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Abstract

Turner syndrome (TS) is a model for X-chromosome influences on neurodevelopment because it
is most commonly caused by absence of one X-chromosome, and associated with altered brain
structure and function. However, all prior in vivo magnetic resonance imaging studies of the brain
in TS have either used manual approaches or voxel-based-morphometry (VBM) to measure
cortical volume (CV). These methods, unlike surface-based-morphometry (SBM), cannot measure
the two neurobiologically distinct determinants of CV- cortical thickness (CT) and surface area
(SA) — which have differing genetic determinants, and may be independently altered. Therefore, in
24 adults with X-monosomy and 19 healthy female controls, we used SBM to compare (i) lobar
CV, CT and SA, (ii) an index of hemispheric gyrification (iii) CT throughout the cortical sheet,
and (iv) CT correlation between cortical regions. Compared to controls, females with TS had (i)
significantly increased CT and decreased SA in parietal and occipital lobes (resulting in no
significant difference in lobar CV), (ii) reduced hemispheric gyrification bilaterally, (iii) foci of
significantly increased CT involving inferior-temporal, lateral-occipital, intraparietal sulcus (IPS),
cingulate, and orbito-frontal cortices, (iv) significantly reduced CT correlation between the left
IPS and cortical regions including supramarginal and lateral-occipital gyri. Our findings suggest
that females with TS have complex, sometimes ‘opposing’, abnormalities in SA/gyrification
(decreased) and CT (increased); which can result in no overall detectable differences in CV. Thus
haploinsufficiency of X-chromosome genes, may differentially impact the distinct mechanisms
shaping SA (e.g. cortical folding) and CT (e.g. dendritic arborization/pruning). CT disruptions are
maximal within and between cortical regions previously implicated in the TS cognitive phenotype.
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INTRODUCTION

Turner syndrome (TS) is a heurogenetic syndrome seen in approximately 1/2000 live female
births (Stochholm et al., 2006). Turner syndrome arises due to partial or complete absence of
one X chromosome, with the most common karyotype being X-monosomy [45,X0Q]. Since,
in karyotypically normal [46,XX] females, almost all of one of the X chromosomes in each
cell is randomly “silenced” through an epigenetic process known as Lyonization (Lyon,
1961) the TS phenotype may be due to haplo-insufficiency of those X chromosome genes
that escape inactivation (Zinn and Ross, 1998). Effective X-linked gene haploinsufficiency
in TS is also influenced by the “parent-of-origin” of the intact X chromosome, as the
expression of some X chromosome genes differs systematically depending on which parent
the chromosome is inherited from through a process known as imprinting (Barlow, 1995).
X-chromosome haploinsufficiency in TS is also associated with ovarian failure and related
estrogen and androgen deficiency, which may in themselves contribute to the TS phenotype.

Compared to the TS physical phenotype (Ogata and Matsuo, 1995), the behavioral-cognitive
and neuroanatomical phenotypes remain less well described. A better understanding of how
brain and behavior are altered in TS could shed light on how X-linked genetic and
epigenetic influence human neurodevelopment.

Females with TS typically show an uneven cognitive profile with pronounced deficits in
visuo-spatial skills alongside verbal abilities within the normal range. Deficits are best
documented for tasks involving mental rotation, visual construction, and number
manipulation. There are also reports of deficits in other domains such as memory and face
processing (Murphy et al., 1994; Ross et al., 2000). Multiple functional magnetic resonance
imaging (fMRI) studies have compared brain activity in females with TS to that in controls
during the execution of mental rotation and visual construction tasks, and consistently report
differences within parieto-frontal systems (especially within the intra-parietal sulcus) (Hart
et al., 2006; Kesler et al., 2004; Kesler et al., 2006; Molko et al., 2003). The parietal lobe has
also been repeatedly implicated in TS by structural magnetic resonance imaging (SMRI),
with the most consistent findings being reduced parietal lobe volumes in TS compared to
controls (Brown et al., 2002; Cutter et al., 2006; Murphy et al., 1993; Reiss et al., 1995). It
remains unclear however if this reduction relates to white matter volume, grey matter
volume, or both. Table 1 summarizes all TS sMRI studies published to date.

