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The absence of all or part of one X chromosome in female humans
causes Turner’s syndrome (TS), providing a unique “knockout model”
to investigate the role of the X chromosome in neuroanatomy and
cognition. Previous studies have demonstrated TS-associated brain
differences; however, it remains largely unknown 1) how the brain
structures are affected by the type of X chromosome loss and 2)
how X chromosome loss influences the brain-cognition relationship.
Here, we addressed these by investigating gray matter morphology
and white matter connectivity using a multimodal MRI dataset from
34 adolescent TS patients (13 mosaic and 21 nonmosaic) and 21
controls. Intriguingly, the 2 TS groups exhibited significant differ-
ences in surface area in the right angular gyrus and in white matter
integrity of the left tapetum of corpus callosum; these data support a
link between these brain phenotypes and the type of X chromosome
loss in TS. We further showed that the X chromosome modulates
specific brain—cognition relationships: thickness and surface area in
multiple cortical regions are positively correlated with working-
memory performance in controls but negatively in TS. These findings
provide novel insights into the X chromosome effect on neuro-
anatomical and cognitive phenotypes and highlight the role of genetic
factors in brain—cognition relationships.
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Introduction

The X chromosome comprises ~4% of the human genome and
has long been considered to play a crucial role in the develop-
ment of the human brain and intelligence (Lehrke 1972,
Turner 1996, Johnson et al. 2009). X-linked gene defects have
been disproportionately found in various psychiatric disorders
and particularly in mental retardation (Ropers and Hamel
2005, Skuse 2005). Genomic data demonstrated that a large
number of X-linked genes are involved in postsynaptic protein
coding, which is essential for neuronal plasticity and cognitive
processes (Laumonnier et al. 2007, Swingland et al. 2012).

In healthy women with a standard karyotype (46XX), one of
the 2 copies of the X chromosome is randomly inactivated to
ensure the equal expression of X-linked genes with men
(46XY), although a set of genes escapes this X inactivation
(Carrel et al. 1999, Disteche 1999). Additionally, to match the
expression level of the X-linked genes on the single X chromo-
some with those of the autosomal genes on the 2 copies, the

gene expression of the active copy of the X chromosome is up-
regulated in human somatic tissues (Nguyen and Disteche
20006a,b). Intriguingly, this X-linked gene dosage compensa-
tion exhibited variations between tissues, leading to a higher
global expression of X-linked genes in brain tissues than other
tissues for both humans and mice (Nguyen and Disteche
2006a,b). The observed excess dosage in the brain further sup-
ports an essential role of the X chromosome in brain develop-
ment and function. However, to date, empirical investigations
on how the X chromosome influences brain structure and func-
tion remain scarce, particularly in humans.

A naturally occurring “knockout model” for studying the
role of the X chromosome in human brain phenotypes is
Turner’s syndrome (TS), a disorder in female humans charac-
terized by the absence of all or part of a normal second X
chromosome (Sybert and McCauley 2004). TS occurs in ~1 per
2000 live female births and typically leads to aberrant physical
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patients or mixed the 2 types of TS patients. Murphy et al.
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measured between the 2 surfaces at 40 962 vertices per hemi-
sphere using the linked distance in the native space (Lerch and
Evans 2005). The middle cortical surface, defined at the geo-
metric center between the inner and outer cortical surfaces,
was used to calculate the cortical surface area in the native
space (Lyttelton et al. 2009). According to the automated ana-
tomical labeling (AAL) template (Tzourio-Mazoyer et al. 2002),
the cortical surfaces for each hemisphere were parcellated into
39 distinct regions (Fig. 14). For each cortical region, the mean
thickness and total area were calculated as the morphological
measures.

Volume of GM Sub-cortical Structures

We quantified the volume of the sub-cortical structures. Specif-
ically, the FMRIB Integrated Registration and Segmentation
Tool (FIRST) was employed to yield a closed mesh for each
sub-cortical structure in the native space (Patenaude et al.
2011), thereby defining each structure by segmentation and
enabling subsequent volume calculation. Here, a total of 14
sub-cortical structures were calculated: bilateral thalamus,
caudate, putamen, pallidum, hippocampus, amygdala, and
nucleus accumbens.

WM Diffusion Measures

Diffusion-weighted images were processed with the PANDA
pipeline toolbox (Cui et al. 2013). Briefly, PANDA called the
modules of the FMRIB Software Library (FSL) to finish the
skull-stripping, simple-motion and eddy-current correction,
diffusion tensor/parameter calculation, and spatial normaliza-
tion (Jenkinson et al. 2012). For analysis, the 2 most commonly
used diffusion parameters, fractional anisotropy (FA) and
mean diffusivity (MD), were chosen (Beaulieu 2002). Here, we
conducted an analysis at the regional level using the White
Matter Parcellation Map (WMPM) (Mori et al. 2008). Specifical-
ly, a total of 68 WMPM regions were chosen (Fig. 1B), includ-
ing the “core white matter” as well as the reproducible
blade-type white matter structures beneath the cortical gyri
(Mori et al. 2008; Oishi et al. 2008). The remaining peripheral
WM regions near the cortex were excluded because they are
highly variable across individuals. For each WMPM region,

the mean FA and MD were calculated as the connectivity
measures.

