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Turner syndrome (TS) offers a unique opportunity to investigate
associations among genes, the brain, and cognitive phenotypes. In
this study, we used 3 complementary analyses of diffusion tensor
imaging (DTI) data (whole brain, region of interest, and fiber
tractography) and a whole brain volumetric imaging technique to
investigate white matter (WM) structure in prepubertal, nonmosaic,
estrogen-naive girls with TS compared with age and sex matched
typically developing controls. The TS group demonstrated signifi-
cant WM aberrations in brain regions implicated in visuospatial
abilities, face processing, and sensorimotor and social abilities
compared with controls. Extensive spatial overlap between regions
of aberrant WM structure (from DTI) and regions of aberrant WM
volume were observed in TS. Our findings indicate that complete
absence of an X chromosome in young females (prior to receiving
exogenous estrogen) is associated with WIV aberrations in specific
regions implicated in characteristic cognitive features of TS.

Keywords: diffusion tensor imaging (DTI), MRI, neuroimaging, turner
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Introduction

Turner syndrome (TS) is a neurogenetic disorder characterized
by partial or complete absence of an X chromosome, affecting
approximately 1 in 2000 live female births (Gravholt 2005).
The TS phenotype is characterized by short stature and also by
gonadal dysgenesis, which results in estrogen deficiency,
incomplete pubertal development, and infertility. In addition,
girls with TS manifest a cognitive profile of relative strengths in
verbal domains and relative weaknesses in visuospatial,
executive, memory (Kesler 2007), motor (Nijhuis-van der
Sanden et al. 2003), and social functions (McCauley et al.
2001). These phenotypes may be affected by nonmosaic/
mosaic karyotypes of the sex chromosome, the presence of
partial X and Y chromosome fragments, and the presence of
X-linked imprinting (Skuse et al. 1997).

Structural magnetic resonance imaging (sMRI) studies have
demonstrated that adolescents and adults with TS have
reduced gray matter volume (GMV) in the parieto-occipital
lobe (Cutter et al. 2006) and enlarged GMV in the amygdala
(Kesler, Garrett, et al. 2004) compared with controls. A recent
brain sMRI study also identified increased cortical thickness
and decreased surface area in TS compared with controls in
parietal and occipital lobes (Raznahan et al. 2010). Functional
MRI (fMRI) studies of TS have indicated that deficits in
visuospatial and arithmetic processing in TS are associated
with functional impairment in fronto-parietal systems (Kesler,
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Haberecht, et al. 2004), whereas deficits in executive function
and storage/retrieval operations are associated with decreased
activation in the inferior parietal lobe, dorsolateral prefrontal
cortex, and the caudate (Haberecht et al. 2001). To date, 2
studies (Molko et al. 2004; Holzapfel et al. 2006) have
specifically focused on aberrant white matter (WM) structure
in TS using diffusion tensor imaging (DTI), which is a non-
invasive MRI technique that characterizes water diffusion in
the brain. These studies suggested that WM aberrations in the
superior temporal sulcus and fronto-parietal pathways could be
related to social and visuospatial deficits in TS, respectively.
However, these studies are limited by several factors. For
instance, they include heterogeneous samples with mosaic and
nonmosaic genotypes and do not examine the relationship
between cognitive data and WM structure. In addition, previous
imaging studies of WM in TS have not directly examined the
influence of between-group differences in overall cognitive
ability or the effects of estrogen therapy on brain development.
Accordingly, little information is available about WM aberra-
tions in nonmosaic, pre-estrogen girls with TS.

In this study, we used complementary image analysis
techniques to investigate WM structure and its correlations
with cognitive functions in nonmosaic, estrogen-naive girls
with TS. The results of this investigation permit an improved
understanding of the effects of complete absence of an
X chromosome on early WM development and cognition in
young girls, while removing the confounding influence of
exogenous estrogen. The present study includes 3 methods for
analyzing diffusion-weighted brain imaging data. First, we
performed a WM voxel-wise analysis using Tract-based Spatial
Statistics (TBSS) implemented in FSL (www.fmrib.ox.ac.uk/fsl/
tbss) (Smith et al. 2006). Second, we used 2 post hoc
confirmatory analyses to provide complementary information to
TBSS; an atlas-based region of interest (ROI) analysis implemented
in DiffeoMap (www.mristudio.org) (Faria et al. 2010) and
a fiber-tracking analysis using DtiStudio (www.mristudio.org)
(Jiang et al. 20006). Finally, we performed a voxel-wise analysis of
WM volume (WMYV) using voxel-based morphometry (VBM) as
implemented in SPM8 (www filion.uclac.uk/spm). The use of
these multiple complementary methods serves to provide more
reliable and complete information about WM structure by
minimizing inherent disadvantages associated with a single
imaging modality or image processing approach (i.e., partial
volume effects, smoothing, and registration error).

