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47,XXX (Triple X syndrome) is a sex chromosome aneuploidy characterized by the presence of a supernumerary X chromosome in
affected females and is associated with a variable cognitive, behavioral, and psychiatric phenotype. The effect of a supernumerary X
chromosome in affected females on intracortical microstructure is currently unknown. Therefore, we conducted 7 Tesla structural MRI
and compared T1 (ms), as a proxy for intracortical myelin (ICM), across laminae of 21 adult women with 47,XXX and 22 age-matched
typically developing females using laminar analyses. Relationships between phenotypic traits and T1 values in 47,XXX were also
investigated. Adults with 47,XXX showed higher bilateral T1 across supragranular laminae in the banks of the superior temporal sulcus,
and in the right inferior temporal gyrus, suggesting decreases of ICM primarily within the temporal cortex in 47,XXX. Higher social
functioning in 47,XXX was related to larger inferior temporal gyrus ICM content. Our findings indicate an effect of a supernumerary X
chromosome in adult-aged women on ICM across supragranular laminae within the temporal cortex. These findings provide insight
into the role of X chromosome dosage on ICM across laminae. Future research is warranted to further explore the functional significance
of altered ICM across laminae in 47,XXX.
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Introduction
Triple X syndrome is a relatively common sex chromosome aneu-
ploidy (SCA) characterized by the presence of a supernumerary
X chromosome, resulting in a karyotype of 47,XXX in affected
females, and has an estimated incidence of about one in 1,000
female newborns (Otter et al. 2010). 47,XXX is not typically asso-
ciated with facial dysmorphology or distinct physical features
and the phenotype is generally mild (Tartaglia et al. 2010). There-
fore, it is estimated that only 16% of cases are clinically diag-
nosed (Viuff et al. 2015). It is hypothesized that overexpression
of genes on the X chromosome that escape X-inactivation, as
well as incomplete X chromosome inactivation, may result in
the phenotypic traits associated with 47,XXX (Nielsen et al. 2020;
Raznahan and Disteche 2021). However, minor physical findings
can be present in some individuals with 47,XXX including clin-
odactyly, epicanthal folds, and tall stature, with body segment
proportions typically showing a short sitting height and long legs
(Tartaglia et al. 2010). Sex hormone levels are usually normal in
individuals with 47,XXX (Green et al. 2018; Skuse et al. 2018).
Deficits in children and adolescents with 47,XXX have been found

in several domains, including motor skills, speech, receptive and
expressive language, educational achievement, and interpersonal
relationships (Leggett et al. 2010; Lenroot et al. 2014; Urbanus
et al. 2021; Capelli et al. 2023). Additionally, women with 47,XXX
are at increased risk for developing autism spectrum disorder
(ASD) and attention-deficit hyperactivity disorder, as well as other
psychiatric disorders including psychotic, anxiety, and depressive
disorders (Otter et al. 2010; Green et al. 2018; van Rijn 2019;
Berglund et al. 2022; Sánchez et al. 2023). Previous studies in
adult women with 47,XXX showed psychiatric disorders in about
50% of the participating cases (Freilinger et al. 2018; Otter et al.
2022). Children and adolescents with 47,XXX often present with a
variable cognitive phenotype, including mild learning disabilities
and manifestations of executive dysfunction (Tartaglia et al. 2010;
van Rijn and Swaab 2015; van Rijn et al. 2016). Lower mean full-
scale IQ (FSIQ) has been reported in children, adolescents, and
adults with 47,XXX, with the normal curve shifted to the left
compared to healthy controls. Verbal IQ (VIQ) is generally more
impaired compared to performance IQ (PIQ) (Otter et al. 2010;
Tartaglia et al. 2010; Otter et al. 2022). Lastly, social functioning
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and social cognition deficits have been reported in children and
adults with 47,XXX (Lee et al. 2012; van Rijn et al. 2014; Wilson
et al. 2019; Otter et al. 2021).

