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Background: Williams syndrome (WMS) is a rare neu-
rogenetic condition with a behavioral phenotype that sug-
gests a dorsal and/or ventral developmental dissocia-
tion, with deficits in dorsal but not the ventral hemispheric
visual stream. A shortened extent of the dorsal central
sulcus has been observed in autopsy specimens.

Objective: To compare gross anatomical features be-
tween the dorsal and ventral portions of the cerebral hemi-
spheres by examining the dorsal extent of the central sul-
cus in brain magnetic resonance images from a sample
of subjects with WMS and age- and sex-matched con-
trol subjects.

Subjects: Twenty-one subjects having clinically and
genetically diagnosed WMS (mean+SD age, 28.9+7.9
years) were compared with 21 age- and sex-matched
typically developing controls (mean+SD age, 28.8+7.9

Design: High-resolution structural magnetic reso-
nance images were acquired. The extent of the central
sulcus was qualitatively assessed via surface projections
of the cerebral cortex.

Resulis: The dorsal central sulcus is less likely to reach
the interhemispheric fissure in subjects with WMS than in
controls for both left (P<<.001, x*=15.79) and right (P<.001,
x?=12.95) hemispheres. No differences between the groups
were found in the ventral extent of the central sulcus.

Conclusions: Anomalies in the dorsal region in pa-
tients with WMS are indicative of early neurodevelop-
mental problems affecting the development of the dor-
sal forebrain and are most likely related to the deficits in
visuospatial ability and behavioral timing often ob-
served in this condition.

years).
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VEN BEFORE Gall and Spurz-

heim, Luigi Rolando, pro-

fessor of anatomy in Sardinia

after whom the central sul-

cus is named, called atten-
tion to the relationship between cortical
folding and function in the human brain.!
In this article we compare the fissure of
Rolando in Williams syndrome (WMS)
and control brains with the goal of better
understanding the neural basis of abnor-
mal cognitive function in WMS. Wil-
liams syndrome is a mental retardation
syndrome associated with a hemidele-
tion in the long arm of chromosome 7
(7q11.23), which consists of a unique con-
stellation of somatic, brain, and cogni-
tive features.>® At least 15 genes are in-
volved in the deletion and partial deletions
with equally partial phenotypic manifes-
tations of WMS. Approximately 1 in 25000
births exhibit the deletion and accompa-
nying phenotype.*> Our research has cen-
tered in part on the description of the neu-
roanatomical phenotype for the purpose

of linking, on the one hand, brain to physi-
ology and behavior, and, on the other, to
the genomic anomaly. The anatomical re-
search in our laboratories is driven by a
general hypothesis derived from the analy-
sis of behaviors patients with WMS ex-
hibit.>® Namely, these patients, whose
mental retardation is equivalent in range
to that seen in Down syndrome, show an
unusual and uneven neuropsychological
profile. This consists of deficits in pro-
cessing visuospatial tasks, relative preser-
vation of many aspects of language, a pre-
served ability to process human faces, an
unusual personality characterized by lack
of fear of strangers, highly affective speech,
occasionally inappropriate friendliness,
and a great deal of interest in and often re-
markable ability for things musical >’
The best neuroanatomical fit for the
constellation of behavioral findings seen
in WMS appears to be the primary involve-
ment of the dorsal portions of the hemi-
spheres, which in the caudal half of the
brain are concerned with representation
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SUBJECTS AND METHODS
SUBJECTS

Twenty-one subjects (12 women and 9 men) diagnosed as
having WMS (mean+SD age, 28.9+7.9 years; age range,
19-44 years) were compared with 21 healthy control sub-
jects individually matched for age and sex (mean=SD age,
28.8+7.9 years; age range, 19-48 years). Both groups were
recruited by the Laboratory for Cognitive Neuroscience at
the Salk Institute for Biological Studies, La Jolla, Calif. Di-
agnoses of WMS were determined genetically by fluores-
cent in situ hybridization probes for elastin, a gene con-
sistently found in the critical deletion region associated with
WMS.*> All diagnoses were confirmed by a medical geneti-
cist. Controls were typically developing individuals with-
out evidence of psychiatric or neurologic disorder.