Based on the phenotype of TS and previous neuroimaging
findings, we hypothesized that girls with TS would have aberrant
WM structure in regions associated with executive, visual,
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memory, sensorimotor, and social functions. Furthermore, we
hypothesized that these WM aberrations would be associated
with severity of cognitive impairment in TS.

Materials and Methods

Participants

This study was approved by the Institutional Review Board at Stanford
University. Participants included 26 subjects with TS and 20 age-
matched typically developing controls ranging 3-12 years in age. None
of the participants had evidence of current or past major neurological
and psychiatric problems. Girls with TS were recruited through the
national Turner Syndrome Society of the United States, advertisements
in local parent organizations, and the Center for Interdisciplinary Brain
Sciences Research website (http://cibsr.stanford.edu). Only TS subjects
with a nonmosaic 45X karyotype, confirmed from a standard karyotype
assessment, were included. Twenty participants with TS were receiving
growth hormone (GH) at the time of the study; however, data
regarding the duration and dosage of GH therapy were unavailable.
Controls were recruited through local media and parent networks. We
obtained written informed consent from all participants and their legal
guardian. If the subject was under 8 years old, consent was obtained
only from the legal guardian.

Cognitive Assessment

Participants between the ages of 3 and 5 years were administered the
Wechsler Preschool and Primary Scale of Intelligence-Third Edition
(WPPSI-III) (Wechsler 2002). Children aged 6-12 years were adminis-
tered the Wechsler Intelligence Scale for Children-Fourth Edition
(WISC-IV) (Wechsler 2003). Participants demonstrating full-scale
intelligence quotient (FSIQ) below 70 were excluded from further
analyses to avoid confounding effects. Accordingly, 3 girls with TS were
eliminated from further analysis. We further evaluated executive, visual,
memory, sensorimotor, and social functions using cognitive measures
(Table 1). During the course of subject recruitment, the Developmental
Neuropsychological Assessment-1I (NEPSY-II) (Korkman and Kirk
2007) was released, which introduced a new Social Perception domain,
including Affect Recognition and Theory of Mind subscales. Therefore,

while all subjects were assessed with the Developmental Neuro-
psychological Assessment (NEPSY) (Korkman and Kirk 1998); a subset
received the NEPSY-II as well. WISC-IV Working Memory Index was
administered only to participants aged 6-12 years. Potential between-
group differences in age, major IQ, and cognitive measure scores were
initially evaluated using independent two-tailed Student’s #tests. The
Social Responsiveness Scale (Constantino et al. 2003) is not specifically
age-normed; thus, age was included as a covariate in analyses using this
instrument. Since the WISC Perceptual Reasoning Index/WPPSI PIQ
and NEPSY-II Social Perception domain consist of several subtests, we
performed a multivariate analysis of variance using these subscale
scores as dependent variables.

Image Acquisition

All subjects were trained in the MRI scanning procedure using a mock
scanner. MR images were acquired using a 3T whole-body GE-Signa
HDxt scanner (GE Medical Systems, Milwaukee, WI) with a quadrature
head coil. A diffusion-weighted sequence was based on a single-shot,
spin-echo, echo-planar imaging sequence with diffusion sensitizing
gradients applied on either side of the 180° refocusing pulse (Basser
et al. 1994). Imaging parameters for the diffusion-weighted sequence
were as follows: field of view (FOV), 24 cm; matrix size, 128 x 128; time
repetition (TR)/time echo (TE), 5910/70.3 ms; 44 axial-oblique slices;
slice thickness, 3.2 mm/no skip. Diffusion gradient duration was & = 32 ms
and diffusion weighting was b= 850 s/mm” and b= 0 as reference images.
Diffusion was measured along 23 noncollinear directions. This pattern
was repeated 6 times. For VBM, high-resolution 7j-anatomical scans were
obtained using a spoiled gradient recalled echo pulse sequence (124
coronal slices; TR/TE, 6.4/2 ms; inversion time, 300 ms; flip angle, 15°
NEX, 3; FOV, 22 cm; matrix, 256 x 256; thickness, 1.5 mm; acquisition
time, 15 min 45 s).