In the last three decades, interest in the neurobiological effects
in SCAs, including 47,XXX, has increased, including effects on
brain structure and brain function as they can serve as promising
models for examining the effects of sex chromosomes on brain
development and clinical disease in the general population.
Previous neuroimaging studies have revealed alterations in brain
gray matter structure and function in children, adolescents, and
adults with 47,XXX (Warwick et al. 1999; Patwardhan et al. 2001;
Lenroot et al. 2014; Fish et al. 2016; Reardon et al. 2016; Mankiw
et al. 2017; Nadig et al. 2018; Serrarens et al. 2022; Serrarens
et al. 2023). More specifically, individuals with 47,XXX showed
alterations of total brain volume (Warwick et al. 1999; Patwardhan
et al. 2001; Lenroot et al. 2014; Fish et al. 2016; Reardon et al. 2016;
Mankiw et al. 2017; Nadig et al. 2018), cortical gray matter volume
(Lenroot et al. 2014), cortical white matter volume (Lenroot et al.
2014), subcortical nuclei volume (Reardon et al. 2016; Nadig et al.
2018; Serrarens et al. 2022), cortical thickness and surface area
(Lenroot et al. 2014; Serrarens et al. 2022), and cortical folding
(Fish et al. 2016). Moreover, adult individuals with 47,XXX showed
altered frontoparietal functional connectivity at rest (Serrarens
et al. 2023). However, intracortical (gray matter) microstructure
has not been investigated in children, adolescents, or adults with
47,XXX. Moreover, studies investigating intracortical microstruc-
ture in other SCAs, including 45,X0 (Turner syndrome), 47,XXY
(Klinefelter syndrome), and 47,XYY (XYY syndrome), are still
lacking.

The human cerebral cortex is a complex structure comprising
6 morphologically and functionally distinct layers, also known as
laminae, that differ in the density and arrangement of neuronal
cells, and their pattern of myelination (Trampel et al. 2019). Myelin
is a lipid- and protein-rich sheath formed by oligodendrocytes
and wrapped around axons in the nervous system that greatly
enhances the speed of action potential propagation, provides
nutritional support for axons, and is necessary for maintaining
proper brain function (Nave 2010; Orthmann et al. 2020; Guo et al.
2023). White matter myelin has been found to play a key role
in cognitive functioning (O’Muircheartaigh et al. 2014; Chevalier
et al. 2015; Dai et al. 2019; Gong et al. 2023), and abnormalities in
white matter myelination have been linked with multiple sclerosis
(Lemus et al. 2018), Alzheimer’s disease (Nasrabady et al. 2018),
and several psychiatric disorders (Lewandowski et al. 2014; Ho
et al. 2021). Although primarily concentrated in white matter,
myelinated axons are also present in the cortex. Recently, there
has been a growing interest in assessing the content of intra-
cortical myelin (ICM), and advances in neuroimaging techniques
have enabled the noninvasive visualization of ICM content in vivo.
Several MRI contrasts are sensitive to ICM content (Glasser and
Van Essen 2011; Cohen-Adad et al. 2012; De Martino et al. 2015),
and studies have demonstrated alterations in ICM in patients
with multiple sclerosis (Barletta et al. 2021), Alzheimer’s disease
(Pelkmans et al. 2019), and several psychiatric disorders (Baranger
et al. 2021; Suh et al. 2023; Zhang et al. 2023; Chen et al. 2024).
Quantitative T1 maps are also sensitive to ICM content (Stüber
et al. 2014; Waehnert et al. 2016). T1, which is the time constant
(in ms) governing the recovery of the longitudinal component of
the magnetization following radio-frequency excitation, is an MRI
parameter that is closely related to tissue myelination (Koenig
et al. 1990). It has been suggested that myelin and compounds
colocalized to myelin influence the longitudinal T1, with corti-
cal regions with higher myelination showing reduced T1 (ms)

(Haast et al. 2016). T1 maps have, for example, been used to
visualize myelination patterns in the auditory and visual cortices,
regions that are characterized by high myelination and low T1
(Waehnert et al. 2016). Moreover, T1 map values have also been
shown to vary across cortical laminae (Tardif et al. 2015; Waehnert
et al. 2016; Sprooten et al. 2019).

To the best of our knowledge, there have been no ICM studies
conducted in 47,XXX. Therefore, it remains unclear whether intra-
cortical microstructure across laminae is affected in individuals
with 47,XXX. Hence the effect of X chromosome dosage on ICM
across laminae is unknown. The present study aimed to compare
quantitative T1 maps of gray matter across laminae between
adult individuals with 47,XXX and typically developing females
using ultra-high field (7 Tesla) structural MRI. Furthermore, given
previous evidence of lower IQ, impaired social functioning and
social cognition, we explored whether the variability of these (cog-
nitive) outcomes was related to variability in T1 across laminae in
47,XXX.

Materials and methods
All procedures in this study were performed in accordance with
the ethical standards established by the respective national and
institutional committees regarding human experimentation and
in accordance with the Declaration of Helsinki. All procedures
involving human subjects were approved by the Medical Ethics
Committee of the Maastricht University Medical Centre, Maas-
tricht, the Netherlands (METC143051/NL46871.068.14). Written
informed consent was obtained from all participants.