Each subject gave informed consent for their partici-
pation in the study via consent forms that were approved
by the institutional review board at the Salk Institute for
Biological Studies. Some of the subjects with WMS in this
study have been described in other neuroimaging stud-

165.22—24

RADIOLOGIC IMAGING

Magnetic resonance images of each subject’s brain were ac-
quired with a 1.5-T scanner (GE-Signa; General Electric,
Milwaukee, Wis). Contiguous sagittal images were ac-
quired with a 3-dimensional volumetric radio frequency
spoiled gradient echo-pulse sequence using the following
scan parameters: repeat time, 24 milliseconds; echo time,
5 milliseconds; flip angle, 45°; number of excitations, 2,
acquisition matrix size, 256 X 192 pixels; field of view,
240 mm; slice thickness, 1.2 mm; and 124 slices. All scans
from the subjects with WMS and 26 of the 28 control scans
were acquired at the University of California, San Diego
Medical Center Magnetic Resonance Imaging Institute.

Two normal control subjects were scanned at Stanford Uni-
versity, Stanford, Calif, using an identical pulse sequence
and scanner.

The spoiled gradient echo-pulse sequence image data
were imported into the program Brainlmage? for semiau-
tomated removal of nonbrain tissue.” The images were then
cut into cubic voxels using a Catmull-Rom reslice algo-
rithm? and then subsequently rotated into Talairach space.?”
Each subject’s skull-stripped image was rendered via a ray-
tracing algorithm built into the Brainlmage environment.
The spatial location of each view used for rating the dorsal
central sulcus was standardized as a superior view (look-
ing down on the superior cortical surface from above,
Figure 1), while ratings for the ventral central sulcus were
performed on standardized lateral views made at 90° lat-
eral to the superior view. Oblique surface views at 45° to
the left and right of the superior view also were made.

Two experts in neuroanatomical imaging (A.M.G. and
S.W.A.) were asked to identify the central sulcus in each
image and determine whether it extended fully to the in-
terhemispheric fissure. All rating for the dorsal central sul-
cus occurred on the superior view; the lateral views were
used only to confirm the identity of the central sulcus when
the superior view was ambiguous. Both raters were blinded
to the identities and diagnosis of the subjects. Interrater and
intrarater reliability was determined in 20 data sets via the
k statistic. The interrater value was 0.80, while intrarater
reliability (for A.M.G.) was 0.86. As a contrast to the dor-
sal measure, one of us (A.M.G.) also determined whether
the ventral central sulcus met the sylvian fissure using the
lateral views provided.

DATA ANALYSIS

Simple x* tests were performed to understand the effect of
diagnosis on right and left central sulcus morphologic fea-
tures. The effects of both diagnosis and sex were also ex-
amined. Statistical significance was set at P=.05.

and processing of visuospatial information®*'° and in the

frontal lobes with, among other things, the on-off tim-
ing of behavior.'! By contrast, behaviors associated with
the ventral and perisylvian portions of the hemispheres,
concerned with many aspects of language,'*** object prop-
erties of visual and other stimuli,"”'” and programs for
the performance of various motor behaviors (eg,
speech'®!?) appear to be at least relatively spared in WMS.
However, individuals with WMS are often gregarious and
speak excessively,® which, again, could reflect abnormal-
ity in the dorsomedial frontal lobe. The attention disor-
der often seen in WMS, with attention-deficit rates re-
ported at 4 times those of the normal population, also
implicates the dorsomedial frontal cortex.*!
Therefore, one part of the research in our laborato-
ries has focused on comparing gross anatomical fea-
tures between the dorsal and ventral portions of the ce-
rebral hemispheres. Herein we report a finding involving
the central sulcus. Specifically, after noticing that the cen-
tral sulcus was too short in its dorsal extent in several
autopsy specimens from brains of cases with WMS, by
comparison to the investigators’ own experience and pub-
lished data,>® we examined the dorsal extent of the cen-

tral sulcus in brain magnetic resonance images from a
sample of persons with WMS and age- and sex-matched
control subjects.

— T

Subjects with WMS were far less likely to have central
sulci that reached the interhemispheric fissure than the
control group (Figure 2). While 68% (14/21) of the con-
trol subjects’ central sulci extended fully to the inter-
hemispheric fissure, only 11% (2/21) did so in patients
with WMS. This observation was statistically significant
both for the right (P<.001; x*=12.95) and left (P<.001,;
x*=15.79) central sulci. The Table summarizes these re-
sults.

The dissimilarities between groups in the dorsal ex-
tent of the central sulcus were not observed on its ven-
tral end. Overall, 13% (3/21) of the central sulci in con-
trols reached the sylvian fissure compared with 14% (3/
21) in subjects with WMS. Neither hemisphere was
statistically significantly different between the 2 groups.
No differences owing to sex were found in either group.

