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Brain Anatomy in Turner Syndrome:
Evidence for Impaired Social and
Spatial-Numerical Networks

Analysis of brain structure in Turner syndrome (TS) provides the
opportunity to identify the consequences of the loss of one X chromo-
some on brain anatomy and to characterize the neural bases under-
lying the specific cognitive profile of TS subjects which includes
deficits in spatial-numerical processing and social cognition. Four-
teen subjects with TS and fourteen controls were investigated using
voxel-based analysis of high resolution anatomical and diffusion
tensor images and using sulcal morphometry. The analysis of
anatomical images provided evidence for macroscopical changes in
cortical regions involved in social cognition such as the left superior
temporal sulcus and orbito-frontal cortex and in a region involved in
spatial and numerical cognition such as the right intraparietal sulcus.
Diffusion tensor images showed a displacement of the grey—white
matter interface of the left and right superior temporal sulcus and
revealed bilateral microstuctural anomalies in the temporal white
matter. The analysis of fiber orientation suggests specific alterations
of fiber tracts connecting posterior to anterior temporal regions. Last,
sulcal morphometry confirmed the anomalies of the left and right
superior temporal sulci and of the right intraparietal sulcus. Our
results thus provide converging evidence of regionally specific struc-
tural changes in TS that are highly consistent with the hallmark
symptoms associated with TS.

Keywords: developmental dyscalculia, diffusion tensor imaging, MRI, social
cognition, sulcal morphometry, Turner syndrome, voxel-based morphometry

Introduction

Turner syndrome (TS) is a genetic condition resulting from a
partial or complete absence of one of the two X chromosomes
in a phenotypic female (Turner, 1938). TS occurs in approxi-
mately one in 2000 liveborn females and affects an estimated
3% of all females conceived (Saenger, 1996; Ranke and
Saenger, 2001). TS is associated with a well-documented phys-
ical phenotype including a short stature, ovarian failure and
abnormal pubertal development and a variety of other features
(webbed neck, renal dysgenesis, cardiac malformation) (Ranke
and Saenger, 2001; Saenger, 1996). In contrast to this well-
documented physical phenotype, the consequences of the loss
of one X chromosome on brain development and brain func-
tion are far less understood. Behavioral studies suggest that the
cognitive profile of TS is characterized by a discrepancy
between poor non-verbal abilities and normal to strong verbal
ability, in the absence of general mental retardation (Temple
and Carney, 1996; Ross et al., 2000; Temple and Sherwood,
2002). While the severity of the cognitive profile in TS varies
widely, some hallmark symptoms include deficits in visuo-
spatial and number processing, working memory and execu-
tive function, and social cognition (Ross et al., 2000). Whether
the psychosocial problems associated with TS result from the
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numerous daily life difficulties or reflect a specific impairment
is still unclear. Recent studies showed impairment of affect
recognition and gaze direction monitoring in TS, suggesting
that these social difficulties may originate from a genuine
cognitive deficit in reading socially relevant information from
subtle visual cues (Elgar et al., 2002; Lawrence et al., 2003).

All these converging data tentatively evoke the possible
impairment of multiple neural systems distributed across
distinct cerebral regions. However, no brain abnormalities are
obvious on visual inspection as expected in such develop-
mental disorders where cognitive dysfunctions are more likely
related to subtle neuronal and myelination changes. Neverthe-
less, previous volumetric MRI studies in TS showed a bilateral
decrease of grey matter volumes in the parietal lobes and in
parieto-occipital regions associated with a decreased volume of
the subcortical gray matter and the hippocampus on both sides
(Murphy et al., 1993; Reiss et al., 1993, 1995; Brown et al.,
2002). More recently, an increased volume of amygdala and of
orbito-frontal cortex have been found in TS using voxel-based
morphometry (Good et al., 2003). Functional neuroimaging
studies using positron emission tomography (PET) in TS have
found a decrease of glucose metabolism in parietal and occip-
ital regions and in the temporal cortex and insula (Clark et al.,
1990; Murphy et al., 1997). A putative loss of occipito-parietal
connections has been advanced to explain the parietal
hypometabolism (Clark et al., 1990; Murphy et al., 1997).

