al.
1997; Haxby et al. 2001). We expected to find intact function
in ventral structures but abnormal connectivity of these
regions with key dorsal stream and social processing areas.

Methods

Participant Selection

Because the majority of individuals with WS are mildly to moderately
mentally retarded, their ability to cooperate with neuroimaging
procedures can be limited. Moreover, comparing WS patients with
mental retardation with a normal intelligence control group presents
a potential confound that impacts on the interpretation of the
neuroimaging data because group differences could be related to low
1Q per se. Although important information about WS has been obtained
by studying individuals with WS and mental retardation, we chose to
avoid this potential problem by studying extremely rare individuals
with WS and normal 1Qs, who nonetheless have the same visuospatial
construction impairment and hypersocial personality that characterize
the syndrome, along with genetically confirmed typical hemideletions
in the WS critical region of chromosome 7. We took this approach
because 1) abnormalities found even in this high performing group are
likely to be characteristic of this syndrome as a whole and 2) the
neurobiological phenotype will be close to the genetic substrate of the
disorder, consistent with our overall objective of using neuroimaging to
forge a link between the effects of specific genes and brain mechanisms
of cognitive and behavioral disorders. Our participants with WS were,

therefore, matched with healthy controls not only for age, sex, and
handedness, but for IQ as well (Table 1), and they were also in good
physical health. Controls were carefully screened to exclude partic-
ipants with histories of psychiatric or neurological disorders and of
drug or alcohol abuse. All study participants provided written consent
in accordance with the National Institutes of Health Internal Review
Board and were compensated for their time. These individuals have
participated in our previous WS studies (Kippenhan et al. 2005; Meyer-
Lindenberg et al. 2004, 2006; Meyer-Lindenberg, Hariri, et al. 2005;
Meyer-Lindenber, Mervis, et al. 2005).

Experimental Paradigm

Participants viewed 18-s blocks of faces, houses, scrambled images, or
a fixation cross (Fig. 1). Within the faces, houses, and scrambled blocks,
each of 12 images was presented for 1.2 s followed by 0.3 s of visual
fixation on a centrally located, static cross. The paradigm additionally
included 18-s fixation blocks. Scrambled images controlled for
luminance of face and house stimuli. Three runs of the task, each
consisting of 5 blocks of 4 experimental conditions listed above, were
presented during fMRI data collection. Participants were instructed
to maintain visual fixation during scanning. Fixation was verified
throughout each study by an observer monitoring real-time output
from an eye-tracking camera (Real Eye RE-4501 eye imaging system and
SV-7201 Fiber Optic Visual System; Avotec Inc., Stuart, FL).

Data Acquisition and Image Processing

Six axially acquired, high-resolution, T1-weighted FSPGR structural MRI
scans (echo time [TE] = 5.2 ms, repetition time [TR] = 12 ms, field of
view [FOV]| = 24 mm, resolution = 0.94 x 094 x 1.2 mm) were
collected for each participant on a 1.5-T GE scanner. These images
were coregistered and averaged for purposes of cortical surface-based
analyses. Blood oxygen level-dependent (BOLD) fMRI T2-weighted
gradient-echo echo-planar images were acquired using a 3-T GE
scanner (TR = 3 s, TE = 30 ms, FOV = 24 cm, 90° flip, 64 x 64 matrix,
36 contiguous slices, voxel size = 3.75 x 3.75 x 4 mm) with a whole-
head coil. Using SPM99 (http://www filion.uclac.uk/spm/spm99.html),
images were realigned to the middle image of the scan, spatially
registered to the participant’s averaged high-resolution structural scan in
native space using affine mapping followed by nonlinear normalization
with 7 x 8 x 7 spatial basis functions, smoothed with an 8-mm full width
at half maximum Gaussian filter, and ratio normalized to the whole-brain
global mean to remove global variation in fMRI signal. Brain responses to
each of the 4 conditions of the paradigm (faces, houses, scrambled,
fixation) were modeled as a boxcar function convolved with a synthetic
hemodynamic response function and estimated using the general linear
model within SPM99. For each participant, contrasts were modeled to
compare conditions. The comparison of house to face viewing was used
to delineate PPA and FFA across all participants in the study, within each
diagnostic group and for each participant in his or her own native
neuroanatomical space. To further test for between-group differences by
stimulus type, the comparison of face viewing to scrambled images and
of house viewing to scrambled images was examined.