Compared to the findings from sMRI studies of lobar volumes in TS, there is much less
consistency in the findings of SMRI studies that examined brain anatomy at finer spatial
resolution using hand-tracing of regions of interest (Rae et al., 2004), or automated and
spatially non-biased voxel-based morphometry (VBM) (Cutter et al., 2006; Good et al.,
2003; Molko et al., 2004). This is especially true for studies of the cerebral cortex. For
example, CV in the left parieto-occipital junction, right primary motor and superior temporal
cortex of TS individuals have been reported as both increased (Molko et al., 2003; Rae et al.,
2004) and decreased (Cutter et al., 2006) as compared to controls. Such contrasting findings
may be due to true neurostructural heterogeneity in TS, or differences in the clinical and
controls samples used across studies with respect to demographic, genetic or endocrine
features. Alternatively, the fact that most conflicting findings occur in those cortical regions
where people with TS also have significant differences from controls in sulcal morphology
(Molko et al., 2003; Molko et al., 2004), suggests that group differences in cortical shape

Neuroimage. Author manuscript; available in PMC 2011 December 4.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Raznahan et al.

Page 3

may be confounding group differences in regional CV. However, cortical shape has not been
directly modeled in any of the existent studies of regional CV in TS. To date, such studies
have used volume-based registration to align SMRI scans across individuals and then
measured CV in a voxel-by-voxel manner (VBM). This approach has three important
limitations.

Firstly, compared to surface-based methods, volume-based alignment of scans is not able to
take into account the complex and highly variable folding patterns of the cortical sheet.
Because these folding patterns are known to vary between females with TS and controls
(Molko et al., 2003), prior studies may not have been comparing like with like. That is,
unless an attempt is made to “line-up” surface features of the cortex across scans before
comparing CV between groups, then systematic differences in sulcal position between
groups could result in one group’s sulcus being compared to another group’s gyrus.

Secondly, VBM studies only compare regional CV. However, CV within a given region of
the cortical sheet is itself a product of two lower-order spatial properties -— cortical thickness
(CT) and surface area (SA). Unless CV is broken down into CT and SA there is a risk of
falsely concluding that a given cortical region is structurally unaltered in TS when in fact CT
and SA for that regions may show marked alterations in “opposing” directions (such that
their product - CV - does not show group differences). Conversely, group differences in CV
may reflect abnormalities of CT only, SA only, or both these properties. It is important to
distinguish these possibilities because measures of CT and SA capture very different sets of
biological processes as evidenced by their differing evolutionary histories (Rakic, 1995),
developmental trajectories (Armstrong et al., 1995; Sowell et al., 2007), and genetic
determinants (Panizzoni et al., 2007). Furthermore, SA is determined by overall brain size
and the degreee of cortical folding (gyrification), which are shaped by distinct influences.
Decomposing cortical alterations in TS into these distinct components would help to focus
investigation of the molecular and developmental pathways that lie between genetic and
neurobiological alterations in TS.

Thirdly, there is emerging evidence that compared to a VBM assessment of CV across the
cortex, a vertex-based assessment of CT after surface-based registration provides a more
sensitive and informative marker of cortical differences between clinical groups (Bermundez
P, 2008; Park HJ, 2009).

Furthermore, by inter-relating measures of CT at different vertices, it is possible to describe
patterns of structural co-variance across the cortex. The extent to which cortical regions are
structurally similar to each other (as indexed by CT co-variance) is neurobiologically
meaningful because in typical development (i) cortical regions that show high CT co-
variance also show strong shared genetic influences on CT (Schmitt et al., 2008), and (ii)
maps of CT co-variance between cortical regions have been found to strongly resemble
maps of cortico-cortical connectivity derived from other techniques such as diffusion-tensor
imaging (DTI) of white matter tracts (Lerch et al., 2006) and fMRI studies of “functional
connectivity” (Chen et al., 2008; Toro et al., 2008). Maps of CT co-variance also vary as a
function of disease processes (He et al., 2008), developmental stage, cognitive ability and
skill proficiency (Bermundez P, 2008; Lerch et al., 2006). Therefore, if a comparison of CT-
covariance amongst females with TS to CT-covariance amongst typically developing
controls identifies regional differences - then such regions would represent strong candidate
networks for further investigation of structural and functional dysconnectivity in TS with
DTI and fMRI.