Image Processing and Statistical Analysis
Diffusion-Weighted Scans Preprocessing

Diffusion-weighted images (DWIs) were corrected for eddy current
distortions and head motion using a3n affine transformation of

Table 1
Demographics, intelligence quotient, and cognitive measures
DTl VBM
TS CON P N CON P
Demographic data and intelligence quotient
n 26 20 16 13
Age 8.51 = 256 + 2.77 0.769 8.84 + 249 8.37 = 2.87 0.644
FSIQ 92.31 += 14.75 116.0 = 1049  <0.001 94.06 + 9.00 11415 = 11.89  <0.001
via 103.08 = 14.49 11475 = 1358 <0.01 106.31 = 1056  113.92 = 13.37 0.098
PIQ 90.38 = 15.72 115.6 = 13.62  <0.001 92.69 + 9.03 112.46 = 1319 <0.001
Cognitive and behavioral measures
Cognitive domain ~ Test Subtest TS CON F P N CON F P
Executive NEPSY Attention/executive total 89.96 + 15.15  105.17 = 12.76 6.41 0.011 92.88 = 1409  109.25 = 11.85 7.59 0.003
Visual NEPSY Visuospatial total 82.35 = 1267  103.72 = 16.05 1946  <0.0001 80.31 = 11.83 10558 = 1342 2295  <0.0001
WISC/WPPSI Block design 8.54 = 3.06 12.05 = 2.83 6.33  <0.001 913 = 232 11.42 = 3.28 2.48 0.042
Picture concept 8.71 = 4.03 1253 = 2.32 5.79 0.001 8.73 = 3.75 12.00 = 1.90 5.08 0.011
Matrix reasoning 8.67 = 2.99 13.056 = 2.99 1236 <0.0001 9.07 + 249 12.58 + 3.08 6.99 0.003
Memory NEPSY Memory and leaming total 93.88 = 1450  112.22 = 21.68 5.45 0.002 91.13 = 12.31 113.0 = 173 10.63 0.001
WISC WMI total® 83.55 = 10.82  106.50 = 10.568  24.67  <0.0001 84.38 = 1275 10567 = 11.18  10.62 0.001
Sensorimator NEPSY Sensorimotor total 85.04 = 1321  109.83 = 11.40  30.71  <0.0001 86.81 = 1456  109.25 = 13.17 1431  <0.001
WRAVMA Pegboard 7538 = 17.99  100.84 = 13.30  18.27  <0.0001 73.69 = 17.06 10550 = 12.93 20.23  <0.0001
Social NEPSY Memory for faces 9.25 = 2.75 13.13 = 3.02 1391  <0.0001 8.94 + 2.46 13.10 + 3.34 12.44 0.001
NEPSY-II Theory of mind® 9.50 = 2.35 1050 = 2.42 0.47 0.485 8.67 + 2.88 10.50 = 1.73 0.46 0.602
Affect recognition® 7.83 = 2.78 1050 = 1.64 3.65 0.071 9.33 = 2.08 10.50 = 3.10 0.30 0.078
SRS Total 61.30 = 14.93 4993 = 13.99 4.69 0.026 63.33 + 13.65 47.60 = 13.24 8.64 0.01
RCMAS-2 Total 4565 + 9.69 40.00 = 9.92 1.28 0.124 45.80 + 8.32 38.00 = 7.31 451 0.039

Note: CON, controls; VIQ, Verbal Intelligence Quotient; PIQ, Performance Intelligence Quotient; NEPSY, Developmental Neuropsychological Assessment; WISC WMI, WISC Working Memory Index;

WRAVMA, Wide Range Assessment of Visual Motor Abilities;

Manifest Anxiety Scale-Second Edition.
TS (n = 20), CON (n = 14) in DTI; TS
°TS (7 = 16), CON (n = 16) in DTI; TS
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10) in VBM.

NEPSY-II, Developmental Neuropsychological Assessment-Second Edition; SRS, Social Responsiveness Scale; RCMAS-2, Revised Children’s
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Automated Image Registration (Woods et al. 1998). All individual
images were visually inspected to eliminate slices with motion artifacts.
We excluded 6 subjects from further analysis because of significant
artifacts. The remaining images were averaged and the pixel intensities
of the multiple DWIs were then fitted to obtain the 6 elements of the
symmetric diffusion tensor. Scalars such as fractional anisotropy (FA),
axial diffusivity (AD), and radial diffusivity (RD) were calculated using
DTIStudio (https://www.mristudio.org/). FA is a measure that reflects
the degree of diffusion anisotropy within a voxel. Anisotropy within
a given WM voxel is determined by fiber diameter and density, degree
of myelination, extracellular diffusion, interaxonal spacing, and intra-
voxel fiber-tract coherence. AD is the diffusivity of water molecules
along the axis of the fiber (vector with the largest eigenvalue, A1) and
RD is the mean of the diffusivities perpendicular to the vector with the
largest eigenvalue ([A2 + A3]/2). AD is thought to reflect fiber
coherence, whereas RD is thought to represent fiber integrity and
myelination.