Participants
Twenty-one adults with 47,XXX and 22 age-matched typically
developing females, aged 18 to 59, were included in this study.
The Dutch (NL) and Flemish (B) individuals with 47,XXX were
recruited through the 47,XXX support group, clinicians, clinical
geneticists, pediatricians, and gynecologists. Typically developing
females were recruited independently through local advertise-
ment. General inclusion criteria were (i) 18 years or older of age,
(ii) mental capacity to give informed consent, and (iii) a sufficient
command of the Dutch language. Individuals with 47,XXX were
included if a 47,XXX karyotype or a mosaic 46,XX/47,XXX kary-
otype with at least 85% cells with an extra X chromosome was
genetically confirmed. Exclusion criteria for all study participants
were (i) being under legal guardianship, (ii) contraindications for
MRI, and (iii) pregnancy.

Instruments
A shortened version of the Dutch Wechsler Adult Intelligence
Scale, Third Edition (WAIS-III; Velthorst et al. 2013) was adminis-
tered to all participants to estimate the level of intellectual func-
tioning. The Emotion Recognition Task (ERT) of the Cambridge
Neuropsychological Test Automated Battery (CANTAB; Cambridge
Cognition, Cambridge, UK; see www.cambridgecognition.com)
was used to assess social cognition in all participants. The
total number of correctly identified emotions, with a maximum
score of 180, was included as the outcome measure of the
ERT (Cambridge Cognition 2014). The Dutch translation of the
informant/observer version of the Social Responsiveness Scale
for adults (SRS-A) was used to assess social responsiveness
(which is considered a screening instrument for ASD) in all
participants (Constantino et al. 2012). The SRS-A questionnaire
is subdivided into 4 subscales including (i) social awareness,
(ii) social communication, (iii) social motivation, and (iv) rigidity
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and repetitive behavior. SRS-A scales are reported as T-scores with
scores <40 indicating high social functioning, scores between 40
and 59 indicating normal social functioning, scores between 60
and 75 indicating mild to moderate social deficits, and scores ≥76
indicating severe deficits.

MRI data acquisition
MRI data acquisition was carried out at Scannexus B. V.
(https://scannexus.nl) on a Siemens Magnetom 7 T scanner
(Siemens Healthineers, Erlangen, Germany) using a 1Tx/32Rx
commercial head coil (Nova Medical Inc., Wilmington, MA,
USA). Anatomical data were acquired using a 3D-MP2RAGE
sequence (Marques et al. 2010); repetition time (TR) = 5,000 ms;
echo time (TE) = 2.51 ms; inversion times TI1/TI2 = 900/2,750 ms;
α1/α2 = 5◦/3◦; phase partial Fourier = 6/8; GRAPPA = 2 with 24
reference lines; bandwidth = 248 Hz/Px; nominal voxel size = 0.7
× 0.7 × 0.7 mm3; acquisition time = 10:57 min. When using a 3D-
MP2RAGE sequence, images at the two inversion times (TI1/TI2)
are used to calculate the UNI (or T1w), and the quantitative T1
maps. These maps can be obtained directly from the scanner.

Preprocessing of imaging data
Preprocessing of anatomical data was first carried out using
presurfer scripts (https://github.com/srikash/presurfer, Kashyap
2021) to first remove the background noise from the MP2RAGE
UNI (T1w) image (presurf_MPRAGEise.m) and then, an accurate
brainmask (“stripmask”) was obtained using SPM12’s unified
segmentation approach (presurf_UNI.m) (Ashburner and Friston
2005). The stripmasks were visually inspected in each participant
and manually corrected using ITK-SNAP (Yushkevich et al.
2016) in cases in which the automatic masking was suboptimal
(Kashyap et al. 2021). The T1w image and corrected mask were
supplied as input to the recon-all pipeline of FreeSurfer (v7.3.2)
to perform segmentation and cortical surface reconstruction
(https://surfer.nmr.mgh.harvard.edu/, Fischl 2012) in native
submillimeter resolution (https://surfer.nmr.mgh.harvard.edu/
fswiki/SubmillimeterRecon).

Laminar analysis
The pial and white surfaces from FreeSurfer were further processed
using FreeSurfer and LayNii (v2.4.0.; Huber et al. 2021) (https://
github.com/srikash/surf_laynii/, Kashyap 2023). In brief, the white
and pial surfaces were shifted toward the white matter and cere-
brospinal fluid, respectively, by 30% of the cortical thickness using
FreeSurfer’s mris_expand tool to account for any small discrepan-
cies in the placement of the boundaries when using 3D-MP2RAGE
for automatic segmentation (Fujimoto et al. 2014; Kashyap et al.
2021). The surfaces were then transformed into volumetric space,
upscaled, and relabeled as per LayNii requirements. Finally, a total
of nine intracortical equivolume laminae were delineated using
LayNii’s LN2_LAYERS (Waehnert et al. 2014; Huntenburg et al.
2017), where the first lamina is the deepest and closest to the
white matter boundary, and the last lamina is the most superficial
and closest to the pial surface. The number of nine laminae was
chosen based on a compromise between computational feasibility
and smoothness (please see https://layerfmri.com/2019/02/22/
how-many-layers-should-i-reconstruct/).

