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Abstract

Background: The study of Turner syndrome offers a unique window of opportunity for 

advancing scientific knowledge of how X chromosome gene imprinting, epigenetic factors, 

hormonal milieu and chronologic age affects brain development in females.

Methods: Here, we describe brain growth trajectories in 55 girls with Turner syndrome (TS) and 

53 typically developing (TD) girls (258 MR image datasets total) spanning 5 years. Using novel 

non-parametric and mixed effects analytic approaches we evaluate influences of X-chromosome 

genomic imprinting and hormone replacement therapy on brain development.

Results: Parieto-occipital gray and white matter regions show slower growth during typical 

pubertal timing in TS relative to TD girls. In contrast, some basal ganglia, cerebellar and limited 

cortical areas showed enhanced volume growth with peaks around 10 years of age.

Conclusions: The parieto-occipital finding suggests that girls with TS may be particularly 

vulnerable for altered brain development during adolescence. Basal ganglia regions may be 

relatively preserved in TS due to their maturational growth prior to, or early in typical pubertal 

years. Taken together, our findings indicate particular brain regions are more vulnerable to TS 

genetic and hormonal effects during puberty. These specific alterations in neurodevelopment may 

be more likely to affect long-term cognitive-behavioral outcomes in young girls with this common 

genetic condition.
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Introduction

Turner syndrome (TS) is caused by partial or complete absence of one of two X-

chromosomes in a female serving, to some extent, as a human X chromosome “knockout” 

model. TS is common, affecting approximately 1 in every 2000–2500 live births, (1, 2) and 

is associated with high risk for impaired neurocognitive functions within the domains of 

visuo-spatial processing, executive function and social cognition (3). Despite consistent 

research indicating neurocognitive abnormalities are common in young girls with TS (3–6), 

only one preliminary study from our group has investigated disorder-specific variation in 

brain development over time. This study, limited to the parietal lobe only, assessed a small 

sample of pre-pubertal girls with TS (n=16) who had not begun hormone replacement 

therapy (7). Therefore, the study of brain development in larger samples of girls with TS 

over multiple time-points, in association with clinical and genetic information, holds 

promise for elucidating X-chromosome related influences on neurodevelopment in 

childhood and adolescence.

The neuroimaging literature has reported relatively consistent neuroanatomical features in 

cross-sectional studies of girls with TS, with evidence suggesting that the TS 

neurophenotype is influenced by age, genomic imprinting, and hormone replacement 

therapy (5, 8–12). Genomic imprinting in TS reflects a process whereby phenotypic features 

may be influenced by whether the retained X chromosome is of maternal or paternal origin. 

The study of genomic imprinting offers insight into potential differences in cognition, 

physical characteristics, and brain morphology in TS. Differences have been observed in 

visceral fat deposits, response to growth hormone, sensorimotor hearing loss, congenital 

heart and kidney malformations between girls with maternally retained (Xm) and paternally 

retained (Xp) X-chromosomes (13).

In healthy females, a large GWAS analysis from 57 studies identified parent-of-origin 

specific associations with pubertal timing (14). This finding suggests that pubertal timing in 

typically developing females is influenced by imprinted genes. The effects of parent-of-

origin genetic factors on girls with hypogonadism is unknown, though such effects might 

lead to neurodevelopmental variation in individuals with TS. Therefore, one goal of this 

study was to examine regional brain growth in TS, with particular reference to brain areas 

that demonstrate puberty-associated temporal patterns of neurodevelopment or are sensitive 

to the effects of genomic imprinting.

The few studies that examined genomic imprinting effects on neuroanatomy indicate greater 

variation from typical development in girls with TS who have a maternally retained sex-

chromosome (5, 11, 13–15). For example, genomic imprinting has been related to smaller 

brain volume in the temporal lobe and cerebellar gray matter (15, 16, 18), smaller volume of 

the caudate nucleus (18), and enlargement in the superior frontal regions in girls with a 
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maternally (Xm) retained X chromosome relative to girls with a paternally (Xp) retained X 

chromosome and controls (11). No studies have yet evaluated the effects of imprinting on 

brain development over time in TS. In the present study, we assessed whether X-linked 

genomic imprinting led to differences in neurodevelopment within a cohort of girls with TS.