TBSS

First, FA images from each subject were aligned into a common space
using nonlinear and linear registrations. Subsequently, FA images were
averaged to produce a group mean FA image. A skeletonization
algorithm was applied to the group mean FA image to define a group
template of the lines of maximum FA, thought to correspond to centers
of WM tracts. FA values for each subject were then projected onto the
group template skeleton. The FA skeleton was thresholded to FA =
0.25. The original registration parameters of the FA were then applied
to the AD and RD images. FA, AD, and RD data projected onto the
skeleton were fed into voxel-wise cross-subject statistics (P < 0.05)
using “randomize” (v. 2.1 in FSL4.1), a permutation program used for
inference (thresholding) on statistic maps when the null distribution is
not known (Nichols and Holmes 2002). All analyses were corrected for
multiple comparisons (family-wise error [FWE]) and used threshold-
free cluster enhancement (TFCE) (Smith and Nichols 2009) with
default parameters. Age and verbal 1Q (VIQ) were used as covariates.
VIQ was used as the covariate for further analyses as performance 1Q
(PIQ) scores are disproportionally biased by visual perceptual and visual
spatial deficits present in girls with TS (Kesler, Haberecht, et al. 2004).

Atlas-Based Analysis

We used an exploratory atlas-based approach as a confirmatory analysis
of TBSS findings. In this approach, brain regions showing between-
group FA differences in TBSS were used to select predefined WM atlas
ROI's. A univariate analysis of covariance (ANCOVA) was used to
compare between-group differences of mean FA, AD, and RD values in
each ROL Age and VIQ were included as covariates.

A two-step image transformation was used to warp an atlas to
individual native space. A skull stripped “THU_MNI_single-subject” atlas
(Oishi et al. 2009) was used for the linear and nonlinear normalization
of FA images. Dual-contrast Large Deformation Diffeomorphic Metric
Mapping (Ceritoglu et al. 2009) was used for nonlinear normalization
(single o/ ratio was 0.005). The inverse transformation matrices were
then used to transfer the presegmented WM atlas (Oishi et al. 2009) to
each subjects native space, thus enabling the automated segmentation
of the data into 130 WM regions using an FA threshold of 0.25. The
transformation matrix from the FA was then applied to the original AD
and RD images to obtain segmented values from these images.

Fiber Tracking

Fiber tracking was performed using the fiber assignment by continuous
tracking method (Mori et al. 1999). Briefly, tracking was initiated from
a seed pixel from which a line was propagated in both retrograde and
orthograde directions according to an eigenvector at each pixel. The
tracking was terminated when it reached a pixel with an FA value lower
than 0.15 or when the turning angle was >40° (Wakana et al. 2004). To
reconstruct branching patterns, the tracking was performed at every
pixel inside the brain, but only fibers that penetrated ROIs defined from
anatomical landmarks were retained. Mean FA, AD, and RD values were
collected for each reconstructed fiber bundle. ANCOVA was used to
compare the between group difference of FA, AD, and RD values in
each hemispheric ROI using age and VIQ as covariates.

VBM

T; image data for the subjects that were included in the DTI analyses
were visually inspected to eliminate scans with significant head motion
artifact in an effort to prevent confounds due to systematic bias.
Accordingly, 17 scans were eliminated from further analysis. The
remaining scans were manually aligned onto the axis of the anterior and
posterior commissures (Talairach and Tournoux 1988). SPM8 was then
employed in MATLAB (The Math Works, Natick, MA) to correct for
inhomogeneity of the magnetic field and to perform unified segmen-
tation of the GM, WM, and cerebrospinal fluid (Ashburner and Friston
2005). In doing so, adult tissue probability maps were used in
conjunction with iterative weighting of Hidden Markov Ransom Fields
to encode spatial information based on constraints of neighboring
voxels (Zhang et al. 2001). Warped and modulated images were then
created in Montreal Neurological Institute space using a custom WM
template that was generated based on registration of each subject’s
image volume using the Diffeomorphic Anatomical Registration
Through Lie Algebra toolbox (Ashburner 2007). Finally, all images
were spatially smoothed using a 3D 6-mm full-width at half-maximum
Gaussian smoothing kernel. Differences in total GMV and WMV
between groups were evaluated using a two-sample #test (adjusted
for age and VIQ). Between-group morphological differences of regional
WMYV between TS and control subjects were investigated by applying the
general linear model in SPM8. Accordingly, a voxel-wise two-sample #
test was performed while covarying for the effects of age, VIQ, and WMV.
Statistical inference of significant clusters was then evaluated using the
VBM toolbox (Christian Gaser, University of Jena; dbm.neuro.uni-jena.de/
vbm/) at a height of P < 0.01, spatial extent P < 0.05 (FWE corrected),
while applying nonstationary cluster extent correction to account for
nonuniform smoothness across the data (Hayasaka et al. 2004).