In summary, surface-based methods for measuring cortical morphometry have multiple
potential advantages. However they have not yet been exploited in the study of the TS
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neuroanatomical phenotype. Therefore we applied a fully automated and well-validated
(Kabani et al., 2001; Shaw et al., 2008) method for measuring cortical morphometry
(MacDonald et al., 2000) to process brain SMRI data acquired from 24 females with TS and
19 healthy female controls matched for age and verbal intelligence quotient. We have
previously characterized this sample using Voxel-Based and Region of Interest methods
(Cutter et al., 2006). This allows us to qualitatively compare the findings of volume-based vs
surface-based approaches to cortical morphometry. In order to better contextualize our
findings, we conducted a systematic review of all SMRI studies conducted in TS to date, and
summarize the main findings of these studies in Table 1.

In this paper, we apply surface-based morphometry to address the following questions.
Firstly, is the well-replicated reduction of parietal lobe volume in TS contributed to by
reduced parietal lobe CV? Secondly, if lobar CV alterations are present in TS - are these due
to alterations in CT, SA or both? Thirdly, is there any evidence for alterations in SA and
cortical folding in TS? Fourthly, can a spatially non-biased assessment of CT across the
cortical sheet in TS using surface-based registration of scans clarify some of the
inconsistencies in VBM findings? Fifthly, is there any evidence of selective alterations in
co-coordinated CT development in TS compared to controls as indexed by the proxy
measure of disrupted inter-regional correlations in CT?

MATERIALS AND METHODS

Systematic Literature Review

We identified all available studies using SMRI to compare brain anatomy in people with
clinically and karyotypically confirmed TS, and controls. We excluded case studies, and
reviews. Publications were identified by searching MEDLINE, EMBASE and PsychINFO
(up to September 8t 2009) using combinations of the following search terms; turner,
syndrome, brain, magnetic, resonance, imaging. This was further supplemented by hand-
searches of bibliographies, and repeat database searches using the names of all authors in
included studies. The fields of information extracted are detailed in Table 1.

Participants, Karyotyping and Scan Acquisition

These methodological aspects have been detailed previously in our earlier report (Cutter et
al., 2006). The sample included in the present study is unchanged except for the exclusion of
one control and three TS participants in whom derived models of the cortex did not pass our
quality control procedures. Therefore 24 females with TS and 19 healthy controls were
included in this study. Briefly, participants with TS were recruited through a university-
based behavioural genetics research programme run in collaboration with the South London
and Maudsley NHS Foundation Trust, and typically developing controls through local
advertisement. Karyotype was determined for each participant with TS by analyzing thirty
metaphase spreads using conventional cytogenetic techniques. No participants suffered from
any psychiatric or medical disorders that would grossly affect brain function (e.g. epilepsy,
neurosurgery, head injury, hypertension, schizophrenia) as determined by structured clinical
interview and examination, as well as review of medical notes. Structural MRI data was
acquired using a GE Signa 1.5T Neuro-optimised MR system (General Electric, Milwaukee,
Wisconsin). Whole head coronal (3D) SPGR images (TR=14msec, TE=3msec, 256x192
acquisition matrix, 124mm x 1.5mm slices) were obtained from all subjects. Ethical
approval was obtained from the local Ethics Committee, and informed written consent was
obtained from all participants. Participant characteristics are detailed in Table 2.
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Image Processing

Native MRI scans were submitted to the CIVET pipeline (version 1.1.8)
(http://wiki.bic.mni.mcgill.ca/index.php/CIVET) to generate separate cortical models for
each hemisphere as described previously (Giedd et al., 2007).