Statistical Analysis
To assess the differences between groups in age and intelli-



cortical volume. For each brain measure, the false discovery
rate (FDR) procedure was performed to correct for multiple
comparisons across different regions, and ¢<0.05 (i.e., FDR
corrected P<0.05) was chosen as the level of significance
(Genovese et al. 2002). If a region exhibited a significant main
group effect (i.e., ¢<0.05), post hoc pairwise comparisons
were further applied using the Bonferroni correction.

To determine if the X chromosome modulates brain—cognition
relations, we tested the “brain measure x group” interaction on
each of the cognitive items. This interaction represents the
group difference in the regression slopes between the brain
measures (e.g., cortical thickness, surface area, sub-cortical
volume, FA, or MD) and cognitions. Additionally, all statistical
models included age as a covariate, and the whole-brain vol-
ume was further included as a covariate for cortical thickness,
surface area, and sub-cortical volume analyses. Similarly, to
correct for multiple comparisons across different regions, the
FDR procedure was applied for each brain measure, and
g <0.05 was considered statistically significant.

Results

Demographbics and Cognitive Assessment

The results of demographics and cognitive assessment are
summarized in Table 1. There was no significant difference in
age between groups (P=0.89). The GLM on the cognitive
scores revealed significant group effects (P < 0.05, see Table 1)
on the IQ scores and number/numerosity comparison tasks. A
significant group effect trend was observed for the simple sub-
traction task (P=0.006).

Regarding the post hoc comparisons, the nonmosaic TS sub-
jects had significantly lower IQ score values than the healthy con-
trols (HC), with the exception of the VCI (Bonferroni corrected
P=0.00). The mosaic TS subjects scored lower than the HC on
the FSIQ (Bonferroni corrected P=0.009), PRI (Bonferroni
corrected P=0.003) and PSI (Bonferroni corrected P=0.002).
The 2 TS groups did not differ significantly regarding the 5 IQ
scores. For the 2 math-related tasks showing a significant group

effect, the nonmosaic TS subjects performed significantly
worse than the HC in both the number comparison (Bonferroni
corrected P=0.002) and numerosity comparison (Bonferroni
corrected P=0.009). The mosaic TS subjects scored lower than
the HC only in the numerosity comparison (Bonferroni cor-
rected P=0.03). The mosaic TS subjects outperformed the non-
mosaic TS subjects only in the number comparison (Bonferroni
corrected P=0.02).

The X Chromosome Effects on GM Morphbology

The whole-brain volume did not differ between groups
(P=0.45). The repeated-measures GLM revealed a significant
main group effect on cortical thickness (P=0.01). The post
hoc comparisons indicated a significant difference only bet-
ween the HC and nonmosaic TS subjects (Bonferroni corrected
P=0.01). A significant “region x group” interaction on cortical
thickness was observed (P < 0.001), suggesting a spatially loca-
lized effect. Furthermore, the GLM analysis at the regional
level (78 AAL regions in total) revealed significant group effects
on thickness in 8 cortical regions (FDR corrected P<0.05, see
Supplementary Table 1), including the left/right inferior tem-
poral gyrus, left/right middle temporal gyrus, right lingual
gyrus, right superior temporal gyrus, right posterior cingulate
gyrus, and right precuneus, as illustrated in Figure 24. The
post hoc comparisons found that nonmosaic TS had a greater
thickness in each of the 8 regions than HC (Bonferroni cor-
rected P<0.05) but showed no significant difference with
mosaic TS. Additionally, mosaic TS had a greater thickness than
HC in these regions, with the exception of the right precuneus
(Bonferroni corrected P=0.52) and right middle temporal
gyrus (Bonferroni corrected P=0.12).

Regarding the cortical surface area, the repeated-measures
GLM also showed a significant group effect (£<0.001), and
the post hoc comparisons indicated that the HC had signifi-
cantly larger surface area than both mosaic (Bonferroni cor-
rected P<0.001) and nonmosaic TS subjects (Bonferroni
corrected P<0.001);the 2 TS groups did not differ significant-
ly (Bonferroni corrected P=0.09). As well, there was a signifi-
cant “region x group” interaction (P<0.001). The regional

Table 1
Demographics and cognitive testing

Healthy control (n = 21) Mosaic TS (n = 13) Nonmosaic TS (n = 21) Groyp effect (P-valye) Post hoc pairwise comparison
(Bonferroni-corrected P-valje)
HC/mTS HC/nTS mTS/nTS
Age (years) 140=22 144+22 142 +28 0.89 — — —
GH yse — 10 19 — — — —
ER yse — 2 4 — — — —
1Q scales
FSia 109.2 = 15.3 (20) 89.6 = 17.0 (10) 89.1 + 16.3 (16) 0.0005 0.009 0.002 1.00
WMI 101.7 = 15.7 (20) 92.7 = 14.6 (10) 88.3 = 16.1 (16) 0.04 0.42 0.03 1.00
VCl 117.2 £ 14.2 (20) 102.6 = 19.5 (10) 103.0 = 20.6 (16) 0.03 0.12 0.06 1.00
PRI 103.4 = 13.4 (20) 84.1 =17.3(10) 84.3 = 14.1 (16) 0.0003 0.003 0.0009 1.00
PSI 103.8 = 16.1 (20) 83.9 = 10.5 (10) 84.5+11.8(16) 0.0001 0.002 0.0003 1.00