Bebavioral Correlations

In the TS group, we investigated the relationship between cognitive
measures and mean FA, AD, and RD values (derived from the atlas-based
analysis). Multiple regression analysis was performed in regions
showing significant mean FA differences by modeling FA, AD, and RD
values as dependent variables and by modeling cognitive measures, age,
and IQ as predictor variables. Statistical significance was defined as P <
0.05, and all analyses were performed using SPSS (Version 18) except
for TBSS and VBM analyses.

Results

Demographics and Cognitive Measures

Twenty-six girls with TS and 20 controls were included in DTI
analyses. There were no significant differences in age between
the groups. Girls with TS had significantly lower FSIQ, VIQ, and
PIQ scores compared with controls (Table 1). Girls with TS also
showed significantly lower performance compared with con-
trols on all neuropsychological domains with the exception of
the NEPSY-II Theory of Mind, Affect Recognition, and Revised
Children’s Manifest Anxiety Scale-Second Edition (Reynolds
and Richmond 1997) total score. After screening for and
eliminating anatomical scans that had head motion, a subgroup
of 16 girls with TS and 13 controls were included in the VBM
analysis (Table 1). This reduction in sample size is due to the
long acquisition time of the anatomical scan (15 min), which
negatively affected the yield of usable data. In contrast, the DTI
acquisition consisted of 6 serial repetitions (2.5 min each);
extracting usable data from the first 2 repetitions (totaling 5
min) was considered the threshold for entering the subject
into the DTI analysis. Cognitive measures in the VBM subgroup
displayed similar characteristics to the DTI subject group
(Table 1). When using VIQ as a covariate to account for
variations related to individual intelligence, cognitive measures
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in both DTT and VBM subgroups revealed similar between-
group characteristics to those observed without covarying VIQ.

TBSS

Girls with TS had significant widespread reductions in FA
values compared with controls (Fig. 1). These reductions were
observed bilaterally in the superior longitudinal fasciculus (SLF;
more prominent on the left), inferior longitudinal fasciculus
(ILF; more prominent on the left), inferior fronto-occipital
fasciculus (IFO), fusiform gyrus WM approaching the amygdala,
internal capsule (IC), corticospinal tract (CST), corpus
callosum (CC; in the genu, body, and splenium), and tapetum.
In addition, FA was also significantly reduced bilaterally in the
forceps major, anterior thalamic radiation, posterior thalamic
radiation (PTR), sagittal stratum, and posterior corona radiata
(PCR). Unilateral FA reductions were identified in the right
superior temporal gyrus (STG) WM and in the left forceps
minor, frontal corona radiata, and external capsule. There were
no significantly increased FA values in TS compared with
controls. TS showed significantly greater RD compared with
controls in the regions overlapping those that had significant
FA group differences. Increased AD in TS compared with
controls was seen bilaterally in the SLF, ILF, posterior corona
radiata, and external capsule. However, these WM regions did
not overlap with those of our FA findings.

Atlas-Based Analysis

A post hoc confirmatory atlas-based analysis was conducted in an
openly exploratory manner. We defined 36 ROIs based on TBSS
results. ANCOVA indicated that TS had significantly decreased FA
values compared with controls in the left SLF (F 4, = 4.84,
P=0.033), left fusiform WM (F, 4» = 8.22, P= 0.000), left anterior
limb of the internal capsule (ALIC; Fy4 = 15.6, P < 0.001),

TS > CON

TS <CON

bilateral tapetum (left: F, 4, = 7.22, P = 0.01; right: F, 4, = 13.57,
P=0.001), bilateral gene of CC (left: F, 4> = 8.19, P= 0.007; right:
Fi42 = 558, P = 0.02), right splenijum of CC (F42 = 5.58,
P = 0.023), right STG WM (F, 4> = 10.78, P = 0.002), and bilateral
PIR (left: Fy4 = 655, P = 0.014; right: Fy 4, = 104, P = 0.002).
Relative to controls, TS showed significantly increased AD in the
right SLF (P = 0.020), right tapetum (P = 0.03), right STG WM
(P=0.017), left PTR (P = 0.025), and bilateral PCR (left: P= 0.004;
right: P < 0.001). Significantly higher RD in TS was observed in
the left SLF (P= 0.014), bilateral tapetum (left: P= 0.025; right: P=
0.005), bilateral PTR (left: P=0.037; right: P < 0.001), and bilateral
PCR (P = 0.008; right: P = 0.023).