In the present paper, we used high resolution anatomical
and diffusion tensor images, two different MRI techniques
providing complementary multi-scale information on tissue
density, microstructural organization and sulcal geometry. We
first performed a whole brain analysis using statistical para-
metric mapping (SPM) to characterize local tissue changes
(Ashburner and Friston, 2000; Good et al, 2001). Sulcal
morphometry in regions found abnormal in the voxel-based
analysis was then investigated in two candidate regions that
may underlie the cognitive impairments of TS, the intraparietal
sulcus (APS) and superior temporal sulcus (STS) (Dehaene et al.,
1998, 1999; Allison et al., 2000). Using voxel-based morphom-
etry, high resolution T;-weighted images have been shown to
be sensitive to subtle macroscopic changes in developmental
disorders (Isaacs et al., 2001; Sowell et al., 2001; Watkins et al.,
2002) and even to correlations between brain morphology and
specific cognitive abilities (Maguire ef al., 2000; Golestani et
al., 2002; Sluming et al., 2002). Relative to the macroscopical
information provided by T;-weighted images, diffusion tensor
imaging (DTD is a complementary MRI technique which is
sensitive to microstructural features of the cerebral tissue
based on the measurement of water diffusion (Klingberg et
al., 2000; Rose et al., 2000; Le Bihan et al., 2001). Through
their diffusion-driven displacements, water molecules interact
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with many tissue components such as cell membranes, fibers
and macromolecules, allowing DTI to provide quantitative
information on tissue structure at microscopic level (typically
10-30 pm) (Le Bihan et al., 2001). In particular, within cerebral
white matter, the coherent orientation of axons constrains
water molecules to move preferentially along the main direc-
tion of neural fibers, introducing a measurable diffusion aniso-
tropy revealing the local orientation of fibers (Pierpaoli et al.,
1996; Conturo et al., 1999; Poupon et al., 2000). In develop-
mental and psychiatric disorders, analysis of brain structure
using DTI has been shown useful in dyslexia and schizo-
phrenia, revealing microstructural anomalies in tissue that
appears normal on conventional MRI (Klingberg et al., 2000;
Wolkin et al., 2003).

In the present study, we report the detailed analyses from
these complementary MRI methods in 14 TS subjects and 14
controls.

Materials and Methods

Subjects

Fourteen subjects with TS (mean age: 24.5 *+ 6.0 years, age range:
18-36 years) were recruited from the national TS association (AGAT
association) and the endocrinology department of Saint-Vincent-de
Paul hospital. All had the main physical features of the TS phenotype,
10 were of the 45,X karyotype, four showed a mosaic [mosaic pattern:
45,X/46,XX for three subjects, 45,X/46,Xi(Xq) for one subject]. All
but one TS subjects were taking sex steroids (oestrogen and proges-
terone). All TS subjects were either students or employed and lived an
independent life without any social help. All but one completed their
high school education. The same imaging protocol was also run on 14
control subjects matched on age, sex and laterality (mean age: 24.3 *
3.4 years, age range: 18-29 years). The mean number of study years
after high school differed significantly between TS subjects and
controls (respectively, 1.5 + 0.3 and 4.4 = 0.75 years, P = 0.002). All
subjects gave informed consent to participate in the study, which was
approved by the regional ethical committee. Arithmetic and reading
achievement were also assessed using the Warrington’s graded arith-
metic test and a timed reading test, as a pre-test for an fMRI study
during exact and approximate calculations. Warrington’s graded arith-
metic test, which is a test of arithmetic computations (10 additions
and 10 substraction) of increasing difficulty showed that the TS
subjects were impaired in number processing [mean percentage of
correct responses for TS subjects and controls: 41.1 + 4.5% and 60.1 *
4.2%, respectively; #(26) = 2.85, P = 0.008] (Jackson and Warrington,
1986). The timed reading test of 10 words and 10 pseudo-words
showed that, although TS subjects were slower in reading both types
of stimuli [words: 841 versus 646 ms, #(26) = 2.57, P = 0.016; pseudo-
words, 1092 versus 860 ms, #22) = 2.68, p = 0.013], both groups
performed close to ceiling in reading either words or pseudo-words
(>92% correct).

Magnetic Resonance Imaging Protocol

All scans were acquired using a 1.5 T Signa horizon Echospeed MRI
system (General Electric Medical Systems, Milwaukee, WI). High-
resolution anatomical images were acquired in the axial plane
using a spoiled gradient echo sequence (124 slices 1.2 mm thick,
Ty = 10.3 ms, T = 2.1 ms, 7; = 600 ms) and 24 x 24 cm field of view
(resolution of 0.937 x 0.937 x 1.2 mm). Diffusion-weighted images
were acquired with echo-planar imaging in the axial plane covering
the whole brain (48 slices, 2.8 mm thick, 7 = 84.4 ms, Ty 2.5 s) and
24 x 24 cm field of view (resolution 128 x 128). For each slice
location, a T,weighted image with no diffusion sensitization,
followed by five b values (incrementing linearly to a maximum value
of 1000 s/mm?) were obtained in six directions. In order to improve
the signal-to-noise ratio, this sequence was repeated twice, providing
62 images per slice location. Before performing the tensor estimation,
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an unwarping algorithm was applied to the diffusion-weighted dataset
to correct for distortion related to eddy currents induced by the large
diffusion-sensitizing gradients (Poupon et al., 2000). Thereafter, the
diffusion tensor was calculated on a pixel-by-pixel basis as described
previously (Pierpaoli and Basser, 1996). DTI images of one TS subject
were not used because of excessive head movements during acquisi-
tion.