Math tasks
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A Cortical thickness
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Figure 2. Cortical regions showing significant groyp differences in cortical thickness or syrface area. (4) Cortical thickness; (B) Syrface area. For both A and B, the first row
represents the main groyp effect, and the next 3 rows indicate the post hoc comparison of HC versys nTS, HC versys mTS, and mTS versys nTS, respectively. In the first row, the
color represents the F statistic for the main groyp effect. In the other rows, the color indicates the T statistic for the pair-wise comparison. HC, healthy control; nTS, nonmosaic
Tyrner syndrome; mTS, mosaic Tyrmer syndrome.
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GLM analyses revealed significant group effects in 9 regions
(FDR corrected P<0.05): left/right precuneus, left/right
cuneus, left/right calcarine fissures and surrounding cortex,
left/right superior occipital gyrus, and right angular gyrus
(Fig. 2B and Supplementary Table 2). With the exception of
the left superior occipital gyrus, right precuneus, and right
angular gyrus, the HC had a larger surface area than both TS
groups in the remaining 6 cortical regions (Bonferroni cor-
rected P<0.05), no significant differences in these regions
were found between the 2 TS groups. For the left superior oc-
cipital gyrus and right precuneus, the HC had a significantly
larger surface area than the nonmosaic TS (Bonferroni cor-
rected P<0.05) subjects, and the mosaic TS subjects did not
differ from either the HC or nonmosaic TS groups in this
regard. In contrast, for the right angular gyrus, there was no
significant difference between the HC and nonmosaic TS sub-
jects, both of which showed a larger surface area than the
mosaic TS subjects (Bonferroni corrected P < 0.05).

The repeated-measures GLM revealed a significant main
group effect on the sub-cortical volume (P=0.02), and the post
hoc comparisons found a significant difference only between
the HC and nonmosaic TS groups (Bonferroni corrected P=0.02).
However, no significant “region x group” interaction was ob-
served here (P=0.11), suggesting a diffuse effect of the X
chromosome loss on the sub-cortical volume. Therefore, we
did not perform further regional GLM analysis on each sub-
cortical structure, separately.
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The X Chromosome Effects on WM Connectivity

First, the repeated-measures GLM revealed a significant main
group effect on both FA (£<0.001) and MD (P<0.001). The
post hoc comparisons found that the HC had a significantly
higher FA and lower MD than both mosaic (FA: Bonferroni cor-
rected P=0.002, MD: Bonferroni corrected P=0.02) and non-
mosaic TS subjects (FA: Bonferroni corrected P<0.001;, MD:
Bonferroni corrected P<0.001), but the 2 TS groups did not
differ. A significant “region x group” interaction was found for
FA (P<0.001) but not for MD (P=0.76). This implied that the
effect of X chromosome loss was spatially localized for FA, but
was spatially diffuse for MD. Consequently, separate GLM ana-
lysis was applied to each WMPM region (68 in total) only for
FA, and the results are summarized in Supplementary Tables 3.
Specifically, FA showed a significant group effect in 45 WMPM
regions (FDR corrected P<0.05), as illustrated in Figure 3.
Notably, among the WMPM regions showing significant group
effects, the strongest effect primarily involved the WM tracts/
regions connecting or adjacent to the temporal, occipital, and
parietal cortices. The top 5 regions with the greatest effect on
FA were the left/right temporal blade, left/right occipital blade,
and right superior parietal blade (Table 2).

Among the 53 WMPM regions showing significant group
effects on FA (FDR corrected P < 0.05), the post hoc comparisons
indicated that the nonmosaic TS group had a lower FA than the
HC in 50 regions but showed a lower FA than the mosaic TS sub-
jects in only the left tapetum (Fig. 34). Additionally, the mosaic
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Figure 3. WMPM regions showing significant grop differences in FA. The first row represents the main grop effect, and the next 3 rows indicate the post hoc comparison of HC
versys nTS, HC versys mTS, and mTS versys nTS, respectively. In the first row, the color represents the £ statistic for the main groyp effect. In the other rows, the color indicates the
T statistic for the pair-wise comparison. HC, healthy control; nTS, nonmosaic Tjrner syndrome; mTS, mosaic Tymer syndrome.
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TS subjects had a significantly lower FA than the HC in 35 of the
53 WMPM regions.

As a validation analysis, we additionally tested the main
group effects on the cortical thickness/surface area at the
vertex level and the FA/MD at the voxel level. As illustrated in
Supplementary Figure 1, the results at the vertex/voxel level
were highly convergent with the current findings at the region-
al level (Figs 2 and 3).