Correction of quantitative T1
B1+ maps acquired during scanning were used to correct the
quantitative T1 map images (Marques and Gruetter 2013; Haast
et al. 2018) using publicly available scripts (https://github.com/
JosePMarques/MP2RAGE-related-scripts). The corrected T1 maps

and FreeSurfer’s parcellation schemes based on the Desikan–
Killiany atlas (Desikan et al. 2006) were also upsampled to 0.3 mm
isotropic resolution for further laminar analysis. Quantitative
T1 laminar profiles were obtained from 68 (34 left and 34 right
hemisphere) cortical regions of interest. Mean T1 values (ms) were
sampled from each region of interest of the Desikan–Killiany atlas
for the 9 intracortical laminae.

Statistical analysis
Statistical analyses were performed in R, version 3 (R Core Team
2020). First, differences in group demographics including age,
FSIQ, VIQ, and PIQ were examined using Mann–Whitney U tests
and independent-samples t-tests according to the normality of
data distribution. Second, ERT scores were transformed into stan-
dardized Z-scores to identify outliers (Z-scores smaller than −3 or
larger than 3) and no outliers were detected. Normally distributed
raw scores on the ERT of the CANTAB were compared between
groups using the independent-samples t-test. Normally and non-
normally distributed total SRS-A T-scores and T-scores for SRS-
A subscales were compared using independent-samples t-tests
and Mann–Whitney U tests, respectively. Group differences in T1
values were examined using multiple linear regression models
via the lm function in R, with per region of interest and per
lamina each mean T1 value as the dependent variable and group
(i.e. diagnosis) as the independent variable, adjusted for FSIQ.
Cohen’s d effect size estimates were derived from the t-statistic
of the group variable from the multiple linear regression model.
Bonferroni correction was applied to correct for multiple compar-
isons [0.05/(2(hemispheres)]. Consequently, a P-value < 0.025 was
considered significant. In case cognitive outcome measure scores
or social functioning scores were significantly different between
individuals with 47,XXX and typically developing females, rela-
tionships between these cognitive and social functioning parame-
ters and mean T1 values extracted from significant region of inter-
est laminae were calculated using Pearson’s or Spearman’s rank
correlation coefficients, separately for individuals with 47,XXX
and typically developing females.

Results
Demographics
Sample demographics are presented in Table 1. There was no
significant difference in age between groups. Individuals with
47,XXX had a significantly lower FSIQ, VIQ, and PIQ compared to
typically developing females.

Social cognition and social responsiveness
Social cognition and SRS-A T-scores are summarized in Table 2.
Individuals with 47,XXX had significantly lower ERT scores
compared to age-matched typically developing females. Women
with 47,XXX scored significantly higher on 3 SRS-A subscales:
social awareness, social communication, and social motivation,
as well as on total SRS-A score. There was no significant difference
between groups in score of SRS-A subscale rigidity and repetitive
behavior.

T1 profiles across intracortical laminae
Laminar analyses applied to T1 maps showed significantly higher
mean T1 in lamina 9 of the banks of the superior temporal sulcus
(Cohen’s d = 0.745) of the left hemisphere, as well as higher mean
T1 in laminae 8 and 9 of the banks of the superior temporal sulcus
(Cohen’s d = 0.924; 1.038 respectively) of the right hemisphere in
47,XXX compared to typically developing females (Table 3 and
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Table 1. Sample demographics.

47,XXX
Mean (SD)

TD females
Mean (SD)

Statistic P

N N

Age 21 30.10 (11.88) 22 33.82 (12.38) U = 277 0.2682
FSIQ 21 85.81 (10.44) 22 99.73 (12.32) t = 3.99 <0.001
VIQa 21 80.81 (12.34) 22 95.18 (12.96) t = 3.72 <0.001
PIQa 21 87.67 (14.53) 22 102.82 (18.00) t = 3.03 0.004

Numbers in bold reflect significant between group differences. TD, typically developing; FSIQ, full-scale intelligence quotient; VIQ, verbal intelligence quotient;
PIQ, performance intelligence quotient. aNo significant difference between VIQ and PIQ in either 47,XXX or 46,XX (typically developing females).