Voxel-based Morphometry

To characterize the local differences of cerebral tissue density
between TS subjects and controls, we used a standard voxel-based
morphometry approach (Ashburner and Friston, 2000; Good et al.,
2001). As previously described, anatomical images were processed
using three different steps: creation of customized templates, normal-
ization and smoothing (Ashburner and Friston, 2000; Good et al.,
2001). In the present study, we chose to investigate each hemisphere
separately and excluded the cerebellum. This approach offers two
advantages (Riviere et al., 2002). First, it allows one to optimize the
normalization on a customized template dedicated to each hemi-
sphere and, secondly, it provides a precise analysis of medial struc-
tures without a partial volume effect of the controlateral homologue
region after image smoothing. Similarly, the split of the cerebellum
from each hemisphere avoids a partial volume effect of cerebellum
structures on the inferior occipito-temporal region. For the first step,
anatomical images of controls were normalized to Talairach space
using a linear transform and the template of the Montreal Neurological
Institute (MNI). After correction for standard intensity inhomogen-
eities of MR images, these normalized anatomical images were
segmented using an automatic procedure that separates the grey and
white matter from each hemisphere and from the cerebellum (Riviere
et al., 2002). The grey matter templates were created by averaging and
then smoothing the normalized grey matter images of each hemi-
sphere. The second step consisted in the normalization of the grey
matter images in the native space onto grey matter templates. A new
segmentation procedure was then applied to all the anatomical images
in the native space and the resulting grey matter images were normal-
ized to the corresponding grey matter template using a linear trans-
form and then smoothed using a 5 mm FWHM (full width half
maximum) isotropic Gaussian kernel. A similar procedure was applied
to the white matter images. Lastly, we compared the smoothed grey
and white matter images of each hemisphere between TS and controls
on a voxel-by-voxel basis using a one-way analysis of variance
(ANOVA; SPM99 software). We used a voxelwise significance
threshold of 0.01 and a cluster extent threshold of P < 0.05 corrected
for multiple comparisons across the whole brain volume. An uncor-
rected P-value of <0.005 was used for regions that were the exact
controlateral homologs of any of the regions already identified, or for
regions that were predicted a priori, i.e. the superior temporal sulcus
and the intraparietal sulcus. In addition, similar analyses were
performed with education level as a covariate in order to control for
general educational differences.

Voxel based-Diffusion

Two complementary diffusion parameters were computed from the
diffusion tensor: the mean diffusivity (a measure of water diffusion
averaged across all directions) and the fractional anisotropy (an index
of directional selectivity of water diffusion). Images of mean diffu-
sivity and fractional anisotropy were coregistered to the anatomical
images using the mutual information algorithm of SPM99. The diffu-
sion images were then normalized to Talairach space using the linear
transform calculated on the anatomical images and smoothed (FWHM:
5 mm). We compared the diffusion parameters between TS and
controls on a voxel-by-voxel basis using a one-way ANOVA. We used
the same thresholds as in voxel-based morphometry.

Sulcal Morphometry

To investigate further the cerebral changes identified using voxel-
based analysis, we studied the sulcal morphometry of the superior
temporal sulcus and of the intraparietal sulcus, two candidate regions
that may underlie the cognitive impairment of TS. The superior
temporal sulcus has been shown to play a crucial role in monitoring



gaze direction and in affect recognition and the intraparietal sulcus is
a critical region for numerical and visuo-spatial processing. The
central sulcus served as a reference sulcus for which no anomaly
was expected a priori. We used an automatic sulcus extraction and
identification procedure as described by Riviere et al. (2002). Sulci
were extracted from high resolution anatomical images through a
procedure that converts the anatomical images to abstract representa-
tions of the cortical folding pattern. Thereafter, an automatic recogni-
tion algorithm, using a congregation of neural networks trained on a
manually labelled database, was applied for the main sulci of the cere-
bral cortex, except for occipital lobe sulci. As previously reported, a
mean recognition rate of 76% is obtained using this method (Riviere et
al., 2002). Errors are mainly due to ambiguous sulci configurations.
For each subject, the automatic recognition was visually verified and,
if necessary, corrected. We compared the length and the maximal
depth of the STS, IPS and CS between TS subjects and controls using
Student’s #-test. Values of P < 0.05 were considered statistically signif-
icant. Those results should be considered exploratory, given that we
did not perform a Bonferoni correction for the number of compari-
sons performed (2 parameters X 3 sulci x 2 hemispheres = 12 compar-
isons total).

Results

Voxel-based Morphometry

The results of grey matter density analyses are summarized in
Table 1 and are illustrated in Figure 1. Significant clusters of
reduced grey matter in TS subjects compared to controls were
found at symmetrical loci in anterior cingulate cortex, orbito-
frontal cortex, insula, post-cental and supramarginal gyrus, and
lingual gyrus. With respect to our a priori hypothesis, a
decrease in the grey matter was found in the bottom of the left
superior temporal sulcus and the right intraparietal sulcus. The
peak difference in the grey-matter density of the right intrapa-
rietal was at Talairach coordinates (TC) -43, -30, 37 (Z =4,02).
This cluster did not survive to the correction for multiple
comparisons, but this anomaly was confirmed in the sulcal
morphometric analysis described below. In the opposite
contrast, increase in grey-matter in TS subjects compared to
controls was found symmetrically in the temporal pole, the

Table 1

Brain regions where grey matter density was significantly different between TS subjects and normal controls

Anatomical region P-value cluster-level

Number of voxels (1 voxel = 1 mm?3)Z-score voxel-level

Talairach coordinates (x, y, 2)

Less grey matter in TS than in controls

Right hemisphere

Right anterior cingulate cortex BA 32 0.011 1413
Right lingual gyrus BA 18 <0.001 2560
Right insula BA 45 0.003 1693
Right postcentral gyrus BA 2 0.121 287
Right intraparietal sulcus BA 40 0.398 621
Right orbito-frontal cortex BA 11 0.002 1859
Right supramarginal gyrus BA 40 0.001 1961
Left hemisphere