X Chromosome Effects on the Brain-cognition
Relationship
To determine the effect of X chromosome loss on the brain—
cognition relationship, the “brain measure x group” interaction
was tested for each of the cognitive items. A significant inter-
action here indicated a significant difference in regression
slopes for the brain measures (e.g., cortical thickness, surface
area, sub-cortical volume, FA, and MD) between groups. As
listed in Table 3, there were significant “brain x group” inter-
actions (FDR corrected P<0.05) for 3 IQ scores (i.e., FSIQ,
PRI, and WMI) but not for any of the math task scores. Specific-
ally, we found a significant “thickness x group” interaction on
FSIQ in 3 cortical regions (right middle frontal gyrus, right su-
perior dorsolateral frontal gyrus, and left rolandic operculum)
on PRI in the right middle frontal gyrus and on WMI in 16 cor-
tical regions (Table 3). Additionally, a significant “area x group”
interaction on FSIQ was also observed in the left middle tem-
poral pole. No sub-cortical structures showed a significant
“volume x group” interaction on any of the cognitive scores,
and no WMPM regions had a significant “FA x group” or MD x
group” interaction. As illustrated in Figure 4 and Supplemen-
tary Figure 2, for the cortical regions with a significant “thick-
ness/area x group” interaction, IQ scores correlated positively
with thickness/area in the HC group but negatively in the 2 TS
groups. The patterns of the brain—cognition relationship were
largely similar among the 2 TS groups.

Finally, to evaluate the effects of covarying the age and the
whole-brain volume, we reran all analyses after excluding
them from our statistical model when applicable. The results
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Table 3
The significant “brain measre X groyp” interactions for the cognitive scores

Cognition Cortical regions

Thickness X grop

Area X groyp

and parietal cortices. Together with cortical morphology
findings, it appears that the loss of the X chromosome primar-
ily influences the parietal-temporal-occipital neural system.
However, it remains to be determined whether the abnormal-
ities in GM and WM observed here are caused independently
or have a causal relationship. Putatively, structural anomalies
in both GM and WM should jointly underlie the abnormalities
in functional activity and connectivity in TS patients (Molko
et al. 2003;Hart et al. 2006, Bray et al. 2011, 2013).

“X chromosome Dosage Effects” on Neuroanatomical
Pbhenotypes During Adolescence

The present study was the first to include mosaic TS patients as
an independent group when studying cortical morphology
and WM connectivity; this method enabled the testing of the
“X chromosome dosage effect” on these brain measures. As
proposed previously (Murphy et al. 1993, 1997), a significant
difference between mosaic and nonmosaic TS indicates an “X
chromosome dosage effect”, which suggests a phenotypic de-
pendence on the X chromosome dosage. The lack of such a
dosage effect implies a binary/categorical consequence of X
chromosome loss, reflecting nonspecific anatomical responses
to genomic effects of altered X chromosome dosage.

Among the GM measures, only the surface area of the right
angular gyrus exhibited a significant difference between the 2
TS groups, with a similar trend observed in the left superior oc-
cipital gyrus (uncorrected P<0.05). Accumulating evidence
has demonstrated that the angular gyrus supports very
complex brain functions and is involved in multiple high-level
cognitive processes such as language, math, and memory
(Seghier 2013). Both structural and functional alterations in
the angular gyrus have been repeatedly found in TS (Haber-
echt et al. 2001, Molko et al. 2003, Kesler et al. 2006), suggest-
ing a link between this structure and the X chromosome. The
observed “X chromosome dosage effect” here sheds further
light on the relationship between the X chromosome and this
structure. Intriguingly, the direction of the group differences

was unexpected to some degree: the surface area of the right
angular gyrus in the mosaic TS subjects was smaller than those
of both the control and nonmosaic TS subjects. This finding
suggests that neuroanatomical changes do not necessarily
follow a monotonic pattern as the X chromosome loss in-
creases. In contrast, the surface area of the left superior occipi-
tal gyrus in the mosaic TS subjects was intermediate between
that of the control and nonmosaic TS this finding was compat-
ible with a linear function of the X chromosome dosage and
brain structure in this scenario. Given its significant role in
visuo-spatial processing (Kesler et al. 2004), the smaller area of
the left superior occipital gyrus may relate to the less severe
visuo-spatial impairment in mosaic TS compared with non-
mosaic TS (Rovet 2004).

Among the WM measures, only the FA of the left tapetum of
corpus callosum exhibited an “X chromosome dosage effect”:
the nonmosaic TS group showed a deceased FA compared
with the mosaic TS group. This suggests a positive effect of the
X chromosome dosage on WM integrity. Given the X dosage
effect on the corpus callosum, an inferior interhemispheric
communication was expected in nonmosaic TS, which may be
associated with worse performance in most cognitive tasks
compared with mosaic TS (Rovet 2004).

Finally, it should be noted that Murphy et al. (1993) reported
“X chromosome dosage effects” on the lenticular and thalamic
nuclei volume, which the present study failed to detect. These
discrepant results may be due to the differences in the age
range of samples (adults vs. adolescents), neuroimaging acqui-
sition techniques or methods of analysis.