Briefly, this automated set of algorithms begins with linear transformation, correction of
non-uniformity artifacts, and segmentation of each image into white matter, grey matter and
CSF (Zijdenbos et al., 2002). Next, each image is fitted with 2 deformable mesh models to
extract the white/gray and pial surfaces. These surface representations are then used to
calculate CT at approximately 45,000 points per hemisphere, and aligned with an atlas to
allow automated parcellation of the cortical sheet and comparison of CT at equivalent
vertices across different scans. Parcellation generates measures of total lobar cortical
volume, total surface area and mean thickness. The middle cortical surface, which lies at the
geometric center between the inner and outer cortical surfaces, is used for the calculation of
the surface area (Lyttelton, 2009). From these measures we derived estimates of total CV,
total SA and mean CT for each lobe (using previously described anatomical definitions of
lobar boundaries (Collins et al., 1995)) in each individual. A “gyrification index” (Gl) for
each hemisphere was defined as the ratio of total area of the cortical sheet in that hemisphere
and the “convex hull” of the cortical surface (ie the smallest surface that would enclose the
folded cortical sheet) (Zilles et al., 1988). A higher number reflects increased folding.

Statistical Analysis

Lobar Analyses—We first examined how cortical volume (CV), surface area (SA) and
thickness (CT) varied between females with TS and controls across four lobes — frontal,
parietal, temporal and occipital. The effect of group (TS vs controls) was examined for left
and right lobes separately. Neither mean age nor mean TBV differed between groups.
However, as both these factors account for a large proportion of variance in cortical anatomy
they were included as co-variates in all analyses. As eight (one in each lobe) group
comparisons were made for each measure of interest (CV, SA, or CT), a Bonferroni
corrected p value of 0.004 was adopted as the threshold for statistical significance. We used
linear regression to compare Gl for each hemisphere between females with TS and controls
with age and TBV entered as co-variates.

Vertex-based Analyses—Next, we complemented lobar analyses by an assessment of
the effect of group (TS vs controls) on CT at each of approximately 45,000 points (vertices)
on each hemisphere. The results for these analyses were visualized by projecting the effect
of group as a t-statistic at each vertex on an examplar cortical surface in MNI space. For the
linear model [thickness= intercept + B(Group) + error], the t-statistic is the ratio of  and the
standard error of the slope. The t-statistic map was then thresholded using a false discovery
rate (FDR) correction with the probability of a rejected null hypothesis being falsely rejected
(q) set at 5%.

Differences between females with TS and controls in CT-covariance were studied by first
selecting a “seed-voxel” (details of this selection are provided in the results section below),
and then determining how group status influenced the correlation between CT at this vertex,
and that at every other vertex on the cortical surface. A general linear model was run at
every vertex, with “Group”, “Seed-Voxel CT” and the interaction between these two terms
as predictor variables. The t-statistic associated with the “group by seed-vertex” interaction
term at any given vertex represents the magnitude of “slope” difference between groups in
the correlation of CT at that vertex and CT at the seed-vertex. The map of t-statistics for this
interaction term was then thresholded using a FDR correction with g=0.05 — to identify
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cortical regions which were significantly more or less structurally similar to the seed vertex
in females with TS compared to controls.

Details of all SMRI studies in TS identified by systematic literature review can be found in
Table 1.

Subject characteristics are shown in Table 2. As expected, performance intelligence quotient
(P1Q) was significantly lower in the group of individuals with TS than in controls. There
were no other statistically significant psychometric or demographic differences between the
two groups. Mean TBV was not significantly greater in TS than in controls.

Lobar Analyses (see Table 3)

The pattern of differences between females with TS and controls varied for each of the lobar
measures of interest (SA, CT and CV).

Statistically significant differences between females with TS and controls in both SA and
CT were found in the right parietal and left occipital lobes - but in opposite directions (i.e.
SA was reduced but CT was increased in TS). Moreover in these regions there were no
significant differences in CV (the product of SA and CT) — suggesting that opposite effects
in SA and CT made differences in CV undetectable. Cortical thickness was also greater in
females with TS than controls in the left parietal and right occipital lobe. Cortical volume on
the other hand showed significant group differences in the temporal lobes bilaterally, where
CV was greater in females with TS than controls. Here, CV increases were associated with
CT increases [although these did not reach the threshold for statistical significance (left p=
0.06, right p=0.07)].