Left postcentral and supramarginal gyri BA 1, 2, 40 0.006 1530
Left anterior cingulate cortex BA 32 0.121 912
Left lingual gyrus BA 18 <0.001 2824
Left orbito-frontal cortex BA 11 0.133 892
Left superior temporal sulcus BA 22, 21 0.01 1431
More grey matter in TS than in controls

Right hemisphere

Right temporal pole BA 38 <0.001 3624
Right postcentral and supramarginal gyri BA 1, 40 0.001 2055
Right caudate and accubens nuclei <0.001 3954
Right orbito-frontal cortex BA 11 <0.001 2407
Right lingual gyrus BA 18 0.021 1277
Right fusiform gyrus BA 20 0.014 1375
Right orbito-frontal cortex BA 11 0.012 1402
Left hemisphere

Left lingual gyrus BA 18 0.012 1390
Left orbito-frontal cortex BA 11 0.003 1668
Left temporal pole BA 38 <0.001 2452
Left accubens nucleus 0.015 1336
Left caudate nucleus 0.016 1324
Left orbito-frontal cortex BA 11 0.046 1109

493 14,48, -3
478 10, -70,-9
458 30,16, -8
4.20 49, -25, 63
4.02 43,-30,37
4.00 19, 60,19
3.94 7,-17,26
4.94 -b1,-23, 62
463 -10,51,-10
458 —1,-74,-12
4.40 -20,61,-16
4.09 -49,-19, -11
5.20 57,16, -11
451 50, 17,52
435 19, -5, 24
3.92 16,52, 13
3.79 3,-79,1
3.75 49, -30, -34
3.54 12, 26, -31
456 -10,-82,-10
424 -16,-47, -16
403 -51,19,-19
3.99 -21,18,-2
3.90 -17,-5, 21
3.79 -8,-24,-31
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Figure 1. Brain regions showing differences in grey matter density in TS subjects compared to controls. Top row: coronal views illustrating areas with a decrease in grey matter in
TS subjects compared to controls. Middle row: areas with an increase in grey matter in TS subjects. Bottom row: axial views of mean grey matter images of the 14 controls (left
and middle) and the 14 TS subjects (right) showing the anatomical abnormalities in the orbito-frontal and occipito-temporal cortex of TS subjects (red arrows).

caudate nucleus and the orbito-frontal cortex and in the right
lingual gyrus. The orbito-frontal and lingual clusters bordered
the internal face of the orbito-frontal and lingual clusters
observed in the opposite contrast. These clusters therefore
seem to correspond to tissue displacement related to global
atrophy of the orbito-frontal and internal occipito-temporal
regions, as illustrated by the average grey matter images of
controls and TS subjects (Fig. 1). An increase in grey matter
was also observed in the left and right amydalae (TC -22, -3,
-27, 709 voxels, Z = 3.17 and TC 28, -3, -28, 506 voxels, Z =
3.07, respectively), but these clusters did not reach statistical
significance for multiple comparisons. Similar results were
obtained after using the level of education as a co-variate of no
interest. The results of white matter density analyses are
summarized in Table 2 and showed predominant white matter
differences in close proximity to the grey matter differences
described above. The close match between grey and white
matter results is a classical finding in voxel-based morphometry
studies and may reflect an edge effect, related to a displace-
ment of the statistical boundary between grey and white
matter (Good et al., 2001; Golestani et al., 2002).
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Voxel-based Diffusion

An increase in mean diffusivity was observed in TS subjects
compared to controls in the left and right occipito-temporal
region, the left lingual gyrus, the right fusiform gyrus and the
left and right cerebellum (Table 3 and Fig. 2). No significant
cluster was observed in the opposite contrast for regions of
decrease in mean diffusivity in TS group compared to
controls.

Increase in anisotropy in TS group compared to controls was
found bilaterally in depth of the superior temporal sulcus, in
the right semi-ovale centrum and in the right external capsule
(Table 3 and Fig. 3). Two symmetrical clusters of decreased
anisotropy were observed in the temporal white matter in
regions with increased mean diffusivity (Table 3 and Fig. 2).
However, no clusters of decreased anisotropy survived at
corrected P-value.

Analyses of Fiber Orientation within the Temporal Lobe
From DTI, the main diffusion direction within each voxel can
be used to infer fiber orientation in the region of abnormal



Table 2

Brain regions where white matter density was significantly different between TS subjects and normal controls

Anatomical region

P-value cluster-level

Number of voxels (1 voxel = 1 mm® Z-score voxel-level

Talairach coordinates (x, y, z)

Less white matter in TS than in controls

Right hemisphere

Adjacent to the head of right caudate nucleus 0.066 1127 443 19,19, -8
Adjacent to right post central sulcus 0.042 1237 4.27 50,-19,49
Adjacent to the body of right caudate nucleus 0.014 416 419 26,-7,27
Adjacent to right supramarginal gyrus 0.024 1376 3.70 58, 26, -25
Left hemisphere