Table 2. Between-group differences in social cognition and social responsiveness.

47,XXX
Mean (SD)

TD females
Mean (SD)

Statistic P

N N

Social cognition
ERT score 21 101.33 (17.56) 22 119.59 (14.05) t = 3.77 <0.001
Social responsiveness
Social awareness score 20 56.85 (10.73) 22 49.36 (11.24) t = −2.20 0.033
Social communication score 20 55.85 (7.89) 22 46.86 (7.82) t = −3.71 <0.001
Social motivation score 20 54.75 (8.08) 22 45.64 (7.34) U = 87.5 <0.001
Rigidity and repetitive behavior score 20 53.50 (9.70) 22 48.86 (10.45) U = 152.5 0.090
Social functioning total score 20 56.05 (8.02) 22 47.32 (9.47) t = −3.21 0.003

Numbers in bold reflect significant between group differences. TD, typically developing; ERT, emotion recognition task.

Table 3. Results for mean T1 map values of significant regions of interest in 47,XXX compared to typically developing females.

Region of interest Hemisphere Lamina Cohen’s d (47,XXX –
TD females)

Standard
error

95% CI p-value

Banks superior temporal sulcus Left 9 0.745 0.316 0.126 1.365 0.019
Banks superior temporal sulcus Right 8

9
0.924
1.038

0.322
0.326

0.294
0.399

1.555
1.676

0.004
0.002

Inferior temporal gyrus Right 7
8

0.709
0.779

0.315
0.317

0.091
0.157

1.326
1.400

0.025
0.015

TD, typically developing.

Fig. 1A and B). In addition, 47,XXX subjects showed higher mean
T1 in laminae 7 and 8 of the inferior temporal gyrus (Cohen’s
d = 0.709; 0.779, respectively) of the right hemisphere compared
to typically developing females (Table 3 and Fig. 1C).

Relationship with IQ, social cognition, and social
behavior
We found significant positive correlations between mean T1
values in lamina 7 of the right hemisphere inferior temporal
gyrus and social awareness scores (r = 0.496, P = 0.026), social
communication scores (r = 0.512, P = 0.021), social motivation
scores (r = 0.489, P = 0.029), and social functioning total scores
(r = 0.581, P = 0.007) within individuals with 47,XXX, but not in
typically developing females. In addition, we found significant
positive correlations between mean T1 values in lamina 8 of the
right hemisphere inferior temporal gyrus and social awareness
scores (r = 0.466, P = 0.038), social communication scores (r = 0.513,
P = 0.021), social motivation scores (r = 0.470, P = 0.037), and social
functioning total scores (r = 0.560, P = 0.010) within individuals
with 47,XXX, but not in typically developing females. However,
only the positive correlation between lamina 7 mean T1 of
the inferior temporal gyrus of the right hemisphere and social
functioning total scores did survive correction for multiple
comparisons [P = 0.002; = 0.05/5 (laminae) × 5 (social cognition

and social functioning tasks)]. Correlations between T1 values
and IQ and ERT scores were not present in 47,XXX.

Discussion
To the best of our knowledge, this is the first MRI study investigat-
ing ICM in 47,XXX using ultra-high field 7 T structural MRI. Using
laminar analyses applied to quantitative T1 maps, we demon-
strated significantly lower ICM across supragranular laminae in
47,XXX bilaterally in the banks of the superior temporal sulcus
and in the right inferior temporal gyrus. Moreover, better social
functioning was associated with larger ICM in supragranular
laminae of the right inferior temporal gyrus in adult individuals
with 47,XXX.

We reported significantly higher T1 across supragranular
cortical laminae in 47,XXX bilaterally in the banks of the superior
temporal sulcus and in the inferior temporal gyrus of the right
hemisphere with high effect sizes, possibly indicating less ICM
content in these cortical gray matter structures. Given that
intracortical T1 values of these cortical brain regions are within
the expected range of gray matter T1 at 7 T (Kashyap et al. 2018;
Sanchez Panchuelo et al. 2021; Gulban et al. 2022), there is no pos-
sibility of potentially having sampled nongray matter tissue (e.g.
cerebrospinal fluid) in these supragranular cortical laminae.
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Fig. 1. Original T1 maps, corrected T1 maps, equivolume laminae projected on corrected T1 maps, and intracortical laminae T1 profiles of 47,XXX and
typically developing (TD) females of a) banks of the superior temporal sulcus of the left hemisphere, b) banks of the superior temporal sulcus of the
right hemisphere and c) inferior temporal gyrus of the right hemisphere. Intracortical laminae T1 profiles show mean T1 (ms) values and standard
deviations for intracortical (gray matter) laminae 1 to 9, with lamina 1 closest to the white matter/gray matter boundary and lamina 9 closest to the
gray matter/cerebrospinal fluid boundary. WM: white matter; GM: gray matter; CSF: cerebrospinal fluid; WM/GMB: white matter/gray matter boundary;
GM/CSFB: gray matter/cerebrospinal fluid boundary.