Fiber Tracking

A post hoc fiber-tracking analysis of the SLF was performed. We
chose the SLF for further investigation because it is the only
distinct WM fiber bundle that was found to be significantly
different using TBSS, VBM, and post hoc atlas-based analysis. In
this study, the ROI for the SLF does not include the arcuate
fasciculus (Wakana et al. 2004). TS had significantly decreased
FA values in the left SLF (F, 45 = 4.27, P= 0.045) and increased
RD in the bilateral SLF (left: F, 4> = 4.93, P=0.032; right: F, 4> =
593, P = 0.019) compared with controls. There was no
significant group effect for AD values in the bilateral SLF.

VBM

There were no significant differences in total GMV and WMV
between TS and controls (adjusted for age and VIQ).
Additionally, visual inspection of the location of significant
clusters from whole-brain voxel-wise analysis of WM morphol-
ogy in TS identified reduced WMV (P < 0.05, FWE corrected)
unilaterally in the right SLF extending into the pre/postcentral
gyrus, CST extending into the pre/postcentral gyrus, superior

TBSS (FA)
== TS < CON

Figure 1. Superimposed results of voxels showing significant FA reduction in TBSS and VBM clusters showing significant WMV differences between the groups (P < 0.05, FWE
corrected). Group differences in TBSS were “thickened” (for visualization purposes) by expanding the significant WM skeleton cluster to the full extent of the local FA map. 1) FA
reduction in TS relative to controls (CON) is shown in red-yellow. 2) Greater WMV in TS relative to CON is shown in green. 3) Reduced WMV in TS relative to CON is shown in
blue. Results are mapped onto a standard 7; Montreal Neurological Institute 152 template.
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parietal lobule WM and precuneus WM. In contrast, significant
enlargement in WMV (P < 0.05, FWE corrected) in TS relative
to controls was observed bilaterally in the anterior thalamic
radiation and unilaterally in the left SLF, ILF, IFO, sagittal
stratum, posterior limb of the internal capsule, fusiform WM,
and superior/middle/inferior temporal gyrus WM and the right
ALIC (Fig. 1).

Bebavioral Correlations

Within the TS group, there was a significant positive correlation
between FA in the left SLF ROI (derived from the atlas-based
analysis) and the WISC-IV/WPPSI-III Block Design scores
(standardized B = 0.526, P = 0.033). There was also a significant
positive correlation between FA in the left ALIC ROI and the
Wide Range Assessment of Visual Motor Abilities (Adams 1995)
Pegboard score (standardized B = 0.49, P = 0.02). There were
no significant associations between AD/RD values and cogni-
tive measures.

Discussion

In this study, we used 2 image acquisition techniques and
complementary image analysis methods to investigate WM
structure in prepubertal, nonmosaic, estrogen-naive girls with
TS compared with controls. TS had extensive overlap between
regions of WM structure aberrations (obtained from DTI) and
regions of WMV aberrations (obtained from anatomical MRI)
(Fig. 2). Specifically, TBSS, VBM, and post hoc atlas-based
analyses consistently showed WM aberrations in the SLF and
fusiform. Overlapping regions between TBSS and VBM were
seen in the ILF, IFO, IC, and CST. TBSS and post hoc atlas-based
analyses both demonstrated aberrant WM structure in the CC,
tapetum, ALIC, and STG. These overlapping brain regions may
be associated with difficulties in visual, sensorimotor, and social
functions in girls with TS. This premise is supported by the
statistical association of visuospatial performance with WM

L-scc
Bi-BCC
R-Fusiform
L-Frontal corona radiata
L-External capsule
Bi-Forceps major
L-Forceps minor

R-STG
L-ALIC
Bi-Tapetum
Bi-GCC
R-SCC
Bi-PTR

R-Superior parietal lobe
L-STG/MTG/ITG
R-Precuneus

Atlas-based analysis

Figure 2. Diagram showing nature of overlapping results from multiple analytical
techniques investigating WM structure and volume in TS. Bi, bilateral; L, left; R, right;
SCC, splenium of corpus callosum; BCC, body of corpus callosum; GCC, gene of
corpus callosum; SLF, superior longitudinal fasciculus; ILF, inferior longitudinal
fasciculus; IFQ, inferior fronto-occipital fasciculus; ALIC, anterior limb of the internal
capsule; PLIC, posterior limb of the internal capsule; CST, corticospinal tract; ATR,
anterior thalamic radiation; PTR, posterior thalamic radiation; SS, sagittal stratum;
STG, superior temporal gyrus; MTG, middle temporal gyrus; ITG, inferior temporal
gyrus.

VBM

integrity of the SLF and fine motor abilities with WM integrity
of the IC in our TS group.