Adjacent to the left superior temporal sulcus 0.018 1449 4.87 —45,-17, -6
Adjacent to left lingual gyrus 0.001 2222 4.85 -9,-82,-9
Adjacent to the head of left caudate nucleus 0.001 642 4.28 -21,17,-2
Left occipito-parietal region 0.008 1658 4.61 -20, 86, 24
Adjacent to left body of right caudate nucleus 0.022 1390 3.26 -18,-5,-19
More white matter in TS than in controls

Right hemisphere

Right external capsule 0.002 2042 5.50 31,17,-7
Adjacent to right intraparietal sulcus 0.035 1280 3.62 42,-30, 37
Body of corpus callosum 0.038 332 3.55 11,6, 24
Adjacent to right anterior cingulate cortex 0.319 748 3.81 14,50, 0
Left hemisphere

Adjacent to left anterior cingulate cortex 0.151 936 4.97 -8,62,3
Adjacent to superior temporal gyrus 0.014 505 433 —-49,-19,-11
Body of corpus callosum 0.044 1224 3.22 -11,2,26

Table 3

Brain regions where mean diffusivity and fractional anisotropy were significantly different between TS subjects and normal controls

Anatomical region

P-value cluster-level

Number of voxels (1 voxel = 9 mm3 Z-score voxel-level

Talairach coordinates (x, y, 2)

Increase in mean diffusivity in TS relative to controls

Right fusiform gyrus BA 19 0.006 129 4.44 42,66, -9

Left and right cerebellum, left lingulal gyrus BA 18 <0.001 406 4.23 -9,-93, -36

Right temporo-occipital region 0.032 98 3.62 39,-42,15

Left temporo-occipital region 0.001 167 3.45 —48, 15, =27
3.36 -36,-48,3

Left cerebellum, fourth ventricle 0.003 145 3.33 -6, -66, -51

Decrease in mean diffusivity in TS relative to controls: none

Increase in fractional anisotropy in TS relative to controls

Right semi-ovale centrum 0.019 109 457 30,-3,33

Right superior temporal sulcus, right middle temporal gyrus  0.573 47 443 48,0,-24

Left superior temporal sulcus, left middle temporal gyrus,  <0.001 199 4.25 -51,-18,-12

left temporo-occipito-parietal region

Right external capsule 0.047 92 3.82 39,3,-15

Decrease in fractional anisotropy in TS relative to controls

Right inferior occipito-temporal white matter 0.778 26 3.87 39, -45,-6

Left inferior occipito-temporal white matter 0.188 49 3.46 —-36,-45,0

white matter in TS. In Figure 2, fiber orientation in one control
is represented using a color code for the orientation of the
main temporal fiber tracts. The orientation of fibers within the

two temporal clusters of increased mean diffusivity has a clear
antero-posterior direction (shown in green in Fig. 2),
suggesting microstructural alterations of sagittally oriented
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Figure 2. Brain regions with an increase in mean diffusivity in TS subjects compared to controls (A). Note the bilateral and symmetric diffusion changes in the temporal white
matter in areas where no macroscopical abnormality was observed on anatomical images. Sagittal views showing temporal clusters with diffusion changes in TS group and analyses
of fiber tracts orientation in one control at the same level (B). Right: in this RGB encoded plot, red voxels correspond to left-right direction of diffusion, blue voxels to a
superior—inferior orientation and green voxels to an antero-posterior orientation. The increase in mean diffusivity and the decrease in anisotropy affect electively antero-posterior
pathways, suggesting a disconnection between anterior and posterior regions within the temporal lobe.

white matter tracts. The other clusters of abnormal diffusion
do not have a clear preferential orientation.

Sulcal Morphometry

Sulcal morphometry was investigated for the superior temporal
sulcus and the intraparietal sulcus, two sulci for which we have
a priori hypotheses based on the cognitive profile of TS. The
central sulcus was used as a reference sulcus for which no
impairment was expected (Fig. 4). For the central sulcus, both
length and maximal depth did not differ between TS subjects
and controls. However, the maximal depth of the left and right
superior temporal sulci was significantly smaller in TS subjects
than in controls (mean * standard error: left side, TS = 25.2 +
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0.8 mm, controls = 27.7 £ 0.7, P = 0.03; right side, TS = 28.4 +
0.4, controls = 31.5 = 0.8, P = 0.003). Sulcal length was unaf-
fected. For the right intraparietal sulcus, we observed a signifi-
cant decrease in maximal depth (TS = 28.1 + 0.83, controls =
30.7 £ 0.6, P = 0.005). There was also a trend for length reduc-
tion (TS = 516 £ 34, controls = 606 + 26, P = 0.057). No differ-
ence in either length and depth was observed for the left
intraparietal sulcus.