Consistent with our finding that SA was less in females with TS compared to controls in
almost all lobes, both left (F=11.22, p=0.002) and right hemispheric (F= 7.78, p=0.008) Gl
were significantly reduced in TS.

Cortex-wide Assessment of Cortical Thickness (Fig 1 and Table 4)

Our vertex-based analysis of CT replicated the lobar findings for CT; but also identified
additional pre-frontal regions of CT increase in TS. Regardless of whether or not age was
included as a covariate, CT was significantly increased bilaterally throughout lateral
occipital, parietal, temporal and inferio-lateral frontal cortices in females with TS compared
to controls. Occipital and parietal CT increases also partially extended into the medial
cortical surface. Within this confluent region of significant CT increase, peaks were evident
in bilateral inferior temporal gyri, left intraparietal sulcus and right lateral occipital gyrus.
Here, the t-statistic for group difference in CT was especially elevated (e.g. surviving FDR
correction at g=0.0005) - reflecting up to 15% increased CT in TS. Females with TS also
showed a significant increase in CT in three distinct pre-frontal regions; right orbitofrontal,
right anterior cingulate and left anterior middle frontal gyri.

In contrast, cortical thickness decreases in females with TS compared to controls were
limited to the parahippocampal cortex bilaterally, and the right isthmus of the cingulate.
Talairach co-ordinates for vertices of peak group difference are provided in Table 4.

Cortico-cortical structural co-variance

Of the three peak parieto-occipital foci of CT increase in TS, that located in the left
intraparietal sulcus (IPS) was selected as the “seed voxel” with which to examine structural
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co-variance in CT across the cortical sheet. This was because; (i) it was one of the three
most thickened cortical regions in TS compared to controls; (ii) the IPS has been reported as
functionally abnormal in all TS fMRI studies conducted to date (Hart et al., 2006; Kesler et
al., 2004; Kesler et al., 2006; Molko et al., 2003) and; (iii) its pattern of connectivity with
the rest of the cortex in typically developing subjects has been extensively described (Borra
et al., 2008; Takahashi et al., 2008; Toro et al., 2008).

There were no cortical regions that showed increased CT-covariance with the left IPS in
females with TS compared to controls. However, there were several cortical regions that
were significantly less structurally similar to the left IPS in people with TS. This reduction
in structural similarity was most pronounced in TS between the left IPS and left
supramarginal, left cingulate, and right medial occipital gyri. Structural covariance was also
significantly reduced in TS between the left IPS and (i) a continuous occipito-temporal
region extending bilaterally and including the cuneus, precuneus, fusiform, temporal pole,
temporo-occipital junction, middle and superior temporal cortices, and (ii) bilateral frontal
regions including the orbitofrontal cortex, anterior cingulate and dorsolateral prefrontal
cortices.

DISCUSSION
Lobar Findings

Our lobar findings that are most directly comparable with existing SMRI studies in TS relate
to CV alterations. We identified significantly increased temporal lobe CV bilaterally in TS,
and non-significant CV increases in all other lobes (except the right parietal lobe where CV
was non-significantly reduced in TS). Significant CV increases within both temporal lobes
in TS compared to controls were also found in one (Rae et al., 2004) of the two available
studies of temporal CV in TS (Brown et al., 2002; Rae et al., 2004). The fact that we did not
identify significant group differences in occipital or parietal CV, suggests that our previous
finding, in the same sample (using hand-tracing), of significantly reduced total right parieto-
occipital lobe volume (Cutter et al., 2006), was probably driven by reductions in white
matter volume in these regions. Our findings differ from those of Brown et al (Brown et al.,
2002), who studied a younger sample than ours and found significant lobar CV
abnormalities in TS that were restricted to both parietal lobes - where CV was reduced in TS
compared to age-matched controls. Therefore, it is possible that lobar CV differences
between individuals with TS and controls in temporal and parietal lobes vary across the
lifespan. Specifically, reduced parietal CV in TS during childhood relative to controls may
no longer be evident by adulthood, whereas increased temporal lobe CV in TS may only
emerge after childhood. Testing these hypotheses will require longitudinal SMRI study
designs.