Visuospatial difficulties are commonly observed in females
with TS (Kesler 2007). In this study, all analysis methods
consistently showed WM aberrations in TS in the left SLF in
a location consistent with that of SLFII, which is part of the
dorsal visual stream. This pathway is important for visuospatial
processing, attention, and awareness (Schmahmann and Pandya
20006). The SLF is composed of 4 subpathways: the SLF L, 1, and
III, and the arcuate fasciculus. The differences detected in this
study appear to be located primarily in SLF II and/or SLF III
(Makris et al. 2005). In our TS sample, there also was a positive
correlation between FA values of the left SLF and the WISC/
WPPSI Block Design score. Our findings are consistent with the
previous findings of decreased FA in the left SLF in adolescent
and young adults with TS receiving estrogen therapy (Holzapfel
et al. 2006). This converging evidence suggests that the SLF fiber
bundle is affected in TS throughout childhood and adolescence,
pre- and post-estrogen therapy, and that visuospatial abilities
among girls with TS are associated with abnormal WM structure
along the SLF. This finding is also consistent with previous
studies reporting unchanged visuospatial skills following
estrogen treatment in girls with TS (Ross et al. 1998).

An additional aberrant WM pathway in TS potentially
important for visual abilities includes the splenium of the CC
and tapetum (TBSS and atlas-based analysis). The splenium of
the CC connects the posterior parietal and the occipital lobes
and is crucial for the interhemispheric transfer of visual
information (Fabri et al. 2011), whereas the tapetum is a thin
rim of bidirectional CC fibers connecting the temporal and
occipital lobes (Schmahmann and Pandya 20006) and transfers
visual information from the visual cortex to the contralateral
temporal lobe (Tusa and Ungerleider 1985). Our results suggest
that impairments in interhemispheric transfer, as well as local
processing of visual information, contribute to the visual
difficulties in TS.

The ILF is another pathway involved in visual function that
was significantly different between groups in the TBSS and
VBM analyses. The ILF is associated with the occipitotemporal
visual stream and is related to object and face recognition and
discrimination (Schmahmann and Pandya 2006). Thus, our
finding of the left ILF may also be associated with difficulties in
face recognition reported in TS (Rae et al. 2004). Important
components of face recognition are also attributed to the
fusiform gyrus (Kanwisher et al. 1997). Impaired face recog-
nition in TS may be associated with our results of aberrant WM
structure and WMYV in the left fusiform from TBSS, VBM, and
post hoc atlas-based analyses. Specifically, for TS, a previous
fMRI study of fearful face processing demonstrated that
impaired appraisal of facial affect and habituation to fearful
stimuli may stem from impaired functional connectivity
between the left fusiform gyrus and left medial amygdala
(Skuse et al. 2005). In our study, TBSS showed aberrant WM
structure between the fusiform and amygdala in TS, which
suggests that aberrant connectivity between these 2 regions
may contribute to impairment in fearful face processing. Taken
together, our current findings provide additional evidence
suggesting aberrant WM connectivity in pathways important
for visuospatial abilities and face processing in TS.

Sensorimotor function is also known to be impaired in TS.
Specifically, females with TS have difficulties in gross and fine
motor function, joint stability, gait, and muscle strength
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(Nijhuis-van der Sanden et al. 2003). In our study, girls with TS
had abnormal WM structure in the left ALIC demonstrated by
TBSS and post hoc atlas-based analyses. In addition, there was
a significant positive correlation between the degree of the left
ALIC anomalies and the level of fine motor deficits in TS. The
present results of decreased FA values in the IC were
consistent with our previous finding from girls, adolescents,
and young adults with TS (Holzapfel et al. 20006). In addition,
we observed new findings of aberrant WM structure and WMV
of the CST in TS, which contains sensorimotor pathways. These
findings suggest that aberrations of WM structure and
connectivity in the sensorimotor pathway may contribute to
motor problems in TS.

Impairments in social functioning have been consistently
noted among females with TS (McCauley et al. 2001). Social
difficulties in girls with TS may partially stem from problems
with face and emotion processing as well as with the
interpretation of gaze and empathy (Lawrence, Campbell,
et al. 2003; Lawrence, Kuntsi, et al. 2003). These impairments
may in turn be a result of abnormal brain structure in regions
important for visual and face processing as described above as
well as in regions involved in social cognition. For instance, the
STG, which showed significant between-group differences in
TBSS and post hoc atlas-based analysis, is involved in in-
formation processing related to the changeable configurations
of faces (Adolphs 2003). The STG also has substantial
connections with the amygdala, and both are strongly
implicated in social perception and theory of mind (Allison
et al. 2000; Adolphs 2009). Taken together, our current results
suggest that WM aberrations in the STG, together with aberrant
visual and face processing abilities, may be associated with
impaired emotion recognition in girls with TS.