(REPRINTED) ARCH NEUROL/VOL 58, NOV 2001

WWW.ARCHNEUROL.COM

1866
Downloaded from www .archneurol.com at Salk Institute, on August 26, 2008
©2001 American Medical Association. All rights reserved.


http://www.archneurol.com

B COMMENT

Before Vicq D’Azyr, graphic depictions of cortical fold-
ing are mostly chaotic, but even the latter does not en-
deavor to mark gyri and sulci on the median surface, other
than the parieto-occipital sulcus. However, one can see
in his drawing of the medial hemispheric surface the clas-
sic notch of the central sulcus, curled posteriorly and con-
caved upward, just anterior to the upward turn of the cin-
gulate sulcus.?® Later, Rolando draws the fissure on the
lateral surface of the brain, where it is seen to be par-
ticularly short; it does not reach either the dorsal edge
of the convexity or the sylvian fissure.”® There are dis-
tortions in Rolando’s drawing that suggest that the anato-
mist has taken a fair amount of license for the purpose
of illustration. For instance, he spreads open the sylvian
fossa to show the insula, thus, distorting perisylvian sulci.
Also, he draws a circular gyrus around the medial edge
of the hemisphere (cingulate gyrus), including frontal,
parietal, occipital, and temporal edges, that might be the
reason for which the central sulcus fails to reach all the
way to the medial surface. Such gyrus has never been ob-
served by others.

Itis well recognized that there is a great deal of vari-
ability in the gross appearance of the central sulcus® This
variability is mostly in the shape of the sulcus at the sur-
face of the brain (as opposed to the buried aspect of the
sulcus), but length and extent also vary. For instance,
Damasio’! finds that only 28% of brains show a central
sulcus that reaches the sylvian fissure. Critchley®” cites
a figure between 10% and 20%, whereas Cunningham??
cites a figure of 19%. Damasio®' simply states that the sul-
cus arises from the interhemispheric fissure, implying that
this is the rule. In the detailed description of the sulcus
by Critchley,* nothing is mentioned about the dorsal ex-
tent. Crosby et al describe the fissure as “beginning in
the medial surface of the hemisphere.”3*®3*% Eber-
staller® reports that in nearly all cases the central sulcus
reaches the medial surface, while this figure is placed at
only 88% by Lang.’® Additional information is gleaned
from drawings and photographs accompanying the writ-
ings on this subject. For instance, the typical cuneiform
head of the sulcus on the medial surface is seen in the
drawings of Eberstaller.”> Where the sulcus reaches over
the dorsal hemispheric margin to continue on the me-
dial surface, it indents the margin causing a depression
that has been called the “crochet de Rolando” or “cro-
chet Rolandique” by French authors.*® This is also the
case in the 4 hemispheres Damasio illustrates.>!

Ono et al*® present the most detailed modern de-
scription of the central sulcus. These authors state that
in 20% of cases the central sulcus does not reach the dor-
sal margin of the hemisphere and that in some of these
itends in a bifurcation (a frequent pattern in WMS). How-
ever, when they present their data graphically, they re-
port extension to the medial surface in 56% of the cases
on the right hemisphere and 72% of the cases on the left
hemisphere. Our figures are 55% (11/21) and 80% (17/
21), respectively, in our control sample, which is con-
sistent with Ono et al.*

According to Ono et al the central sulcus does not
usually reach the sylvian fissure, being separated from it

Right Lateral

Left Oblique Right Oblique

Figure 1. Standardized-rendered surface views demonstrating extent of the
central sulcus. The superior view was used to judge whether the central
sulcus met the interhemispheric fissure, while the lateral views were used to
rate whether the central sulcus met the sylvian fissure. The oblique views
were used only to help identify the central sulcus when the superior and
lateral views were ambiguous.

Control

Figure 2. Characteristic neuroanatomy of Williams syndrome (WMS). The
magnified views demonstrate the extent of the central sulcus (in white) as it
approaches the interhemispheric fissure. Note that the control subject has
central sulci that reach completely to the interhemispheric fissure and that
curve slightly posteriorly, while the central sulci of the WMS-affected subject
are separated by unusual gyral convolutions.