Based on findings of previous neuroimaging studies, the superior
temporal sulcus is associated with speech, language processing,
and social cognition (Redcay 2008; Saitovitch et al. 2012; Specht
and Wigglesworth 2018; Wilson et al. 2018; Nourski et al.
2021), and the inferior temporal gyrus is associated with visual
information processing, language, emotion regulation, and social
cognition (Lin et al. 2020; Balgova et al. 2022). Myelination
of axons, which increases the speed of signal transmission
between neurons and facilitates information integration, has
been found to play a key role in the development of many aspects
of cognition, including language ability and social cognition
(O’Muircheartaigh et al. 2014), and alterations in cortical myelin
have been demonstrated in patients with depressive disorders
(Baranger et al. 2021; Zhang et al. 2023), bipolar disorder (Suh
et al. 2023), schizophrenia (Wei et al. 2020), Alzheimer’s disease
(Pelkmans et al. 2019), and multiple sclerosis (Mangeat et al. 2018;
Barletta et al. 2021). Therefore, abnormalities in myelin can lead to
dysregulation of neuronal circuits and may (partially) underly the
behavioral phenotype associated with 47,XXX. Speech, language,

and visual information processing abilities of 47,XXX individuals
were not assessed in the current study. However, speech and
language deficits have previously been described in children
and adolescents with 47,XXX (Leggett et al. 2010; Urbanus
et al. 2021; Capelli et al. 2023). Using macromolecular proton
fraction as a marker of myelin, significant positive correlations
between early language skills and myelin density were shown in
typically developing toddlers in gray matter of frontal, parietal,
and temporal lobes using neuroimaging data (Corrigan et al.
2022). Therefore, more research is necessary to investigate the
contribution of altered superior temporal sulcus and inferior
temporal gyrus ICM content across laminae to speech and
language problems in 47,XXX.

Although our results showed significantly worse scores on
social cognition (ERT) in adults with 47,XXX compared to typically
developing females, we did not show any significant associa-
tions between ERT scores and T1 across laminae in the superior
temporal sulcus or inferior temporal gyrus in 47,XXX. However,
other aspects of social cognition, including theory of mind and
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joint attention, were not assessed in the present study. Therefore,
future studies are necessary to investigate potential relationships
between other aspects of social cognition and altered ICM in the
superior temporal sulcus and inferior temporal gyrus in adult
individuals with 47,XXX. Nevertheless, we reported a significant
positive correlation between inferior temporal gyrus intracorti-
cal T1 and total social functioning scores in 47,XXX, indicating
that higher social functioning in 47,XXX is related to larger ICM
content. A previous study investigating ICM trajectories of social–
emotional brain regions, including the superior temporal sulcus,
in typically developing toddlers using the myelin water fraction
reported a steep increase in ICM content in delineated brain
regions throughout the first 3 years of life (Schneider et al. 2021).
Moreover, they showed a significant correlation between this pat-
tern of myelination and their social–emotional development as
observed and rated by parents (Schneider et al. 2021). In addition,
social cognitive training in typically developing individuals was
associated with decreases in T1 in superficial depths in the pari-
etal and temporal cortices and sensory-motor areas (Valk et al.
2023). Previous studies in individuals with psychiatric disorders
have not directly related ICM to social functioning or social cog-
nition. Therefore, more research is necessary to investigate the
contribution of altered ICM in the superior temporal sulcus and
inferior temporal gyrus to social functioning and social cognition
in 47,XXX.