In this study, we attempted to overcome some of the
limitations of single analytical approaches by using 4 different
image-processing techniques with 2 different imaging modal-
ities (DTI and anatomical MRI). Each analytical approach has
advantages and disadvantages. Thus, a thorough investigation
using different approaches potentially provides complementary
information that can more accurately depict how WM is
affected in TS. The atlas-based analysis has the advantage of
having better statistical power compared with multiple voxel-
wise comparisons because it reduces the location information
from hundreds of thousands of voxels to a limited number of
ROIs. Furthermore, in contrast to whole brain voxel-wise
analyses, the atlas-based analysis averages voxel values within
each WM region segmented by the atlas and is more likely to
detect differences that are spread throughout segmented WM
regions, except where these differences straddle a boundary
between 2 segments, each of which they only partial fill. On the
other hand, when changes in DTI diffusivities are confined to
a very small area or do not follow the anatomical boundaries
segmented by the atlas, TBSS has the advantage of being able to
detect fine changes in WM more clearly because it is a voxel-
wise analysis. These fundamental differences in methodology
are a likely reason for discrepancy in the results between TBSS
and atlas-based analysis. In addition, using TBSS, we observed
that increased RD largely overlapped with reduced FA in the TS
group. Furthermore, WM regions showing increased AD did not
overlap with those of FA/RD changes. Although these findings
suggest that WM aberrations in TS may arise primarily from
changes in fiber integrity and myelination and not changes in
fiber coherence (Song et al. 2002), it is not possible to
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determine the precise underlying histological structure of WM
based solely on this imaging technique. Changes in FA are
related to a combination of factors such as changes in fiber
diameter, density, myelination, coherence, and extracellular
diffusion. Therefore, simultaneous DTI and VBM analyses raise
important hypotheses and implications for understanding WM
histology in TS. Increased WMV with reduced FA is likely to be
influenced by glial proliferation, increased axonal diameter, and
fiber crossing, whereas decreased WMV with reduced FA may
be associated with reduced myelination and decreased axon
density (Schmierer et al. 2007; Sierra et al. 2011). These
neuroimaging findings suggest that WM microstructural aber-
rations in TS may have different underlying histology in
different brain regions; however, additional studies, using
direct visualization of postmortem brain tissue, are needed to
determine the specific histology of WM in TS.

In contrast to the findings presented here, some previous
studies have reported functional and structural abnormalities in
brain regions related to executive and memory functions
(Murphy et al. 1993; Kesler, Haberecht, et al. 2004; Hart et al.
2006). These discrepant findings may result from variation in
participant characteristics, neuroimaging acquisition techni-
ques, and neuroimaging analysis methods. For example, these
prior studies used pubertal or adult participants with TS
including mosaic and nonmosaic genotypes. In addition, they
included women with TS receiving estrogen therapy at the
time of the study. In contrast, our study included only
prepubertal, estrogen-naive, and nonmosaic TS participants to
avoid the confound of exogenous estrogen therapy on brain
maturation as well as on cognitive and motor functions (Toran-
Allerand 1991; Ross et al. 1998). Furthermore, mosaic
karyotypes can contribute to a “X chromosome dosage effect”
and cause broad heterogeneity in physical and cognitive
manifestations of TS (Murphy et al. 1997; Kesler et al. 2003).
However, variation in the length and dosages of GH therapy is
still a confounding factor. The influence of GH therapy on WM
development and cognitive function in TS has not yet been
reported; however, Cutter et al. (2006) suggested that GH
therapy increases regional GMV in TS. Therefore, future studies
should address the effect of the variation in GH therapy to
avoid confounding effects. Moreover, because of sample size,
we did not investigate the effect of X-linked imprinting on WM
development in girls with TS. Thus, further research is
warranted regarding how parental origin of the X chromosome
plays a role in WM development in girls with TS.

In summary, our findings indicate that complete absence of an
X chromosome in young females (prior to receiving exogenous
estrogen) is associated with WM aberrations in specific regions
implicated in the characteristic cognitive phenotypes of TS. In
addition, previous postmortem studies indicate that typically
developing girls have increased ovarian estrogen concentration
in the first year of life, analogous to the testosterone surge in the
first 6 months of life in boys (Bidlingmaier et al. 1987); however,
girls with TS lack this surge. This estrogen deficiency from a very
early age could also influence aberrant WM development in TS.
Therefore, future studies with larger sample, wide-age rage, and
longitudinal design are required to elucidate how estrogen
therapy would modify WM aberration in TS. Current research
offers insight into the X-linked genetic and hormonal influences
on cognitive, behavioral, and brain development not only in TS
but also in male-based sex chromosome aneuploidy disorders
(eg., 47, XXY; Klinefelter syndrome). Finally, our findings may



improve our understanding of the neuroanatomical basis un-
derlying deficits in visual, sensorimotor, and social functions in TS.
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