The X Chromosome’s Role in the Brain—cognition
Relationship During Adolescence

Intriguingly, the current study observed significant changes in
the relationship between cortical morphology and IQ scores in
specific cortical regions, as indicated by significant “cortical
thickness/surface area x group” interactions for the IQ scores.
These results suggest that some genes on the X chromosome
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may act as modulators in the brain—cognition relationship. Note and vice versa. This finding is of particular implication for cogni-
that the alteration of the brain—cognition relationship does not tive studies, in which the same brain—cognition relation is typic-
necessarily mean a significant group change in brain measures ally presumed across both healthy and patient populations.
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Specifically, the majority of detected differences in the
brain—cognition relationship between TS and controls are
between cortical thickness and the WMI of the IQ test. The al-
terations of the thickness—WMI relationship were primarily
located in the association cortex (locations such as the right
middle frontal gyrus, right superior dorsolateral frontal gyrus,
and left inferior parietal gyri, most of which have been previ-
ously reported as related to working memory) (Baddeley
2003). We also observed changes in the thickness-FSIQ rela-
tionship in the right middle frontal gyrus, right superior dorso-
lateral frontal gyrus, and left rolandic operculum, which are
likely attributable to the detected changes in the thickness—
WMI relationship in these regions (given the substantial contri-
bution of WMI to the FSIQ score).

In healthy girls, both the cortical thickness and surface area
showed a positive correlation with 1Qj this finding was com-
patible with previous IQ studies (Shaw et al. 2006). However,
these relationships were consistently reversed in both the
mosaic and nonmosaic TS patients: the IQ scores increases
with reductions in thickness. This negative correlation in TS
patients is compatible with the group differences between TS
patients and controls (where TS patients had an increased
thickness but a decreased IQ score). The direction of the
brain—cognition relationship did not differ between the mosaic
and nonmosaic TS subjects, though the slopes differed in a
couple of regions, such as the left middle cingulate gyrus. The
dramatic alterations in the brain—cognition relationship due to
X chromosome loss highlight the necessity of taking the brain—
gene interactions into account when predicting human cogni-
tion abilities (Schmidt et al. 2009). Particularly, more attention
should be paid to the role of genetic factors on the brain-
cognition relationship in the context of understanding cogni-
tive profiles of brain diseases (especially the genetic ones).

Direct Genetic Effect or Indirect Hormonal Effect

X-linked genes are known to affect the brain at least in 2 ways:
by directly acting on the brain and by indirectly acting on the
gonads to induce differences in specific gonadal secretions
(i.e., hormones) that have specific effects on the brain (Arnold
2004). To isolate the direct genetic effect from the indirect
hormonal effect, one possible approach is to ensure identical
hormonal levels across individuals with different X-linked gen-
otypes. However, hormonal deficits due to gonadal dysgenesis
are extremely common in TS, therefore, in our case, it is diffi-
cult to differentiate between the direct genetic effect of the X
chromosome and the indirect hormonal effect on the brain.
Our observed neuroanatomical and cognitive phenotypes in
TS patients could be due to a direct genetic factor, an indirect
hormonal factor, or a combination of the 2.

Although identical hormone levels between adolescent TS
patients and healthy controls are difficult to achieve in practice,
a suboptimal alternative is to match the pubertal stage, as an
approximate for the sex hormone level, between groups. Un-
fortunately, despite of the age range from 9 to 18 years, the ma-
jority of TS patients in the present study were at the
prepubertal stage (i.e., pubertal stage I) because spontaneous
puberty development is very rare in TS girls (Pasquino et al.
1997, Bannink et al. 2009), and most of our TS patients did not
undergo ER to artificially induce puberty development.

Nonetheless, we reanalyzed the data with only subjects at
the prepubertal stage (age: 9-12 years), including 8 controls, 8

nonmosaic, and 3 mosaic TS patients. This additional analysis
approximately ensured the matching in both age and pubertal
status between the TS patients and controls. Intriguingly, the
spatial patterns of statistical results for the pre-pubertal stage
(data not shown) are largely similar with those from the entire
cohort, favoring a direct genetic effect for our current findings.
A larger cohort matching for both age and pubertal status
between TS patients and controls is desired to confirm our
findings in the future.

While animal models are essential to dissociate the genetic
and hormonal effects (Arnold and Chen 2009, Raznahan et al.
2013), other human MRI studies have also provided important
clues on this issue. For example, cortical thinning of the tem-
poral cortex has been found in 47XXY men compared with
46XX women and 46XY men (Savic and Arver 2014). This
finding is reciprocal to the comparatively thickening temporal
cortex found in 45XO girls. Given that the sex steroids are low
in both 47XXY males and 45XO females, a direct genetic effect
on the thickness of the temporal cortex is more likely. More-
over, the observed neuroanatomical differences between the
nonmosaic and mosaic TS patients (i.e., “X chromosome
dosage effect”) imply a direct genetic effect: both TS had
gonadal dysgenesis but had different amounts of the X
chromosome (Murphy et al. 1997).

However, a few studies have also demonstrated significant
correlations between hormone levels and neuroanatomical
phenotypes such as the GM volume of the amygdala and para-
hippocampus (Lentini et al. 2013). Particularly, in summariz-
ing MRI findings of the human brain, a recent review found
consistent changes of the medial temporal lobe structures
among different endocrine disorders with either sex steroid
excess or deficiency (Mueller 2013), therefore supporting an
indirect hormonal effect on related brain structures rather than
a direct genetic effect.