Our analytic approach allowed us to move beyond CV in the assessment of lobar cortical
anatomy, by simultaneously measuring the two determinants of CV — CT and SA. We
identified significantly increased CT in TS compared to controls within the occipital and
parietal lobes bilaterally, and significantly decreased SA (when controlling for total brain
volume) within the right parietal lobe and left occipital lobe. Moreover, our findings within
the right parietal lobe, for example, highlight how marked alterations in CT and SA within a
region can ‘cancel each-other out” — so that measurement of CV alone fails to identify the
significant group differences present in the neuroanatomy of that region. Given this, and the
fact that alterations of CT and SA are likely to be due to different sets of genetic (Panizzoni
et al., 2007), hormonal and environmental factors, acting at different developmental stages
(Park HJ, 2009), it will be crucial to disambiguate these two properties of the cortex in
future SMRI studies in TS.
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The decreased parietal SA we found in TS as compared to controls could be due to; (i) a
generalized reduction in brain “radius” which would manifest as a lowered total brain
volume (which was not found in our sample); (ii) locally reduced brain “radius” within the
parietal lobe (which is consistent with our previous finding of reduced total parietal lobe
volume in this sample (Cutter et al., 2006)); or (iii) reduced cortical gyrification within the
parietal lobe in TS (which is consistent with reports of reduced sulcal depth within the right
parietal lobe in TS (Molko et al., 2003). Our finding of reduced hemispheric gyrification in
TS strongly suggests that abnormalities of cortical folding underlie SA reductions in TS, and
points towards a role for X-linked genes or sex-steroids in cortical folding. The hypothesis
that differences in SA reflect regionally altered cortical folding in TS could be directly
tested in future studies using automated methods of SMRI analyses. Such methods have been
successfully applied to other neurogenetic syndromes (e.g. William and velocardiofacial
syndrome) and established that chromosomal abnormalities in humans can lead to focal
alterations in cortical folding that coincide with altered CT (Bearden et al., 2008; Gaser et
al., 2006).

Mean CT was greater in TS compared to controls in all lobes, and significantly so within
parietal and occipital lobes bilaterally. The possible mechanisms underlying these CT
increases are considered below. Vertex-based analyses of CT enabled us to establish if
increased mean lobar CT in these regions was due to a generalized or more heterogenous
pattern of parieto-occipital cortical thickening, and if there were more localized regions of
CT alteration in other lobes that did not translate into significant group differences in mean
lobar CT.

Vertex-based assessment of CTin TS

Our lobar CT findings were validated and extended by our vertex-based findings. Our
previous VBM analysis of the cortex within the same sample (Cutter et al., 2006) found
widespread CV reductions in a distribution that closely matches the CT increases we now
report. This suggests that CV reductions identified by VBM in TS may be driven by reduced
SA, as has been found in parallel VBM/surface based analyses of other clinical groups such
as the congenitally blind (Hae-Jong Park, 2009). Another possibility is that group
differences in CT are a result of group differences in SMRI tissue-contrast at the grey-white
tissue interface (e.g. due to group differences in intracortical myelination (Sowell et al.,
2004)) that is used to identify the inner cortical surface during surface-based morphometry
(but which is not explicitly modeled in VBM).

However, the distribution of CT alterations in TS that we identified is highly consistent with
the findings of other studies regarding (i) the functional neuroanatomy in typically
developing individuals of cognitive tasks that are known to be impaired in TS, and (ii) the
regional distribution of differences in cortical activity between people with TS and controls
during the execution of these tasks. Thus, we found significantly increased CT in TS within
regions that are recruited during mental rotation tasks in healthy controls [(Zacks, 2008) -
bilateral intraparietal, temporal-parietal and lateral occipital sulci, and left precentral and
posterior temporal sulci]. Impaired mental rotation is commonly reported in TS (Ross et al.,
2000). Furthermore, we also find CT to be increased in many of the cortical regions where
others have identified functional differences between people with TS and controls using
fMRI [(Molko et al., 2003) — bilateral intraparietal sulci, (Tamm et al., 2003) - lateral frontal
and primary sensory cortices, (Good et al., 2003) - anterior cingulate, inferior frontal, and
temporal cortices]. This suggests that differences in CT and functional alterations of the
cortex in TS are inter-related, although the direction of any putative causal relationship
remains unclear. A practical consequence of this, however, is that future fMRI studies in TS
would benefit from image analysis approaches that allow cortical activation and structure to
be interrelated (Lu et al., 2009).
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Cortical Thickness Co-variance Analyses