Cortical Surface Generation and Activation Analysis

Activation analyses for each individual were mapped onto cortical
surfaces for optimal visualization of responses in sulci as well as gyri
and also to take advantage of the additional statistical power resulting
from alignment of subjects based on individual gyral and sulcal patterns
(Fischl et al. 1999b). Freesurfer (Dale et al. 1999; Fischl et al. 1999a)

Table 1
Study demographics

Gender Age Handedness Q
Controls 4F, 6 M 29 100% R 97.5
WS 6F 3M 316 100% R 924
P value 0.25° 0.48" 0.19°

“Chi-square test.
t-test.
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was used to segment gray and white matter and to create smooth white
matter and pial surface representations from the averaged high-
resolution anatomical images of each participant in native space. These
surface representations consisted of large numbers of points, or nodes,
typically 140 000, connected in a triangular mesh. Each individual's
surface mesh was then inflated to a sphere and registered to a study-
specific template that represents the average sulcal and gyral curvature
across a sample of normal and WS brains. The program Maplcosahedron
from the AFNI/SUMA (http://afni.nimh.nih.gov/) analysis package
resampled each participant’s spherically registered mesh onto a regu-
larly sampled icosahedron to achieve a one-to-one mapping between
the nodes of each person’s spherically aligned surface. Each individual’s
modeled contrasts were coregistered with his or her mean echoplanar
image and deskulled average high-resolution structural scan using
FMRIB’s Linear Image Registration Tool (Jenkinson et al. 2002). For each
participant, these data were then mapped to this standard, regularly
sampled surface, and statistics were computed for every node on the
mesh. Between-groups comparisons were conducted using 2-sample
ttests in the statistical language R (Thaka et al. 1996) and corrected for
multiple comparisons via false discovery rate (FDR) (Genovese et al. 2002)
using the AFNI/SUMA program 3dFDR. Significance was defined at P <0.05,
FDR corrected.

Functional Connectivity Analysis

Functional connectivity refers here to the correlation of BOLD time-
series data at every location in the brain with the time-series of FFA and
PPA “seed voxels.” These seeds were functionally defined for each
participant using a “functional localizer” approach (Kanwisher et al.
1997) as the most significant voxel within the regions defined by the
face versus house comparison and then checked to ensure appropriate
anatomical locale within parahippocampal gyrus and FFA by overlaying
activation maps on the individual’s high-resolution MRIL Correlations
were computed for each person’s entire time series (across all conditions)
in native space, yielding a total of 4 correlation maps (covariance with left
and right PPA and FFA). These correlational maps were analyzed at the
group level using a random effects model and analysis of variance in SPM99.
To most effectively view results in subcortical structures, functional
connectivity data are presented on axial slices rather than surface meshes.
Group data are displayed on a study-specific volumetric template at a
statistical threshold of P < 0.001, uncorrected. Findings that survived FDR
correction at P < 0.05 are so noted below.

In addition to these voxel-wise, whole-brain analyses, in order to
specifically test for abnormal connectivity of PPA and FFA with key dorsal
stream and social processing areas previously defined as structurally and/
or functionally abnormal in this same cohort, we compared average
correlation values from each individual’s data using a 5-mm radius
spherical volume centered on voxels selected a priori from our previous
work (Meyer-Lindenberg et al. 2004; Meyer-Lindenberg, Hariri, et al.
2005). These areas included 1) dorsal stream regions related to
visuospatial processing—the IPS and parietal lobe—as well as 2) the
amygdala, orbitofrontal cortex, medial prefrontal cortex, and dorsolateral
prefrontal cortex, which comprise a circuit related to social processing.

Results

Functional Activation
Consistent with previous studies (Haxby et al. 2001; Epstein
and Kanwisher 1998), our comparison of house- versus face-
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Figure 1. Diagram of experimental paradigm with examples of visual stimuli.
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viewing conditions (collapsed across WS and control groups)
resulted in stimulus-related, differential activation of the ventral
visual stream. Spatially normalized activation maps of the main
effect of stimulus type are displayed in Figure 2. As expected,
we observed bilateral activation in PPA during house viewing
(house > face) and in FFA for face viewing (face > house). Each
participant with WS showed activation in these regions in
native space confirming previous single-subject observations
in this cohort during object discrimination (Meyer-Lindenberg
et al. 2004).