Limitations

Finally, a few caveats need to be addressed. First, despite the
scarceness of TS patients and a narrow age range limit, we col-
lected a relatively large number of samples compared with
other TS studies. However, the absolute sample size remains
small. Additionally, the mosaic TS group had fewer samples
than the other 2 groups, resulting in a difference in the statistic-
al power between post hoc pairwise comparisons. Further,
mosaic TS patients with similar proportions of cells missing
the entire second X chromosome are difficult to match, given
the limited number of volunteers available. Therefore, our
current mosaic group was heterogeneous in terms of the cell
proportion. Furthermore, while the mosaicism was confirmed
using a peripheral blood sample, it remains unknown if a de-
tected mosaicism in the blood can indicate a mosaicism in
brain. Third, factors such as GH use, ER treatment, and
X-linked imprinting may also influence the brain structures in
TS (Kesler et al. 2003, Cutter et al. 2006, Lepage, Clouchoux,
et al. 2013, Lepage, Hong, et al. 2013, Lepage, Hong, et al.
2012). Due to the limited sample size and the lack of related in-
formation, it is not feasible to evaluate their effects in the
present study. Future studies with a large sample size are war-
ranted to test these potential confounding factors. Lastly, by
design, the present study focused on a limited age range of
adolescence, which provides a valuable opportunity for under-
standing the X chromosome effects on the brain and cognitive
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development. Caution should be exercised when extrapolating
these findings across the entire life span.

Conclusion

By showing differences between mosaic and nonmosaic TS pa-
tients, the present study revealed “X chromosome dosage
effects” on cortical surface area and WM connectivity, support-
ing a link between the brain structural phenotypes and the
type of X chromosome loss. Furthermore, the relationship
between the cortical morphology and WMI exhibited dramatic
alterations in both TS patient types in specific regions, suggest-
ing that the X chromosome modulates specific brain—cognition
relationships. These novel findings provide new insights into
how the X chromosome affects the human brain, and suggest an
important role of genetic factors in brain—cognition relationships.

Supplementary Material

Supplementary material can be found at: http://www.cercor.oxford
journals.org/.

Funding

This work was supported by the 973 program (no.
2013CB837300), the National Science Foundation of China (nos
81271649, 81322021, 31000499, 31222024 and 31221003), the
Beijing Nova Program (no. Z121110002512032), the Specialized
Research Fund for the Doctoral Program of Higher Education,
China (no. 20130003110002), the Major Project of National
Social Science Foundation (no. 12&ZD228), the Scientific Re-
search Foundation for the Returned Overseas Chinese Scholars,
and the Open Research Fund of the National Key Laboratory of
Cognitive Neuroscience and Learning, China.

Notes

The authors thank Prof. Alan Evans for providing the CIVET tool during
the cortical morphological analysis. The authors thank Prof. Xinlin
Zhou for the helps during the math-related cognitive testing. Also, the
authors sincerely thank the 3 anonymous reviewers for their thoughtful
and constructive comments. Conflict of Interest: None declared.

References

Arnold AP. 2004. Sex chromosomes and brain gender. Nat Rev Neuro-
sci. 5:701-708.

Arnold AP, Chen X. 2009. What does the “four core genotypes” mouse
model tell us about sex differences in the brain and other tissues?
Front Neuroendocrinol. 30:1-9.

Baddeley A. 2003. Working memory: looking back and looking
forward. Nat Rev Neurosci. 4:829-839.

Bannink EM, van Sassen C, van Buuren S, de Jong FH, Lequin M,
Mulder PG, de Muinck Keizer-Schrama SM. 2009. Puberty induc-
tion in Turner syndrome: results of oestrogen treatment on develop-
ment of secondary sexual characteristics, uterine dimensions and
serum hormone levels. Clin Endocrinol. 70:265-273.

Beaulieu C. 2002. The basis of anisotropic water diffusion in the
nervous system—a technical review. NMR Biomed. 15:435-455.
Bray S, Dunkin B, Hong DS, Reiss AL. 2011. Reduced functional con-
nectivity during working memory in Turner syndrome. Cereb

Cortex. 21:2471-2481.

Bray S, Hoeft F, Hong DS, Reiss AL. 2013. Aberrant functional network
recruitment of posterior parietal cortex in turner syndrome. Hum
Brain Mapp. 34:3117-3128.

2852 The Effects of X Chromosome Loss on Brain and Cognition - Xie etal.

Brown WE, Kesler SR, Eliez S, Warsofsky IS, Haberecht M, Patwardhan
A, Ross JL, Neely EK, Zeng SM, Yankowitz J et al. 2002. Brain devel-
opment in Turner syndrome: a magnetic resonance imaging study.
Psychiatry Res Neuroimage 116:187-196.

Carrel L, Cottle AA, Goglin KC, Willard HF. 1999. A first-generation
X-inactivation profile of the human X chromosome. Proc Natl Acad
Sci USA. 96:14440-14444.