Shortened Extent of the Dorsal Central Sulcus
in Patients With Williams Syndrome (WMS)*
Patients Control
Location With WMS, % Subjects, % P Value
Dorsal central sulcus
Left 24 (5) 80 (17) <.001
Right 0 55 (12) <.001
Ventral central sulcus
Left 5 (1) 5(1) >.99
Right 24 (5) 20 (4) >.99

*Percentages (actual numbers) represent the frequency that the central
sulcus met either the interhemispheric fissure (dorsal) or the sylvian fissure
(ventral). Statistical significance values (P<.05) were calculated using the x?
test.

by a gyrus that connects the inferior ends of the precen-
tral and postcentral gyri. This bridge is called the “pli de
passage frontopariétal inférieur” or “opercule Rolan-
dique.” Ono et al report that the central sulcus reaches
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all the way to the sylvian fissure in 16% of the cases, right
or left hemispheres. Our figures are 13% (3/21) for con-
trols and 14% (3/21) for patients with WMS, also with-
out hemispheric differences. Illustrations by the classic
authors are roughly equivalent.?>’

During development, the central sulcus appears first
on the convexity between the fifth and sixth gestational
months and then approaches the dorsal margin of the
hemisphere.>” According to Retzius,*” only 64% of fetal
cases show full extension of the central sulcus to the me-
dial surface. Chi et al®® report that the sulcus first ap-
pears during the 20th week of gestation, but occasion-
ally the right one is seen as early as the 17th week. No
comment is made about the sulcus’s relation to the in-
terhemispheric fissure, but examination of the draw-
ings presented with the text in Chi et al shows that the
sulcus is still short of the midline at the end of the 31st
week, arriving at the interhemispheric fissure between
the 32nd and 35th weeks.

Similarly, there is little information we could gather
on the anatomy of the central sulcus in nonhuman pri-
mates. In general, illustrations of the central sulcus in
monkeys show a sulcus that does not reach the medial
edge of the hemisphere or the sylvian fissure, whereas
in the chimpanzee, it appears to reach the medial sur-
face as in the human.**+

In the present study we found that the central sul-
cus in WMS-affected subjects usually does not reach the
medial surface of the brain. Overall (left and right hemi-
spheres together), the sulcus reached the midline in 68%
(14/21) of the control brains while this was true in only
11% (3/21) of WMS-affected brains. In the right hemi-
sphere, the figures were 55% (11/21) and 0%, respec-
tively, whereas in the left, they were 80% (17/21) and 24%
(5/21). There were no differences between WMS-
affected and control brains in the ventral extension of the
central sulcus.

It might be wrongly said that the pattern of the cen-
tral sulcus in WMS is generally ontogenetically imma-
ture and comparable to a developmental stage before 31
weeks’ gestation because this judgment would apply only
to the dorsal extent of the central sulcus, thus belying a
regionalized maturational difference. Similarly unjusti-
fied would be the general conclusion that the finding re-
flects a primitive phylogenetic development, since the ven-
tral portion of the sulcus does not differ between WMS-
affected and control brains. Foreshortening dorsally could
be the result of decreased development of the cortices sur-
rounding the central sulcus itself—areas 4, 3, 1, and 2.
In this case, dorsal foreshortening may imply changes in
these functional-architectonic areas, which are in-
volved in lower limb and trunk representation. More
likely, however, or at least the preferred interpretation
of these writers, the lack of opercularization of the dor-
sal extent of the central sulcus may reflect changes in over-
all dorsomedial opercularization of the hemispheres. Thus,
expansion of dorsal cortices (eg, Broadmann areas 6, 8,
5, and 7) in the normal condition would have the effect
of growth toward the dorsomedial cortex dorsally and
into the frontal and parietal opercula ventrally, thus car-
rying the central sulcus with it in both directions. Rela-
tive lack of expansion of the homotypical cortices of the

frontal and parietal lobes would also explain the mor-
phologic features of the central sulcus in fetal human
brains and in nonhuman primates. Therefore, the rela-
tive lack of opercularization of the central sulcus dor-
sally but not ventrally would suggest that the problem
in the WMS-affected brain is dorsal and not perisylvian,
thus consistent with the behavioral findings. Ventral cor-
tical functions, including object recognition, speech, and
language, and even the excellent face recognition abili-
ties seen in patients with WMS all relate to the ventral
visual and cognitive pathways, whereas poor visuospa-
tial function, hyperactivity, and lack of approach inhi-
bition implicate the dorsal pathways. This interpreta-
tion makes the prediction that the superior parietal lobule
measured directly and the superior frontal gyrus will be
found to be smaller in WMS-affected brains compared
with controls. This prediction is being tested in our labo-
ratories.
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