Voxel-by-voxel between-group comparison of the face
versus house contrast showed no significant differences
between participants with WS and controls at the chosen
threshold. However, during house viewing (house > face), we
noted a trend toward decreased activity in WS (P < 0.001,
uncorrected) localized bilaterally along the ventral lip of the
collateral sulcus, a region that is anatomically situated between
fusiform and parahippocampal gyri where we previously
demonstrated abnormal cortical folding in WS (Kippenhan
et al. 2005). We subsequently tested for group differences in
activation during the houses and faces conditions, compared
with scrambled image viewing. During the house-viewing
condition (house > scrambled), BOLD signal in the right IPS of
participants with WS (Fig. 3) was decreased compared with
controls (P =0.018, FDR corrected) and hypoactivity was
additionally observed in Brodmann area 18, bilaterally (P <
0.05, corrected). In contrast, during the face-viewing
condition (face > scrambled), no between-group differences
were observed in either dorsal or ventral visual stream
regions. Thus, functional activation alterations in the WS
group were limited to house viewing and were highly
significant in the IPS region of the dorsal stream, consistent
with previous results (Meyer-Lindenberg et al. 2004).

Functional Connectivity
Functional connectivity analyses revealed that in both partic-
ipant groups, both PPA and FFA voxels exhibited similar
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Figure 2. Main effect of the face versus house comparison displayed across
participant groups (P < 0.001). Face activation (face > house), indicated in blue,
was observed bilaterally in fusiform gyrus (FFA), and house activation (house > face)
was observed in parahippocampal gyrus (PPA).
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Figure 3. Activation difference between groups during house viewing (house >
scrambled) was observed in the right IPS (P < 0.05, corrected). No differences were
observed between groups during face stimuli viewing.

whole-brain correlations in the left and right hemispheres,
even at a liberal threshold of P < 0.05, uncorrected, and that
there were no significant group-by-hemisphere interactions.
Results were, therefore, collapsed across left and right hemi-
spheres for further voxel-wise analyses.

In our control group, several regions displayed differential
FFA versus PPA connectivity (Fig. 4). Activity in the right
inferior frontal gyrus and the right amygdala was more strongly
coupled to FFA than PPA (P < 0.007, corrected), with a similar
trend in the left amygdala (P < 0.001, uncorrected). Conversely,
the PPA was more robustly correlated with an area extending
from the parahippocampal gyrus dorsally to the IPS along the
occipitoparietal junction (P < 0.01, corrected).

In WS compared with controls, both ventral stream regions
showed significantly less functional connectivity with pre-
frontal and parietal regions. Maps of group differences in
connectivity derived from the group-by-region interaction
analyses for each seed region (see Supplementary Table 1)
are displayed and graphed in Figure 5. The FFA connectivity
with inferior frontal gyrus and bilateral amygdala observed in
our control group (Fig. 4) was decreased in participants with
WS (P =0.0001, corrected; P < 0.001, uncorrected; respec-
tively; Fig. 5A4,B). The IPS, bilaterally, and an area in left parietal
lobe, both constituents of the dorsal visual stream, did not
correlate with PPA in WS participants as robustly as in controls
(P < 0.001, uncorrected; Fig. 5C). Conversely, we observed
significantly greater functional connectivity between PPA and

several posterior brain regions in WS participants including
bilateral middle temporal gyrus (Fig. 5D), posterior hippocam-
pus, and left superior temporal gyrus (P < 0.05, corrected).
Finally, PPA and FFA connectivity was assessed within
volumes of interest selected a priori from previous work
(Meyer-Lindenberg et al. 2004; Meyer-Lindenberg, Hariri, et al.
2005), including parietal and prefrontal cortices and amygdala
(Table 2). Consistent with the whole-brain, voxel-wise con-
nectivity results above, PPA showed significantly less functional
connectivity with IPS bilaterally in WS, as did FFA with the right
IPS. In addition, nodes in a social processing network including
orbitofrontal cortex, medial prefrontal cortex, bilateral amyg-
dala, and dorsolateral prefrontal cortex were all found to be
significantly less functionally coupled with FFA in WS.
Importantly, this latter finding with social processing areas
was selective for FFA and was not seen for PPA connectivity.