Hormone replacement therapy, in the form of estrogen treatment, represents another 

potential influence on brain and behavioral development in TS. Girls with TS, particularly 

those with X monosomy, have greatly reduced estrogen levels and premature ovarian failure 

(12, 19–22). Accordingly, current medical management guidelines for girls with TS 

emphasizes hormone replacement therapy with estrogen to induce and sustain puberty (22–

24). Estrogen is known to significantly influence brain and behavioral development in 

typically developing girls (25, 26). Accordingly, Turner syndrome offers an opportunity to 

study the effects of exogenous and endogenous sex hormones on brain development.

One cross-sectional imaging study that examined brain related differences in separate groups 

of girls with TS prior to estrogen treatment and during treatment suggested 

neurodevelopmental trajectories could be related to estrogen deficiency (12). Due to the 

potential effects of estrogen treatment on brain maturation, we assessed here whether brain 

development differed in girls with TS depending on whether they were receiving estrogen 

therapy at the time of MRI acquisition.

To the best of our knowledge, the results presented here represent the first large-scale 

longitudinal study of brain volume growth over time in TS. Also, we employed an 

innovative, non-parametric analytic approach, the Sandwich Estimator (SwE) toolbox to 

more accurately characterize neurodevelopment trajectories in TS relative to a typically 

developing (TD), age and sex-matched control group (27). Based on prior research, we 

expected to observe slower gray and white volume growth in temporal, parietal, and 

cerebellar gray and white matter volume growth in girls with TS compared with TD girls. 

We also hypothesized differential neurodevelopmental trajectories related to parent-of-origin 

and estrogen therapy in TS.

Methods

Participant demographics

Fifty-five young females with TS associated with 45, X genotype (i.e., X monosomy) (Age: 

11.5±2.6) and 53 young typically developing (TD) (Age: 11.0±2.1) females group matched 

for age met criteria for inclusion in the study and underwent structural MR scanning over 2–

4 visits. In total, 149 scans from the participants with TS and 109 scans from the TD group 

were collected (Table 1). All participants underwent initial screening for potential MRI 

contraindications and medical history to exclude subjects with neurological injury and 

unrelated psychiatric illness. Average IQ scores from the Wechsler Intelligence Scales for 

Children, Fourth edition, are also presented in Table 1.

MRI Acquisition

All MR images were acquired at the Stanford University Lucas Center for Medical Imaging. 

Imaging data were acquired on a 3-Tesla GE MR750 scanner (GE Healthcare, Wauwatosa, 
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WI) with an eight-channel head coil, including high-resolution T1-weighted structural 

images (sagittal slices, repetition time 8.2 msec; echo time 3.2 msec; flip angle 12°; field of 

view 240 × 192 mm; matrix 256X256; 176 slices; voxel size = 1.0 × 1.0 × 1.0 mm).

Quality Assessment

MRI data were visually quality checked to eliminate scans with significant head motion or 

artifacts before pre-processing. Images were visually inspected for severe head motion and 

geometric distortions. Additional qualitative assessment was undertaken on segmented 

images to ensure valid skull-stripping, tissue contrast, and segmentation accuracy.

Tissue Probability Mapping

Tissue probability maps were used to delineate voxels associated with either gray matter 

(GM), white matter (WM), or cerebrospinal fluid (CSF). The template-o-matic (TOM) 

toolbox provides reference data based on an NIH study of normal brain development, using 

typically developing children ages 5–18 years (28). The same set of GM/WM/CSF tissue 

probability maps were used across all subjects and within-subjects across all time-points. 

Table 1 provides average total gray and white matter, and intracranial volume for each group 

and time point.

Voxel-Based Morphometry

Voxel-based morphometry (VBM) was used to quantify volume in GM and WM voxels for 

each structural scan (http://www.fil.ion.ucl.ac.uk/spm/). Volumetric pre-processing was 

implemented with the Computational Anatomy Toolbox (CAT12) with SPM12 using Matlab 

R2015b. Briefly, the pre-processing included skull-stripping of non-brain tissue, within-

subject longitudinal image registration, and two rounds of tissue segmentation. A 

Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL) 

study population template (averaged for all time points) was produced from the initial GM 

and WM segmentations to improve inter-subject alignment and the resolution of child and 

adolescent brain anatomy. Longitudinal image registration and normalization was applied 

with the DARTEL template. Finally, warped and modulated segmented GM and WM images 

were normalized from native space to MNI standard space, and all images were spatially 

smoothed using an 8mm full-width-at-half-maximum (FWHM) Gaussian smoothing kernel. 

The Computational Anatomy Toolbox (CAT12) provided the voxel-wise estimation of the 

local volumes (% volumes) of either gray or white matter tissue. The resulting data provides 

the fraction of the amount of pure tissue at the voxel-level.