Cui Z, Zhong S, Xu P, He Y, Gong G. 2013. PANDA: a pipeline toolbox
for analyzing brain diffusion images. Front Hum Neurosci. 7:42.
Cutter WJ, Daly EM, Robertson DM, Chitnis XA, van Amelsvoort TA,
Simmons A, Ng VW, Williams BS, Shaw P, Conway GS et al. 2000. In-
fluence of X chromosome and hormones on human brain develop-
ment: a magnetic resonance imaging and proton magnetic resonance
spectroscopy study of Turner syndrome. Biol Psychiatry. 59:273-283.

Disteche CM. 1999. Escapees on the X chromosome. Proc Natl Acad Sci
USA. 96:14180-14182.

Engqvist L. 2005. The mistreatment of covariate interaction terms in
linear model analyses of behavioural and evolutionary ecology
studies. Anim Behav. 70:967-971.

Genovese CR, Lazar NA, Nichols T. 2002. Thresholding of statistical
maps in functional neuroimaging using the false discovery rate.
Neuroimage. 15:870-878.

Gong G, He Y, Chen ZJ, Evans AC. 2012. Convergence and divergence
of thickness correlations with diffusion connections across the
human cerebral cortex. Neuroimage. 59:1239-1248.

Gravholt CH. 2005. Clinical practice in Turner syndrome. Nat Clin Pract
Endocrinol Metab. 1:41-52.

Haberecht MF, Menon V, Warsofsky IS, White CD, Dyer-Friedman J,
Glover GH, Neely EK, Reiss AL. 2001. Functional neuroanatomy of
visuo-spatial working memory in Turner syndrome. Hum Brain
Mapp. 14:96-107.

Hart SJ, Davenport ML, Hooper SR, Belger A. 20006. Visuospatial execu-
tive function in Turner syndrome: functional MRI and neurocogni-
tive findings. Brain. 129:1125-1136.

Holzapfel M, Barnea-Goraly N, Eckert MA, Kesler SR, Reiss AL. 2006.
Selective alterations of white matter associated with visuospatial
and sensorimotor dysfunction in Turner syndrome. J Neurosci.
26:7007-7013.

Hong DS, Reiss AL. 2012. Cognition and behavior in Turner syndrome:
a brief review. Pediatr Endocrinol Rev. 9(Suppl 2):710-712.

Jenkinson M, Beckmann CF, Behrens TE, Woolrich MW, Smith SM.
2012. FSL. Neuroimage. 62:782-790.

Johnson W, Carothers A, Deary IJ. 2009. A role for the XChromosome
in sex differences in variability in general intelligence? Perspect
Psychol Sci. 4:598-611.

Kesler SR, Blasey CM, Brown WE, Yankowitz J, Zeng SM, Bender BG,
Reiss AL. 2003. Effects of X-monosomy and X-linked imprinting on
superior temporal gyrus morphology in Turner syndrome. Biol
Psychiatry. 54:636-646.

Kesler SR, Haberecht MF, Menon V, Warsofsky IS, Dyer-Friedman J,
Neely EK, Reiss AL. 2004. Functional neuroanatomy of spatial orien-
tation processing in Turner syndrome. Cereb Cortex. 14:174-180.

Kesler SR, Menon V, Reiss AL. 2006. Neurofunctional differences asso-
ciated with arithmetic processing in turner syndrome. Cereb
Cortex. 16:849-856.

Kim JS, Singh V, Lee JK, Lerch J, Ad-Dab’bagh Y, MacDonald D, Lee JM,
Kim SI, Evans AC. 2005. Automated 3-D extraction and evaluation
of the inner and outer cortical surfaces using a Laplacian map and
partial volume effect classification. Neuroimage. 27:210-221.

Laumonnier F, Cuthbert PC, Grant SG. 2007. The role of neuronal com-
plexes in human X-linked brain diseases. Am J Hum Genet.
80:205-220.

Lehrke R. 1972. Theory of X-linkage of major intellectual traits. Am J
Ment Defic. 76:611-619.

Lentini E, Kasahara M, Arver S, Savic 1. 2013. Sex differences in the
human brain and the impact of sex chromosomes and sex hor-
mones. Cereb Cortex. 23:2322-2336.

Lepage JF, Clouchoux C, Lassonde M, Evans AC, Deal CL, Theoret H.
2013. Abnormal motor cortex excitability is associated with
reduced cortical thickness in X monosomy. Hum Brain Mapp.
34:936-944.

6T0Z Arenuer 20 uo Jasn Areiqi Ansiaaiun rewsoN Bullieg Aq T0T9Z62/2182/6/S2/1oRNSHe-8|9111e/100190/W0d dno dlwapese//:sdny Woi) papeojumod


http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhu079/-/DC1
http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhu079/-/DC1
http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhu079/-/DC1

Lepage JF, Hong DS, Hallmayer J, Reiss AL. 2012. Genomic imprinting
effects on cognitive and social abilities in prepubertal girls with
Turner syndrome. J Clin Endocrinol Metab. 97:E460-E464.

Lepage JF, Hong DS, Mazaika PK, Raman M, Sheau K, Marzelli MJ,
Hallmayer J, Reiss AL. 2013. Genomic imprinting effects of the X
chromosome on brain morphology. ] Neurosci. 33:8567-8574.