Discussion

We examined activity and functional connectivity of anatom-
ically and functionally distinct ventral stream object recogni-
tion areas in normal IQ individuals with WS. A passive face- and
house-viewing paradigm was used to reliably activate 2 well-
defined ventral stream regions, the FFA and PPA, respectively
(Epstein and Kanwisher 1998; Haxby et al. 2001). We
confirmed the presence of these functional areas, bilaterally,
in each study participant and then performed functional
connectivity analyses to address the interaction patterns of
the FFA and PPA in WS and to place them within the context
of the neural circuits previously discovered to be abnormal in
this syndrome. No between-group activation differences in the
ventral stream during face viewing were found, consistent with
previous neuroimaging studies (Meyer-Lindenberg et al. 2004;
Mobbs et al. 2004) and with behavioral accounts of the WS
social and cognitive profile (Atkinson et al. 1997; Bellugi et al.
2000; Mervis et al. 2000; Paul et al. 2002; Tager-Flusberg et al.
2003; Landau et al. 20006). At the whole-brain level, our group
interaction analyses revealed abnormalities in activation during
house stimuli viewing in the IPS, a region previously found to
be altered in WS (Reiss et al. 2004; Meyer-Lindenberg et al.
2004; Boddaert et al. 2006). Additionally, in the house versus
face comparison, a nonsignificant decrease in BOLD response
was observed along the ventral lip of the collateral sulcus, an
inferior temporal structure that anatomically divides the
parahippocampal and fusiform gyri, and has been functionally
associated with viewing of place stimuli (O’Craven and
Kanwisher 2000). This region has been previously reported to
be significantly shallower in a larger study of individuals with
WS and normal IQ including this same cohort (Kippenhan
et al. 2005) as well as in a WS cohort with mental retardation
(Van Essen et al. 2006). Therefore, the reduction in activity
in this region may result from a decrease in overall size of
the region recruited by house viewing in WS, possibly
stemming from morphometric differences in collateral sulcal
geometry. Alternatively, it may be related to the concomitant
activation deficit in the IPS, to which it is functionally linked
(see below), in agreement with the greater dependence of
house visual stimulus processing on the dorsal stream in
general (Epstein and Kanwisher 1998).

Despite the fact that ventral stream activations were
confirmed to be relatively unimpaired, our functional connec-
tivity analyses uncovered pronounced abnormalities in the
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Figure 4. Comparison of PPA versus FFA connectivity in control participants is displayed at P < 0.001, uncorrected. Significantly greater (P < 0.05, corrected) PPA connectivity
was observed along the parietal-occipital junction. In contrast, FFA shows significantly greater (P < 0.05, corrected) functional connectivity with right amygdala (nonsignificantly

in left amygdala, P < 0.001, uncorrected) (B, F), and inferior frontal gyrus (C, £).

interactions of these same ventral visual areas with neural
systems known to be abnormal in WS, such as the IPS. Multiple
WS studies (Reiss et al. 2004; Meyer-Lindenberg et al. 2004;
Kippenhan et al. 2005; Thompson et al. 2005; Boddaert et al.
20006; Eckert et al. 2006) report structural abnormalities in IPS,
a dorsal visual stream constituent that is linked to abnormal
activation in the parietal lobe, and is likely to underlie the
severe visuospatial construction deficits characteristic of this
disorder (Meyer-Lindenberg et al. 2004). Primate studies have
demonstrated anatomical connections between IPS and para-
hippocampal gyrus (Suzuki and Amaral 1994; Rushworth et al.
2005). In accordance with this, in our normal control group,
we observed tight functional coupling between IPS and
PPA—significantly more than with FFA—providing additional
support for this anatomical link. The IPS-PPA circuit supports
topographic representation of space (Epstein and Kanwisher
1998). Interestingly, the group with WS showed a significant
decrease in functional connectivity between PPA and IPS, a
finding in agreement with disruption of spatial orientation in
this syndrome and one that might be secondary to altered
interactions between IPS and collateral sulcus during de-
velopment. Ontogenetic clarification of structural and func-
tional links between the dorsal and ventral visual streams in WS,
delineation of the extent to which these developmental
trajectories (Golarai et al. 2007) are disturbed, and isolation
of contributions of single genes in the region such as LIMK1
(Frangiskakis et al. 1996) are potential aims of future studies.
To our knowledge, even in healthy volunteers, this is the first
study to directly contrast functional connectivity of FFA and
PPA. However, previous work has explored effective connec-
tivity in the visual system in preselected regions of interest
(McIntosh et al. 1994) and suggested the possibility that PPA
and FFA exhibit differential functional links based on descrip-
tions of concurrent activation during object viewing (Grill-
Spector 2003). In particular, both dorsal and ventral areas
activate during house stimuli viewing but not during pre-
sentation of faces. Two studies have performed functional
connectivity analyses using the FFA as a seed region. One
reports strong correlations with amygdala (George et al. 2001),
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and the other reports correlations with large areas of frontal
cortex, particularly in the right hemisphere (Bokde et al. 2000).
Our results are consistent with these studies and go further by
showing a degree of regional selectivity to this connection
pattern because functional connectivity with amygdala and right
frontal cortex was significantly stronger with FFA than with PPA.
These data support a flow of information from FFA consistent
with the high degree of salience of facial expressions for
emotional processing in humans (Haxby et al. 2002), whereas
PPA processing was found embedded into visual information
flow from dorsal stream regions into the hippocampal formation
that are critical for visuospatial function (Aguirre and D’Esposito
1997; Aguirre et al. 1998b; Kohler et al. 2002).