Alterations of ICM in the temporal cortex as reported here in
47,XXX have also been shown in individuals with schizophre-
nia. More specifically, increases in ICM were shown in supra-
granular laminae of the parietal–temporal cortex including the
supramarginal and superior temporal gyri in individuals with
schizophrenia compared to typically developing individuals (Wei
et al. 2020). Psychotic symptoms and psychotic disorders have
been reported in individuals with 47,XXX (Otter et al. 2010; Green
et al. 2018; Otter et al. 2022). Thus, these results may indicate
potentially shared neurodevelopmental pathways contributing to
the 47,XXX phenotype and idiopathic psychotic disorders. Alter-
ations in brain morphology and brain function in the superior
temporal sulcus (Boddaert et al. 2004; Redcay 2008; Saitovitch
et al. 2012; Nomi and Uddin 2015) and inferior temporal gyrus (Cai
et al. 2018; Kim et al. 2021) have previously also been reported in
individuals with ASD. Yet, most of these studies have focused dis-
proportionately on males with ASD rather than females with ASD.
However, these parallels in altered brain (micro)structure and
brain function between individuals with 47,XXX and those with
ASD may suggest potentially shared neurodevelopmental path-
ways underlying both conditions. Nevertheless, an investigation
of ICM in young children with ASD using the T1w/T2w ratio as an
estimate of ICM content found no significant differences between
individuals with ASD and typically developing children, also not
while controlling for sex (Chen et al. 2022). Yet, children with
ASD showed altered developmental timing of myelination across
several posterior cortical regions (Chen et al. 2022). This alteration
may suggest long-term effects that may manifest as differences in
ICM in adulthood in ASD. It might be interesting for future studies
to compare ICM across laminae using T1 between individuals with
47,XXX with and without ASD across different developmental
periods. Unfortunately, we could not examine these potential
differences as a result of an insufficient sample size resulting
in decreased power to detect statistically significant differences
between individuals with 47,XXX with and without ASD.

In a previous study using a largely overlapping sample, we
showed smaller subcortical nuclei volumes and lower surface
area in the superior temporal gyrus and superior frontal gyrus

of the right hemisphere in adult women with 47,XXX (Serrarens
et al. 2022). Here, we demonstrate altered ICM across supragran-
ular laminae bilaterally in the banks of the superior temporal
sulcus, which separates the superior temporal gyrus from the
middle temporal gyrus. It has been hypothesized that surface
area and ICM are neurodevelopmentally related (Cafiero et al.
2019). Although we did not observe significant differences in
surface area of the banks of the superior temporal sulcus in
47,XXX in our previous study, further investigation is warranted
to investigate the potential relationship between ICM and surface
area in 47,XXX.

The deeper layers of the cortex closer to the white matter
boundary are generally the most heavily myelinated and have an
MRI signal that is distinct from the signal in the superficial gray
matter, which has fewer myelinated fibers (Rowley et al. 2015). Yet,
here we showed ICM alterations in superficial cortical laminae
of the superior temporal sulcus and inferior temporal gyrus in
47,XXX. Given that superficial cortical laminae tend to contain the
supragranular layers that are rich in feed-forward sensory con-
nections on pyramidal neurons and contain neurons that project
their axons to other cortical areas of the same hemisphere (asso-
ciative), decreased myelination in 47,XXX may lead to disrupted
neuronal connectivity with other cortical regions (Wei et al. 2020).
ICM content in deeper cortical laminae (infragranular) of the
superior temporal sulcus and inferior temporal gyrus was not
statistically altered in individuals with 47,XXX. However, medium
effect sizes were observed for deeper cortical laminae in the banks
of the superior temporal sulcus and the inferior temporal gyrus in
the right hemisphere, also showing higher T1 values in 47,XXX
compared to typically developing females. Decreasing T1 value
trajectories were observed from supragranular to infragranular
laminae, trajectories that are comparable to the results of pre-
vious studies using T1 map values (Tardif et al. 2015; Waehnert
et al. 2016; Sprooten et al. 2019; Gulban et al. 2022). Future studies
including larger sample sizes are required to further investigate
ICM in deeper cortical laminae in the superior temporal sulcus
and inferior temporal gyrus in 47,XXX.

Using diffusion tensor imaging data, X chromosome dosage
effects on white matter microstructure were previously shown in
individuals with 45,X0 (Molko et al. 2004; Holzapfel et al. 2006;
Yamagata et al. 2011; Xie et al. 2015) and 47,XXY (Goddard et al.
2015). Altered radial diffusivity, which is an indirect measure of
white matter myelination, was reported in children with 45,X0
in widespread white matter regions and tracts (Yamagata et al.
2011). Additionally, children and adolescents with 47,XXY showed
altered radial diffusivity in the anterior corona radiata and sagit-
tal striatum (Goddard et al. 2015). Combined, these results suggest
X chromosome dosage effects on white matter microstructure
across the lifespan. The results in 47,XXX presented here increase
our understanding of X chromosome dosage effects on gray mat-
ter microstructure, more specifically on ICM across laminae. How-
ever, comparison data from structural MRI studies investigating
ICM in other SCAs, including 45,X0 and 47,XXY, are currently not
available. To elucidate the direct impact of X chromosome dosage
on ICM across laminae in more depth, future studies including
a more diverse group of SCAs are required. Moreover, longitudi-
nal studies investigating ICM across laminae in SCAs, including
47,XXX, across developmental trajectories are warranted.