These analyses indicated that the structural similarity (as indexed by CT covariance)
between the left IPS and other cortical regions is reduced in people with TS compared to
controls. Structural similarity with the left IPS was most markedly reduced in TS within left
supramarginal, left cingulate, right medial occipital gyri, and large parts of the lateral and
inferior temporal cortices bilaterally. These regions are notable in that (i) they are known to
be connected to the IPS by white matter tracts which are thought to be disrupted in TS (e.g.
inferior and superior longitudinal fasciculus) based on diffusion tensor imaging (DTI) and
SMRI data (Cutter et al., 2006; Holzapfel et al., 2006; Molko et al., 2004), and (ii)
simultaneous functional abnormalities within many of these regions have been previously
documented in TS during fMRI studies [(Kesler et al., 2006; Molko et al., 2003) - left intra-
parietal sulcus, left supramarginal gyrus, superior and middle temporal cortices, cingulate
and right inferior and middle frontal cortices during numerical reasoning].

This convergence of these findings suggests that reductions in the structural connectivity,
and co-ordinated functioning, between the left IPS and a number of other cortical regions in
TS may be associated with a disruption in their co-ordinated structural development —
resulting in reduced structural similarity between the left IPS and these regions. Thus,
multimodal neuroimaging studies are required in TS in order simultaneously assess the
functional and structural connectivity between cortical regions and relate this to CT co-
variance.

Mechanisms for altered cortical anatomy in TS

Our study design and sample size did not allow us to examine how cortical anatomy in TS
might vary as a function of developmental stage, karyotype, previous estrogen or androgen
hormone treatment history, X chromosome parent-of-origin, cognitive profile or psychiatric
co-morbidity. Also, we were not able to directly examine the cellular correlates of the
neuroimaging differences we identified. However, these findings further refine our
understanding of the neuroanatomical phenotype that must be explained in relation to the
genetic and environmental factors that are associated with X monosomy.

An obvious candidate genetic factor is the direct effect of X chromosome gene-dosage
abnormalities on brain development (Davies and Wilkinson, 2006). A recent study related
karyotype and chromosome structure in TS to cognition, and identified altered gene-dosage
within Xp22.3 as a strong candidate for the distinctive phenotype of impaired visuo-spatial
cognition (Zinn et al., 2007). Of the approximately 30 genes within this region, two that
escape X-inactivation are of particular interest - steroid sulfatase (STS) and neuroligin 4
(NLGN4X).

Steroid sulfatase is involved in neurosteroid metabolism, is expressed in the frontal cortex,
and has been linked to anxiety-like-traits within a mouse model of TS (Davies et al., 2007).
Neurologin 4 is involved in synaptic formation and maintenance (Craig and Kang, 2007),
and has been linked to autism spectrum disorders (Jamain et al., 2003), which some have
suggested have partially overlapping behavioural phenotypes with TS (Marco and Skuse,
2006). The early neurodevelopmental effects of haploinsufficiency in these and other X
chromosome genes would be best examined in animal models (Probst et al., 2008) which
would allow phenotypes of interest such as CT and SA to be examined developmentally at
macroscopic, cellular and molecular levels.