The group with WS displayed regional reductions in
functional connectivity between ventral stream and areas
supporting visuospatial constructive, executive, or emotional
functions that depend on visual information input. In particular,
the observed lack of connectivity between IPS and PPA in WS
joins the previous demonstration of reduced effective connec-
tivity between IPS and more dorsal parietal areas in delineating
abnormal interactions of the structurally and functionally
abnormal IPS as a key mechanism underlying the visuospatial
constructive deficit in WS (Meyer-Lindenberg et al. 2004).

Regarding the FFA, we found significant reductions in
functional connectivity with amygdala and prefrontal cortex.
Previous findings for this cohort point to abnormal regulation
of amygdala by prefrontal, especially orbitofrontal, regions
(Meyer-Lindenberg, Hariri, et al. 2005) during presentation of
threatening scenes and faces. Those data are now extended by
the current observation that passively observed facial stimuli
may also gain less access to amygdala and regulatory prefrontal
areas from the ventral stream, a separate mechanism that could
contribute to the reduced amygdala activation, and associated
lack of social fear, of persons with WS. Alternatively, reduced
amygdala activation might also impair coupling with FFA in
top-down fashion through reduced directed attention to facial
features. In either case, our results further define the circuitry
underlying the striking lack of social fear and the severe spatial
deficits characterizing the WS behavioral and cognitive profile
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Table 2

Between-group (controls > WS) differences in PPA and FFA connectivity within volumes of interest (center of 5-mm sphere in Talairach coordinates provided)

Region X y z PPA, F value PPA, P value FFA, F value FFA, P value
Left IPS —26 —69 16 8.1 0.007 0.77 0.39

Right IPS 30 -7 26 9.33 0.004 13.13 0.001

Right orbitofrontal cortex 45 29 —6 0.62 0.44 7.51 0.009

Right amygdala 20 -5 -22 0.00 0.97 11.64 0.002

Left amygdala —22 -9 —18 0.10 0.92 17.48 0.0002
Right dorsolateral prefrontal cortex 49 27 26 0.94 0.34 4.31 0.05

Medial prefrontal cortex -8 59 15 0.14 0.71 5.85 0.02

and may provide a mechanistic account for the differential
cognitive strategies that have been described in WS (Fossella
and Casey 2006; Karmiloff-Smith 2006).

Unexpectedly, in our WS group, we found significantly
stronger functional connections than in control participants
between PPA and regions of the temporal lobe including
bilateral middle temporal gyrus, posterior hippocampus, and
left superior temporal gyrus. These incidental findings may be
related to previously observed increases in sulcal depth in
posterior regions reported by Van Essen et al. (2000).
Interestingly, superior temporal gyrus is thought to integrate
input from both dorsal and ventral visual streams (Elgar and
Campbell 2001; Adolphs 2003). These findings, although not
hypothesized, may therefore reflect a reorganization of neural
interactions during maturation in the setting of reduced
competition from afferents originating in the abnormal IPS.
Because there is evidence that regions within the middle and
superior temporal cortex are involved in motion processing
(Beauchamp et al. 2002), this connectivity finding could be
related to the preservation of motion processing, particularly of
biological motion, that has been reported in previous WS
studies (Jordan et al. 2002; Reiss et al. 2005).

It should be noted that the methodology of functional
connectivity cannot establish the presence or absence of
anatomical connections and does not provide information
about the directionality, much less the causality, of the
observed interactions. Future studies to extend these results
should be performed with larger sample sizes, high-resolution
fMRI to further refine the regionally specific and stimulus-
dependent findings (Grill-Spector et al. 20006), structural
imaging methods such as diffusion tensor imaging to define
anatomical connectivity, and developmental neuroimaging
exploring behavioral differences in the trajectories of stimu-
lus-specific visual processing (Tottenham et al. 2006). Studies
in individuals with WS and mental retardation would also be
useful. The present results form a basis to study alterations of
functional interactions in individuals with smaller deletions in
the WS region to characterize the contributions of individual
genes in the deleted region to the observed phenotype. In
summary, we report stimulus-related abnormalities in func-
tional connectivity of the ventral visual stream in WS assessed
during passive viewing of faces and houses. In particular, we
demonstrated abnormal interactions of the PPA with key
parietal regions involved in visuospatial construction and of
the FFA with amygdala and prefrontal cortex, areas involved in
the hypersocial symptoms of WS. These results indicate
abnormal upstream processing of visual object information in
WS that may contribute to the complex phenotype and
provide a systems-level characterization of genetically medi-
ated abnormalities of neural interactions that can be probed for
the identification of single-gene effects on brain maturation.
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