Genetic analysis

Genetic analysis was undertaken to determine whether the retained X chromosome in our 

participants with TS was of maternal (Xm) or paternal (Xp) origin. Parental origin was 

determined by amplification of four polymorphic markers located exclusively on the X-

chromosome and one marker in the pseudoautosomal region between the participant and 

mother. Parent-of-origin was determined for all but two participants (36 Maternal/17 

Paternal). One participant was accompanied by a grandparent at data collection, thereby 

providing inadequate genetic data for determining parent-of-origin. Genetic testing from a 
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different participant resulted in identification of individual markers from the mother with 

only one allele from the father. Therefore, this participant was also excluded from imprinting 

analyses as we could not determine a definitive maternal or paternal origin of their X 

chromosome. Table 1 presents summary information regarding TS group parent-of-origin by 

time point.

Statistics

The Sandwich Estimator (SwE) Toolbox for longitudinal and repeated measures 

neuroimaging data was employed for this study (27). The SwE is advantageous as it uses a 

marginal approach to measure how volume changes are associated with age, and can model 

unbalanced study designs where the number of scans may be variable across subjects and 

time. This technique is designed to improve upon standard regression models that assume 

neurodevelopment is spatially coherent, whereas the SwE method allows for non-parametric 

inferences for longitudinal data (27, 29).

There are two types of analyses in the SwE toolbox. The first is a voxel-wise analysis and 

the second tests for cluster-level differences. Within the voxel-wise analysis, the SwE 

method first estimates the parameters of interest with an ordinary least squares model, then 

uses sandwich estimation to account for the within-subject correlation in longitudinal data.

In this longitudinal study, we modeled two age covariates: between-subject (i.e., cross-

sectional age effect) and within-subject (i.e., longitudinal visit effect of age) components 

(27). Of note, the time interval between visits across all subjects was consistent with a one 

year +/−30 day window for nearly all visits. The Age covariate was split into a between-

subject measure reflecting the subject mean (Agei) and a within-subject component 

reflecting the difference with the mean Age - Agei (27, 30). These separate age covariates, 

along with total intracranial volume (TIV), were incorporated into our statistical design to 

model and assess between-group differences in longitudinal volume growth rates.

Regional volume may undergo maturation at the same rate in two populations, however one 

group may have a lower overall volume difference (i.e., height). To assess whether 

developmental trajectories were influenced by smaller or larger volumes as well as volume 

growth rates, a post-hoc analysis explored cross-sectional differences at visit 2 using the 

SwE. Specifically, we computed between group differences in GM and WM volume in girls 

with TS and TD girls when they were approximately 11 ± 2 years of age.

Genomic imprinting and effect of estrogen

Following the TS vs TD longitudinal brain volume analyses, volumetric data were derived 

from our statistically significant regions-of-interest (ROIs) for post-hoc analyses. Linear 

mixed effects models were used to assess the role of genomic imprinting and estrogen status 

on brain maturation. Our model follows previously described multi-level modeling by Mills 

and Tamnes (31). Prior to the mixed effects analysis, an Akaike information criterion 

estimator was carried out to determine the best model fit based on a linear, cubic, or 

quadratic model. A mixed effects analysis with a linear model resulted in the best model fit. 

Specifically, a three-group analysis was utilized to detect differences in brain volume by an 

age interaction across the three subgroups of interest: Xm, Xp, TD controls. Similarly, a 
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linear mixed effects model with age centered at 10 and 14 was used to examine volume 

differences between two TS subgroups designated according to estrogen status (E+ or E−) 

and TD girls [Table 3; Figures 5, 6].

Results

Genomic and Hormonal Status

Of the collected genomic data in the group with TS, 36 had a maternal (Xm) and 17 had a 

paternal (Xp) inherited sex chromosome. For the TS group, the number of girls who were 

receiving estrogen replacement therapy at each time-point is reported in Table 1.

Gray Matter Findings

Voxel-Based Morphometry analysis demonstrated that the rate of GM volume growth was 

significantly slower in specific regions for the TS group compared with the TD group across 

the study period, based on a statistical threshold of p<0.01 FDR-corrected voxels. Voxel-

level findings indicated four major regions showing a slower rate of volume growth: 1) right 

V1/calcarine cortex, 2) bilateral pre/postcentral gyrus, 3) right middle temporal gyrus, and 4) 

left middle cingulate cortex. Girls with TS also showed faster regional rates of GM volume 

growth compared with TD girls in 4 major clusters at p<0.01 FDR corrected height and 

clusters: 1) right parahippocampal cortex, 2) left lingual gyrus/cerebellum, 3) left putamen, 

4) right insula/STG [Table 2; Figure 1, Figure 2]. Analyses were also evaluated with total 

intracranial volume as a covariate and results were unchanged.