Discussion

Our study provides converging evidence of regionally specific
structural changes in TS at both macroscopical and microscop-
ical levels using two independent neuroimaging methods,



A/ Decreasein grey matter B/ Increase in diffusion anistropy C/ Increase in Mean Diffusivity
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Figure 3. Converging results showing the abnormalities of the left superior temporal sulcus in TS subjects. Abnormalities in a similar region of the left superior temporal sulcus are
found on both anatomical images (A) (yellow clusters)and on fractional anisotropy images (B) (red clusters). Increase in mean diffusivity (C) (blue clusters) in the temporal white
matter of TS subjects suggests microstrutucral changes of projections pathways. The differences in the left superior temporal sulcus are clearly illustrated by the visual examination
of the mean image of grey matter of 14 TS subjects (D) compared to those of the mean image of the 14 controls (£) (red arrows). Fractional anisotropy changes (F) (red) are
observed along the superior temporal sulcus (green) at the grey—white matter interface.
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3z B Contrals W Turner o kK 28T OControls MTurner
800
” 700
27 | 600 -
500 |
N [I [I
22 300 - . ’ _
Left  Right  Left  Right Left  Right Left ~ Right  Left  Right Left  Right
cs IPS STS cs IPS STS

Figure 4. Histograms of length and maximal depth of the central sulcus (CS), the superior temporal sulcus (STS) and the intraparietal sulcus (IPS). A significant decrease in
maximal depth is found in the left and right superior temporal sulci and in the right intraparietal sulcus in TS subjects compared to controls (*P < 0.05, **P < 0.005). A trend
towards a decrease in length of the right intraparietal is also observed.

high-resolution anatomical 7T;-weighted imaging and diffusion regions, temporal poles and lingual gyri, the left superior tem-
tensor imaging. The voxel-based analysis of anatomical images poral sulcus and the right intraparietal sulcus. Further below,
provided evidence for macroscopical changes in several cor- we will consider the extent to which those abnormalities can

tical regions: bilateral orbito-frontal and anterior cingulate be related to TS subjects’ deficits in two main domains, social
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abilities and visuo-spatial/numerical processing. The analysis of
diffusion anisotropy images indicated the presence of white
matter in TS subjects at coordinates that correspond to the grey
matter located at bottom of the left superior temporal sulcus in
controls, confirming a displacement of the grey-white matter
interface in this sulcus (Fig. 3). A smaller but symmetrical
anomaly was present in the right superior temporal sulcus. Dif-
fusion images also revealed a symmetrical and bilateral increase
in mean diffusivity and decrease in anisotropy in the temporal
white matter that seemed macroscopically normal on anatom-
ical images (Fig. 2). The analysis of fibers orientation showed
that areas with diffusion changes contain fiber tracts with a
posterior to anterior orientation, suggesting microstructural
changes of sagittally oriented pathways in the temporal lobes.
This finding is consistent with anatomical studies showing
that, within these temporo-occipital regions, axons are run-
ning oriented sagittally in the inferior longitudinal fasciculus
(Dejerine, 1895; Crosby et al., 1962). This fasciculus contains
mainly long association fibers connecting the temporal pole to
the occipital pole, but also carries some shorter cortico-cortical
fibers (Gloor, 1997). These microstructural anomalies plausibly
alter the connections between anterior and posterior regions
of the temporal lobes. This appears particularly relevant in the
context of bilateral macroscopical anomalies of grey matter dis-
tribution in the lingual gyrus, in the superior temporal regions
and temporal poles. Finally, analyses of sulcal morphometry
confirmed the anomalies found in the left and right superior
temporal sulcus and in the right intraparietal sulcus and further
clarified voxel-based analyses by showing an abnormal depth
of these sulci.

Methodological Issues

Before proposing a functional interpretation of our results, it is
important to keep in mind the limitations, but also the comple-
mentarity, of our methods. The first limitation of this study
concerns its design and is mainly due to the low prevalence
and the difference in education level of TS subjects. We
acknowledge that, although similar to other studies in TS or
utilizing DTI, the number of subjects included in this study is
rather small and thus was not designed to represent an unbi-
ased sample of TS. The inclusion of mosaic genotypes is also a
potential confound, but the presence of soma normal cell lines
in mosaic genotypes would argue against the possibility of
finding group differences. Moreover, the identification of
mosaicism depends directly on the method of ascertainment
and tissue-specific karyotyping can give divergent results
(Saenger, 1996; Ranke and Saenger, 2001). Some authors have
also argued that mosaicism with a normal cell line in fetal
membranes may be necessary for adequate placental function
and fetal survival (Saenger, 1996; Ranke and Saenger, 2001).
The expected difference in education level between the two
groups raises the issue of the contribution to our results of the
general cognitive functioning of the TS subjects. However, the
anatomical differences that we found in TS do not coincide
with regions that were reported to correlate with IQ (Duncan
et al., 2000; Thompson et al., 2002) and the use of education
level as a covariate did not influence our results.