Lepage JF, Mazaika PK, Hong DS, Raman M, Reiss AL. 2013. Cortical
brain morphology in young, estrogen-naive, and adolescent,
estrogen-treated girls with Turner syndrome. Cereb Cortex.
23:2159-2168.

Lerch JP, Evans AC. 2005. Cortical thickness analysis examined
through power analysis and a population simulation. Neuroimage.
24:163-173.

Lyttelton OC, Karama S, Ad-Dab’bagh Y, Zatorre RJ, Carbonell F,
Worsley K, Evans AC. 2009. Positional and surface area asymmetry
of the human cerebral cortex. Neuroimage. 46:895-903.

MacDonald D, Kabani N, Avis D, Evans AC. 2000. Automated 3-D ex-
traction of inner and outer surfaces of cerebral cortex from MRI.
Neuroimage. 12:340-356.

Marzelli MJ, Hoeft F, Hong DS, Reiss AL. 2011. Neuroanatomical
spatial patterns in Turner syndrome. Neuroimage. 55:439-447.

Molko N, Cachia A, Riviere D, Mangin JF, Bruandet M, Le Bihan D,
Cohen L, Dehaene S. 2003. Functional and structural alterations of
the intraparietal sulcus in a developmental dyscalculia of genetic
origin. Neuron. 40:847-858.

Molko N, Cachia A, Riviere D, Mangin JF, Bruandet M, LeBihan D,
Cohen L, Dehaene S. 2004. Brain anatomy in Turner syndrome: evi-
dence for impaired social and spatial-numerical networks. Cereb
Cortex. 14:840-850.

Mori S, Oishi K, Jiang H, Jiang L, Li X, Akhter K, Hua K, Faria AV,
Mahmood A, Woods R. 2008. Stereotaxic white matter atlas based
on diffusion tensor imaging in an ICBM template. Neurolmage.
40:570-582.

Mueller SC. 2013. Magnetic resonance imaging in paediatric psycho-
neuroendocrinology: a new frontier for understanding the impact
of hormones on emotion and cognition. J Neuroendocrinol.
25:762-770.

Murphy DG, Mentis MJ, Pietrini P, Grady C, Daly E, Haxby JV, De La
Granja M, Allen G, Largay K, White BJ et al. 1997. A PET study of
Turner’s syndrome: effects of sex steroids and the X chromosome
on brain. Biol Psychiatry. 41:285-298.

Murphy DGM, Decarli C, Daly E, Haxby JV, Allen G, White BJ, Mcin-
tosh AR, Powell CM, Horwitz B, Rapoport SI et al. 1993.
X-chromosome effects on female brain—a magnetic resonance
imaging study of Turners Syndrome. Lancet. 342:1197-1200.

Nguyen DK, Disteche CM. 2006a. Dosage compensation of the active X
chromosome in mammals. Nat Genet. 38:47-53.

Nguyen DK, Disteche CM. 2006b. High expression of the mammalian
X chromosome in brain. Brain Res. 1126:46-49.

Oishi K, Zilles K, Amunts K, Faria A, Jiang H, Li X, Akhter K, Hua K,
Woods R, Toga AW et al. 2008. Human brain white matter atlas:
identification and assignment of common anatomical structures in
superficial white matter. Neuroimage. 43:447-457.

Panizzon MS, Fennema-Notestine C, Eyler LT, Jernigan TL, Prom-
Wormley E, Neale M, Jacobson K, Lyons MJ, Grant MD, Franz CE
et al. 2009. Distinct genetic influences on cortical surface area and
cortical thickness. Cereb Cortex. 19:2728-2735.

Pasquino AM, Passeri F, Pucarelli I, Segni M, Municchi G. 1997. Spon-
taneous pubertal development in Turner’s syndrome. Italian Study
Group for Turner’s Syndrome. ] Clin Endocrinol Metab.
82:1810-1813.

Patenaude B, Smith SM, Kennedy DN, Jenkinson M. 2011. A Bayesian
model of shape and appearance for subcortical brain segmentation.
Neuroimage. 56:907-922.

Rae C, Joy P, Harasty J, Kemp A, Kuan S, Christodoulou J, Cowell CT,
Coltheart M. 2004. Enlarged temporal lobes in Turner syndrome: an
X-chromosome effect? Cereb Cortex. 14:156-164.

Raznahan A, Cutter W, Lalonde F, Robertson D, Daly E, Conway GS,
Skuse DH, Ross J, Lerch JP, Giedd JN et al. 2010. Cortical anatomy
in human X monosomy. Neuroimage. 49:2915-2923.

Raznahan A, Probst F, Palmert MR, Giedd JN, Lerch JP. 2013. High
resolution whole brain imaging of anatomical variation in XO, XX,
and XY mice. Neuroimage. 83:962-968.

Reiss AL, Mazzocco MM, Greenlaw R, Freund LS, Ross JL. 1995. Neuro-
developmental effects of X monosomy: a volumetric imaging study.
Ann Neurol. 38:731-738.

Ropers HH, Hamel BC. 2005. X-linked mental retardation. Nat Rev
Genet. 6:46-57.

Rovet J. 2004. Turner syndrome: A review of genetic and hormonal in-
fl




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