White Matter Findings

Whole brain VBM analysis of WM volume growth was significantly slower between the 

group with TS and the TD group (p<0.01 FDR-corrected). Participants with TS showed 

slower rates of volume growth in temporal and parieto-occipital regions including: 1) 

bilateral postcentral, 2) left cuneus, 3) bilateral precentral, 4) right supramarginal, 5) 

bilateral calcarine/lingual, 6) left fusiform/parahippocampal WM, 7) right middle temporal 

WM, and 8) right superior occipital WM expanding to the precuneus [Table 2, Figure 3]. 

Findings did not show an increased rate of WM growth in TS at the voxel-level after 

correcting for multiple testing. This was consistent when total intracranial volume was 

included as a covariate.

Genomic Imprinting

The mixed effects analysis indicated that imprinting status moderated region-specific 

neurodevelopment in girls with TS [Supplementary Figure 1]. From the ROI’s that showed 

slower GM growth in the overall TS group relative to TD controls, the Xp subgroup showed 

less GM growth in the right middle temporal gyrus relative to TD girls (t-value: −2.5, 

p<0.01). From the ROI’s that showed faster GM rate of growth in the overall TS group, the 

Xm group showed a more positive slope compared with TD girls in left lingual and 

cerebellar regions (t-value: 3.34, p<0.001) and right parahippocampal region (t-value: 3.31, 

p<0.001), and the Xp group showed a more positive slope compared with TD girls in the 

right parahippocampal region (t-value: 2.9, p<0.01) [Supplementary Figure 1]. Analysis of 

WM ROI’s that showed slower growth in the overall TS group indicated that the Xm group 
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had a more negative slope relative to the TD group in left post central white matter (t-value, 

−2.95, p<0.001). Differences between Xm and Xp were not significantly different when 

slopes were compared directly.

Estrogen Status

The mixed effects analysis indicated that estrogen status moderated region-specific 

neurodevelopment in girls with TS. With respect to GM regions that showed slower growth 

in the overall group of girls with TS relative to TD controls, girls with TS who did not 

receive estrogen (TS E−) showed a more positive slope for volume growth over time relative 

to girls with TS receiving estrogen (TS E+) in right calcarinelingual, left postcentral-inferior 

parietal, right postcentral-inferior parietal, and right middle temporal gray matter [Table 3; 

Supplementary Figure 2]. Gray matter regions with faster growth rates in the overall TS 

group also showed a more positive slope for the TS E − group relative to the TS E+ group in 

the left lingual-cerebellar and right parahippocampal gray matter [Table 3; Supplementary 

Figure 3]. For WM ROI’s with slower rates of WM growth in the overall TS group, the TS E

− subgroup showed a more positive slope of volume change relative to the TS E + subgroup 

in the left precentral, right supramarginal, left calcarine-lingual and left cuneus-precuneus 

WM areas [Table 3, Supplementary Figure 4].

Cross-sectional Analyses

A cross-sectional analysis at Visit 2 identified reduced volume in girls with TS (Age: 

11.43±2.62) relative to TD girls (Age: 12.13±1.91) in GM and WM clusters including: 1) 

bilateral calcarine gyri, 2) right precuneus, 3) bilateral posterior cingulate gyrus, 4) left 

cuneus, 5) bilateral postcentral gyrus, and 6) left inferior temporal regions.

Discussion

Our longitudinal investigation of brain growth in TS provides novel and important 

information about regionally specific neurodevelopmental trajectories in this condition. We 

investigated regional brain volume growth from early childhood into adolescence in girls 

with TS relative to TD girls. GM growth showed both slower and faster rates of growth in 

TS across specific brain regions, whereas regional WM growth was slower in TS in 

comparison with TD girls. In addition, findings from the cross-sectional analysis at the 

second time-point are consistent with regions identified in the longitudinal analysis. Finally, 

we assessed the potential effects of genomic imprinting and estrogen on neurodevelopment. 

The results suggest that developmental trajectories of particular brain regions may be 

moderated by both genomic imprinting and estrogen status.