A second limitation of this study concerns the sensitivity of
MR based techniques. Voxel-based morphometry of 7| images
detects macroscopic changes in the distribution of grey matter.
Such changes are generally interpreted as reflecting an
abnormal organization of brain tissue. However, they may
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potentially be due to a local deformation of brain shape
secondary to more global changes in skeletal anatomy, which
may have little or no impact on brain function. This could be
important given that the physical phenotype of TS patients
includes skeletal anomalies that may also influence the skull.
Some effort was made to control for such global factors by first
normalizing the global brain shape onto a common template
prior to statistical analysis. Conversely, anomalies in internal
regions such as the anterior cingulate, superior temporal and
intraparietal sulcus are unlikely to be modulated by major
changes in brain shape and are more likely to reflect genuine
structural disorganization, especially when they are confirmed
by direct measurement of sulcal depth. There are also no clear
predictions on the direction of the expected grey matter
changes in developmental disorders and, similarly to previous
voxel-based morphometry studies in developmental disorders
such as autism or fetal alcohol syndrome, our results revealed
that the grey matter density in TS can decrease or increase in
different brain regions. The interpretation of such results is
crucially dependant on cross-validation using complementary
methods such as diffusion tensor imaging and sulcal morphom-
etry. Relative to the information provided by anatomical
images, diffusion images, which reflect the Brownian motion
of water molecules at a scale of [J10 pm, provide access to inde-
pendent information on the microstructure of brain tissue.
Once the images of patients and controls are correctly aligned,
so that measurement is effected within regions of white matter
that appear normal on anatomical images, diffusion reflects the
fine-grained organization of fiber tracts. In the present work,
increases in mean diffusivity were found in the white matter
that appeared normal on anatomical images, particularly in the
white matter underneath the temporal lobes, suggesting a
microstructural disorganization of a major antero-posterior
fiber tract. Few changes in anisotropy were observed in these
regions. Significant anisotropy changes observed elsewhere in
the brain seemed to reflect displacement of the boundary
between grey and white matter in patients compared to
controls.

Deficits in Social Cognition

Numerous psychological studies have reported psychosocial
difficulties in TS. Compared to controls, subjects with TS have
fewer friends, engage in fewer social activity and show affec-
tive immaturity and attentional deficits (McCauley et al.,
1986a,b, 1995; Mazzocco et al., 1998; Ross et al., 2000). These
social difficulties might be dismissed as secondary to the daily
life difficulties associated with TS phenotype (e.g small size),
but they might also indicate a specific deficit in social cogni-
tion. Autistic features have been described in TS subjects and a
500-fold increased risk of autism is associated with TS (Skuse et
al., 1997; Creswell and Skuse, 2000). As in autistic children, TS
patients showed deficits both in face recognition and in affect
recognition on facial expressions (Elgar et al., 2002; Lawrence
et al., 2003). Converging evidence suggests that social percep-
tion from visual cues involves specific brain regions and, in
particular, the superior temporal sulcus in both hemispheres
(Allison et al., 2000; Frith, 2001). Neuroimaging studies using
PET and fMRI have pinpointed activations of the left and right
superior temporal sulci during the detection of eye gaze and
the perception of biological motion such as lip-reading (Allison
et al., 2000). In monkeys, single cell recordings revealed
neurons in the superior temporal sulcus that respond



according to gaze direction. Furthermore, lesions of the
superior temporal sulcus in monkeys lead to impaired judge-
ments of gaze directions (Perrett et al., 1985). Taken together,
such data suggest that the bilateral superior temporal sulcus
anomalies that we have observed in TS subjects constitute the
cerebral bases of deficits in social perception from visual cues.
Besides the crucial role of superior temporal sulcus in the
social perception, single cells recordings in monkeys and
neuroimaging studies in humans have also suggested that social
cognition involves an extended bilateral network including the
amygdala, temporal pole, orbito-frontal cortex and anterior
cingulate (Happe et al., 1996, Baron-Cohen et al., 1999; Allison
et al., 2000; Frith, 2001). It is remarkable that all of these
regions were found anomalous in our anatomical analyses and
this fits particularly well with the hypothesis of an impairment
of ‘the social brain’ in TS. Moreover, the diffusion changes
within the temporal lobes suggest microstructural changes of
the long distance antero-posterior temporal projections, which
may plausibly disconnect the different components of this
network and, in particular, the temporal pole and the superior
temporal region. Lastly, this conclusion entails an implication
of X-linked genes in the development of the cerebral networks
for social cognition. This fits with the greater vulnerability
of males to developmental disorders of language and social
cognition, such as autism (Creswell and Skuse, 2000) and with
a previous report suggesting a role of an imprinted X-linked
locus in social cognition (Skuse et al., 1997). A recent MRI
study in TS using regional measurements did not find any
influence of genomic imprinting on cerebral lobes volumes
(Brown et al., 2002). However, the present fine-grained
methods may be better adapted to reveal such subtle differ-
ences. In the present study, we did not ascertain whether the
remaining X chromosome was maternal or paternal. Future
studies focusing on the brain regions found abnormal in this
study are needed to investigate the possible influence of
genomic imprinting on the development of cerebral networks
involved in social cognition.