Strengths and limitations
Our study is the first to investigate ICM across laminae in indi-
viduals with 47,XXX. Our work in 47,XXX presented here offers
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a better understanding of how X chromosome dosage impacts
ICM. Another important strength of this study is the use of ultra-
high field 7 T MRI data. MRI at 7 T offers increased signal-to-
noise ratio and increased contrast-to-noise ratio compared to 3
T MRI, allowing imaging with submillimeter spatial resolutions
and mapping of laminar profiles, improving the delineation of
anatomical structures, providing clearer tissue boundaries which
results in improved segmentation accuracy and minimizing par-
tial volume effects (Marques et al. 2010; Choi et al. 2011; Bahrami
et al. 2017; Vachha and Huang 2021). In addition, our study is
the first to examine relationships between ICM across laminae
and IQ, and social cognition and social functioning in 47,XXX.
Despite the strong merits and novelty of our study, some limi-
tations should be mentioned as well. First, our sample size was
relatively small, resulting in decreased power to detect statisti-
cally significant differences. When having a small sample size,
P values are particularly vulnerable to small deviations in the
number of outcomes (Mitani and Haneuse 2020). Since this is the
first explorative study investigating intracortical myelin across
laminae in 47,XXX, we chose to be comprehensive and report
statistical significance at P < 0.025 (corrected for the number of
hemispheres). The relatively small sample size could be a poten-
tial explanation for our not observing alterations in ICM across
deeper laminae of the banks of the superior temporal sulcus and
the inferior temporal gyrus. However, 47,XXX is considered an
underrepresented and understudied population (Tuke et al. 2019).
Given the variability in clinical phenotype and the assumption
that many individuals with 47,XXX are not clinically diagnosed,
recruitment of large sample sizes is difficult and requires inter-
national collaborative consortia. Ascertainment bias is also a
well-known limitation in research in genetic disorders in general.
This also applies to 47,XXX studies as patients presenting more
severe phenotypes are more likely to be clinically diagnosed,
and recognized and enrolled in research. Therefore, our sample
may not be representative of all individuals with 47,XXX. More-
over, the cross-sectional nature of our data makes it difficult to
assess possible age-varying patterns of ICM across laminae in
47,XXX, stressing the need for longitudinal studies investigating
ICM across laminae and its potential relationships with clinical
symptoms in 47,XXX. Individuals with 47,XXX had a confirmed
47,XXX diagnosis through DNA testing, which was verified by
their general practitioner. However, genetic/genomic information
was not collected for this study. Therefore, future studies are
necessary to investigate the effect of these factors on intracortical
myelin in 47,XXX. While X chromosome dosage effects on ICM
across laminae were elucidated in 47,XXX at adult age, alterations
in brain structure may also be the result of indirect sex hormonal
effects. Sex hormone levels in 47,XXX are usually normal, but
were not investigated in this study, and therefore, future research
is warranted. We acknowledge the inherent limitation that T1
values do not directly represent myelin concentrations, but rather
serve as a close approximation. T1 values are also influenced
by other factors, such as iron or susceptibility. However, work by
Stüber (Stüber et al. 2014) suggests that the value of T1 within the
cortex is mostly dominated by myelin content. In laminar analysis
using MRI, cortical laminae that are used to calculate laminar
profiles do not directly correspond to cytoarchitectonic layers (in a
histological sense). The geometrical depth might not consistently
align with a cortical lamina based on cytoarchitecture across
regions or individuals, as demonstrated by variations in laminar
volumes along functional gradients by Wagstyl and colleagues
(Wagstyl et al. 2020). Lastly, 7 T MRI is fraught with challenges
posed by transmit field (B1+)-related inhomogeneities that need

to be corrected using additionally acquired data and/or image
processing. In the present study, we were able to correct quanti-
tative T1 map images for B1+ inhomogeneities in postprocessing
using a dedicated B1+ acquisition. Future studies can consider
employing methods outlined here or recent advances in MR acqui-
sition methods like pTx and Universal Pulses to remediate some of
these issues associated with imaging inhomogeneities (Gras et al.
2016; Choi et al. 2024).

Conclusion
In conclusion, our results indicate an effect of a supernumerary X
chromosome in adult-aged women on ICM across supragranular
laminae of the banks of the superior temporal sulcus, and the
inferior temporal gyrus. These findings provide insight into the
role of X chromosome dosage on ICM across laminae. Future
research is warranted to further explore the functional signifi-
cance of altered ICM across laminae in 47,XXX.
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