We found that girls with TS show smaller regional GM and WM volumes and that growth 

peaks in somatosensory and inferior frontal regions around age 10, while growth in these 

regions peaks by age 12 in TD girls. Previous studies of typical neurodevelopment also show 

inverted “U” shape growth in these regions around age 12 (32–34). This finding indicates 

that aberrant neurodevelopment is present early in childhood in TS and extends into 

adolescence. Our findings of slower brain volume growth in parieto-occipital regions are 

consistent with a longitudinal investigation across two time-points (7) and cross-sectional 
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reports of reduced volume in these areas in girls (15, 35–38) and adult women (18, 39) with 

TS. These results provide additional evidence for a distinct developmental neuroanatomical 

profile, and indicate that these regions are sensitive to X-monosomy.

The TS group studied here demonstrated aberrant neurodevelopment in parietal regions 

implicated in somatosensory and visuo-spatial functions. Further research investigating 

associations between structure and function using multi-modal imaging would allow for 

more clinical inferences to be made. One study on the development of human somatosensory 

functions suggests that regions experiencing early neurodevelopmental insult may be 

predictive of later functional deficit (40). This hypothesis suggests sensory deficits may 

occur in later adolescence in girls with TS when cortical folding patterns become more 

complex (41). Our finding highlights the importance of long-term longitudinal investigations 

in TS as well as other cohorts who have genetic or medical risk factors for aberrant brain 

development.

Of interest, STG, lingual, insula, and parahippocampal regions showed faster rates of growth 

in girls with TS relative to TD girls with a plateau in volume around age 10 for both groups. 

This finding suggests specific brain regions that typically mature around age 10 may have 

faster volume growth in girls with TS. These regions are involved in verbal memory, speech 

production and object naming; supporting the behavioral finding of preserved or even 

enhanced verbal abilities in girls with TS (3, 16, 38, 42). Accordingly, the results presented 

here may represent a neuroanatomical phenotype associated with preserved cognitive 

abilities in girls with TS. Potentially, this represents a dynamic neurodevelopmental 

adaptation or compensation in these anatomical regions.

Genomic Imprinting

When we examined the influence of genomic imprinting, girls with a maternally retained X-

chromosome (Xm) had significantly different trajectories relative to TD girls in the left 

lingual gyrus extending to the cerebellum and in the right parahippocampal area. These 

findings are consistent with previous cross-sectional investigations in the literature where 

girls with Xm showed the largest differences compared with typically developing girls (5, 

15) and support the hypothesis that genomic imprinting may influence regional 

neurodevelopment in this condition. Additional longitudinal research in larger cohorts of 

individuals with TS could help to clarify associations among genomic imprinting effects, 

brain morphology and cognition. This topic was beyond the scope of our current study of 

genomic imprinting moderating neurodevelopment in TS.

Estrogen Status

Our results showed significant slope differences in specific brain regions based on the 

presence or absence of hormone replacement therapy in girls with TS. TS E− girls showed 

the largest slope differences relative to TS E+ in right calcarine-lingual, left postcentral-

inferior parietal, right postcentral-inferior parietal, right middle temporal, left lingual-

cerebellar, right parahippocampal GM, and left precentral, right supramarginal, left 

calcarine-lingual, and left cuneus-precuneus WM. Potentially, exogenous estrogen allows 

regional GM volume to undergo more normalized brain maturational processes around 
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puberty. Based on animal studies, it has been posited that a second restructuring occurs 

during pubertal “hormonal events” (25, 43), where sex steroid hormones have been related 

to restructuring of the visual cortex in animals (44). The WM findings appear more complex. 

Girls with TS E+ showed a lower slope for volume change in left precentral, right 

supramarginal, left calcarine-lingual and left cuneus-precuneus WM relative to girls with TS 

E−. These results are potentially consistent with one longitudinal imaging study in typically 

developing adolescents that showed that girls with lower estradiol levels displayed increased 

WM growth relative to girls with higher estradiol levels (26). A possible explanation for 

these findings is that increased exogenous estrogen during adolescence may decrease 

myelination, a finding that has been reported in female rats during puberty (45). Our 

findings indicate that specific brain regions may be more sensitive to estrogen during 

development. This raises the potential for timing of hormone replacement therapy to not 

only induce puberty for feminization, but also normalize neurodevelopmental processes in 

regions that are more hormone dependent. Evaluation of specific estrogen dosage and 

therapy duration prior to MRI scanning in conjunction with our growth models could 

potentially contribute to more specific treatment recommendations for developing girls with 

TS. In summary, divergent trajectories observed within TS hormonal subgroups suggest that 

maturation of specific GM and WM areas are moderated by estrogen treatment.