Deficits in Spatial-Numerical Processing

Visuo-spatial deficits in TS include difficulties in judgement of
line orientation, mental rotation in space and right-left disori-
entation in extrapersonal space (Alexander and Money, 1966;
Rovet and Netley, 1980; Pennington et al., 1985; Temple and
Carney, 1995; Ross et al., 2002). TS subjects also experience
difficulties in mathematics, particularly in arithmetical tasks
such as subtraction, operations with large numbers, subitizing
and cognitive estimation (Pennington et al., 1985; Rovet et al.,
1994; Mazzocco, 1998; Temple and Marriot, 1998; Butterworth
etal., 1999; Ross et al., 2002; Bruandet et al., 2004). These defi-
cits in TS are consistent across a wide range of ages and are not
reversible with estrogen substitution (Ross et al., 2002). In
particular, several tests confirmed that the TS subjects included
in this study were impaired in arithmetic (Molko et al., 2003).
For instance, they performed significantly worse than controls
on Warrington’s graded arithmetic test, a graded difficulty test
of arithmetic computations. Neuropsychological and func-
tional neuroimaging studies in normal subjects and in patients
with cerebral lesions have provided compelling evidence for
the crucial role of the intraparietal sulcus in visuo-spatial and
numerical processing (Cohen and Dehaene, 1994; Dehaene
and Cohen, 1997; Dehaene et al., 1998; Lee, 2000; Stanescu-
Cosson et al., 2000). Functional imaging in normal subjects has

revealed that numerical quantity manipulation relies on a
reproducible cerebral network that systematically involves the
left and right intraparietal sulci, with increasing activation
as the task puts greater emphasis on quantity processing
(Dehaene et al., 1999; Pinel et al., 2001). Anatomical MRI
studies in developmental dyscalculia have shown a clear
impairment of the left parietal cortex, (Levy et al., 1999; Isaacs
et al., 2001). In particular, using voxel-based morphometry, a
decrease in the grey matter density has been found in the left
intraparietal sulcus (TC: -39, -39, 45) in premature children
with dyscalculia (Isaacs et al., 2001). In the present study, a
decrease in grey matter subjects was found at a symmetrical
location in the right intraparietal sulcus of TS subjects (TC: 43,
-30, 37). Morphometric analysis of the right intraparietal
sulcus revealed that this sulcus was shallower and tended to be
shorter in TS. The finding of a morphological difference in the
right intraparietal sulcus is consistent with the results of our
fMRI study during calculation tasks in the same TS subjects. We
found that, while TS activated the classical parieto-frontal
network during calculation tasks, a decreased activation in the
right intraparietal sulcus was observed when the tasks put
greater emphasis on exact calculation with large numbers
(Molko et al., 2003). This decreased activation in the right
intraparietal sulcus during calculation tasks is closely located to
the region found abnormal using voxel-based morphometry
(TC: 48, -306, 48). Our results suggest that reduced grey matter
in the right intraparietal sulcus may be responsible for the
visuo-spatial and number processing deficits in TS. More
broadly, this result and the previous report in children with
developmental dyscalculia associated with prematurity suggest
that the intraparietal sulcus may play a crucial role in develop-
mental dyscalculia, although the possibility of a distinct role of
the left and right intraparietal sulci remains to be clarified.

Executive Function Deficits

Reduced performance on tests classically associated with
frontal lobe function such as the z-back task, the tower of
Hanoi task, the Wisconsin card sorting test and verbal fluency
has been repeatedly reported in TS (Waber, 1979; Bender et
al., 1993; Temple et al., 1996; Romans et al., 1998; Haberecht
et al., 2001). Our results do not provide evidence for anatom-
ical changes in the lateral prefrontal cortex. Although we
cannot exclude that a subtle deficit might be identified with
higher resolution images, our result is consistent with previous
volumetric MRI studies (Murphy et al., 1993; Reiss et al., 1993,
1995; Brown et al., 2002). However, the anatomical changes
found in the right parietal lobe and in the left and right cingu-
late cortex may be plausibly related to the executive impair-
ment in TS and may cause functional rather than anatomical
changes in prefrontal regions. Two recent fMRI studies in TS
during frontal tasks have shown bilateral abnormal prefrontal
activations. Decreased activations have been found bilaterally
in the dorso-lateral prefrontal cortex and also in the supra-
marginal gyrus during n-back tasks (Haberecht et al., 2001) and
increased activations in the superior and middle frontal gyri
have been also reported during a go-no-go task (Tamm et al.,
2003). Finally, one should stress that the neuropsychological
tasks used in TS studies such as the tower of Hanoi task, the
Wisconsin card sorting test, or verbal fluency, do not isolate an
individual cognitive process and do not target a precise
anatomical region. A more detailed analysis of executive
dysfunction in TS is needed to disentangle the relative contri-
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butions of spatial and verbal working memory, attention and
inhibition.

In conclusion, our MRI study used two independent MRI
techniques to provide converging evidence of regionally
specific structural changes in TS. The multifocal and bilateral
cerebral abnormalities found in TS are highly consistent with
the hallmark symptoms associated with TS. In particular, our
results showed bilateral macroscopic anomalies in the main
components of a distributed network implicated in social
cognition and microstructural alterations in the putative
temporal connections of this network. A more focal anomaly
was also found in the right intraparietal sulcus, which has been
implicated in visuo-spatial and numerical processing. The
observation that a genetic X-linked disease can impair social
and spatial-numerical cognition strengthens the hypothesis
that those functions are laid down by genetic and neurobio-
logical systems in the course of both phylogenetic evolution
and child development (Brothers, 1990; Dehaene et al., 1998;
Allison et al., 2000). Although it is currently hard to separate
direct genetic effects on brain development from indirect
effects of hormonal depletion in TS, the correlation of genetic
anomalies with functional and anatomical imaging methods
provides a powerful method to narrow down the search for
genes involved in brain cognition and in cognitive develop-
ment (Watkins et al., 2002).
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