It is unlikely, however, that direct effects of haploinsufficiency of X chromosome genes in
TS are the sole determinants of the neurobiological phenotype. Brain development in TS
could be shaped by several aspects of the disorder that are themselves a consequence of
gene-dosage abnormalities. For example altered hormonal milieu is a consequence of
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ovarian failure (and its treatment) in TS, and this is likely to influence the neurobiological
phenotype in TS given the important role gonadal steroids play in neurodevelopment
(McCarthy, 2008) and perhaps also brain aging (Craig et al 2008). Hormonal treatments for
short stature frequently used by TS women may also influence brain anatomy (Cutter et al.,
2006). A further possibility to be considered is that that genetically determined aspects of
the cognitive and behavioural phenotype in TS phenotype (e.g. altered sampling of the social
environment (Mazzola et al., 2006)) can also shape brain development in their own right by
impacting on experience-dependent neuronal plasticity.

In summary, our findings indicate that X chromosome monosomy in humans is associated
with regional increases in CT and decreases in SA/gyrification, so that studies of CV alone
will fail to properly capture the neurostructural phenotype. Thus, haploinsufficiency of X
chromosome genes is associated with alterations in the mechanistically distinct pathways
that shape SA/gyrification (eg cell-cycle dynamics of neural progenitor cell pool) and CT
(e.g. denderitic arborization/pruning) - although further research is required to establish the
cellular correlates of our neuroimaging findings. Finally, by fine-mapping CT, and CT co-
variance across the cortex in TS, we further implicate a number of cortical regions known to
be relevant to the domains of cognition that are impaired in TS, and established as showing
altered function and structural inter-connectivity in TS.
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FIGURE 1.

Map of regions where females with Turner Syndrome (TS) show statistically significant
(after false discovery rate corrections for multiple comparisons) cortical thickening
compared to healthy controls. “Warmer” colors indicate greater difference in cortical
thickness (CT) between groups. The accompanying plot details mean CT (+/— 95%
confidence intervals for the mean) for females with TS and controls at a region of highly
significant group difference in CT — the left intraparietal sulcus. Regions of increased
cortical thickness in females with TS compared to controls were restricted to the
parahippicampal gyri bilaterally, and are not shown here.
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FIGURE 2.
Map showing regions where cortical thickness (CT) in females with Turner Syndrome (TS)

shows significantly less co-variance with left intra-parietal sulcus CT than is seen in healthy
controls. All colored regions are where significant group differences in CT co-variance
survived false discovery rate correction for multiple comparisons (q<0.05). The
accompanying plot illustrates group differences in CT co-variance between the left
intraparietal sulcus and the left supramarginal gyrus. There is a strong relationship between
cortical thickness in these two regions amongst healthy controls, that is not present in
females with TS.
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TABLE 2

Characteristics of participants in the study.

Characteristic Group

Controls (n=19)  Turner Syndrome (n=24)

Age yrs [mean(s.d), range] 27 (7.9), 17-45 26 (7.3), 16-40
VIQ [mean(s.d)] 100 (13.0) 106 (14.4)
PIQ [mean(s.d)] & 107 (13.9) 96 (19.2)
TBV cm? [mean(s.d)] 1176.6 (60.8) 1204.3 (87.5)
Handedness [R/L] 18/1 23/1

X chromosome [parental/maternal] - 1717

Ever taken estrogen replacement 1 24

Ever taken androgen replacement - 11

Ever taken growth hormone - 12

Abbreviations: VIQ(verbal intelligence quotient), PIQ(performance intelligence quotient), TBV(total brain volume)

aSignificamt group difference (p=0.018)
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Raznahan et al.

Talairach co-ordinates for statistically significant vertices of peak cortical thickness difference between

TABLE 4

Page 20

between females with Turner Syndrome and healthy controls after false discovery rate correction for multiple

comparisons (g<0.05).

TURNER SYNDROME >
LEFT

Intraparietal sulcus

Inferior temporal gyrus
Middle frontal gyrus
RIGHT

Inferior temporal gyrus
Lateral occipital gyrus
Cingulate gyrus

Rectal gyrus

TALAIRACH CO-ORDINATES

CONTROLS > TURNER SYNDROME

LEFT
Parahippocampal gyrus
RIGHT
Parahippocampal gyrus

Cingulate gyrus

X Y z
CONTROLS
—28 -69 26
-52 —42 —24
-32 51 8
51 —40 —25
29 -95 -9
1 17 -19
2 38 -11
-17 —-18 -23
28 —24 -17
2 —4 31
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