Cross-sectional differences during peak development

When volume differences were compared cross-sectionally at the second visit we found less 

local GM volume in the right calcarine gyrus, bilateral post central gyri, right STG, left 

fusiform gyrus, and left cerebellum. These findings are consistent with previous cross-

sectional studies in TS and support regional volume differences between these populations 

during ages of typical peak neurodevelopment. We demonstrate that volume differences and 

growth rates should both be considered when evaluating how brain development unfolds in 

longitudinal studies of young children through adolescence.

Non-parametric models

Finally, our study addresses the utility of non-parametric longitudinal models in longitudinal 

brain imaging research. Specifically, our analytic approach allowed us to probe regional 

trajectories of neurodevelopment and identify differential changes across brain regions over 

time. Standard statistical packages in popular neuroimaging software pipelines make 

parametric assumptions for longitudinal data (46). Such models can be useful in two time-

point studies with matching samples; however, imaging data with heterogeneous visit and 

group variances are more complex. Accordingly, recent methodological advances have 

achieved fast and accurate modeling of longitudinal neuroimaging data through non-

parametric inferences (27). Here, using non-parametric longitudinal analysis, we identified 

regions of aberrant growth rates during childhood and puberty in a large sample of girls with 

TS.

Study strengths and weaknesses

A particular strength of the study was the large-scale longitudinal design employed. This 

allowed us to show longitudinal volume change related to diagnosis, genomic imprinting, 

and hormone replacement therapy in girls with TS seven to 14 years of age. Furthermore, the 
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statistical model allowed us to include individuals with scan drop-out over time with an 

alternative non-parametric procedure.

Only volume was employed as our neural measure of interest. Genomic imprinting and 

estrogen status also may affect morphological measures of cortical thickness and surface 

area12. Further research, including cortical thickness and surface area measures may 

distinguish different features of pathophysiological changes during development in TS. In 

addition, the population of girls who initiated estrogen treatment after study entry was 

limited. This was a naturalistic study and therefore hormone replacement therapy initiation 

was not controlled.

As expected (3), the two groups showed differences in average IQ with greater between-

group divergence in non-verbal cognitive functions (Table1). However, all mean IQ scores 

for the TS group were in the average range of intelligence except for the Perceptual 

Reasoning Composite, which is comprised of subtests that measure nonverbal abstract 

reasoning skills, perceptual reasoning, and perceptual organization, known areas of cognitive 

weakness in TS (3).

Conclusion

The diagnosis of TS, along with genomic imprinting and estrogen treatment status 

significantly alter neurodevelopment from childhood into adolescence. Brain regions 

associated with verbal memory and encoding, which are relatively preserved neurocognitive 

functions in TS, displayed an increased rate of growth in girls with TS relative to TD girls. 

Girls with Xm show different growth trajectories than typically developing girls in lingual, 

cerebellar, and parahippocampal regions. Taken together, these findings indicate that regions 

with peak volume growth typically occurring during puberty may be particularly “at risk” 

for impaired development during adolescence in TS, while regions of earlier peak growth 

may be less hormone-dependent. Further research highlighting the role of sex-hormones and 

their interaction with X-chromosome expression is of interest to elucidate how typical 

neurodevelopment unfolds in females.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1: Developmental trajectories for regions with less gray matter over time in girls with TS 
relative to TD girls.
Average and individual trajectories show local amount of gray matter in % volume (y-axis) 

by age in years (x-axis) in girls with X-monosomy (blue) and typically developing girls 

(red). Shaded area represents the 95% confidence intervals of the intercept. 3D brain image 

represents regions of slower GM growth, where T-values are represented by color bar.
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Fig. 2: Developmental trajectories for regions with increased gray matter over time in girls with 
TS relative to TD girls.
Average and individual trajectories show local amount of gray matter in % volume (y-axis) 

by age in years (x-axis) in girls with X-monosomy (blue) and typically developing girls 

(red). Shaded area represents the 95% confidence intervals of the intercept. 3D brain image 

represents regions of increased GM growth, were T-values are represented by the color bar.
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Fig. 3: Developmental trajectories for regions with less white matter over time in girls with TS 
relative to TD girls.
Average and individual trajectories show local amount of gray matter in % volume (y-axis) 

by age in years (x-axis) in girls with X-monosomy (blue) and typically developing girls 

(red). Shaded area represents the 95% confidence intervals of the intercept. 3D brain images 

represents regions of slower WM growth, where T-values are represented by color bar.
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