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ABSTRACT
BACKGROUND: Diverse gene dosage disorders (GDDs) increase risk for psychiatric impairment, but characterization
of GDD effects on the human brain has so far been piecemeal, with few simultaneous analyses of multiple brain
features across different GDDs.
METHODS: Here, through multimodal neuroimaging of 3 aneuploidy syndromes (XXY [total n = 191, 92 control
participants], XYY [total n = 81, 47 control participants], and trisomy 21 [total n = 69, 41 control participants]), we
systematically mapped the effects of supernumerary X, Y, and chromosome 21 dosage across a breadth of 15
different macrostructural, microstructural, and functional imaging–derived phenotypes (IDPs).
RESULTS: The results revealed considerable diversity in cortical changes across GDDs and IDPs. This variegation of
IDP change underlines the limitations of studying GDD effects unimodally. Integration across all IDP change maps
revealed highly distinct architectures of cortical change in each GDD along with partial coalescence onto a common
spatial axis of cortical vulnerability that is evident in all 3 GDDs. This common axis shows strong alignment with
shared cortical changes in behaviorally defined psychiatric disorders and is enriched for specific molecular and
cellular signatures.
CONCLUSIONS: Use of multimodal neuroimaging data in 3 aneuploidies indicates that different GDDs impose unique
fingerprints of change in the human brain that differ widely depending on the imaging modality that is being
considered. Embedded in this variegation is a spatial axis of shared multimodal change that aligns with shared brain
changes across psychiatric disorders and therefore represents a major high-priority target for future translational
research in neuroscience.

https://doi.org/10.1016/j.biopsych.2023.07.008
Gene dosage disorders (GDDs)—including recurrent sub-
chromosomal copy number variations and chromosomal
aneuploidies—are individually rare but collectively common
risks for neuropsychiatric impairment and model genetic
influences on human brain development. However, most
neuroimaging studies of GDDs have considered at most only a
few imaging-derived phenotypes (IDPs) when comparing
different GDDs (1–4). Although neuroanatomical phenotypes
have been studied extensively, there has been sparse sam-
pling of other multimodal IDPs in GDDs, which has limited our
biological understanding of each GDD and prevented us from
determining the full extent of convergence versus divergence
in brain changes across different GDDs. Achieving a more
comprehensive comparison is important because any detec-
ted convergent effects of different GDDs on the brain may
represent a biological substrate for the shared capacity of
distinct GDDs to increase risk for a common set of behaviorally
defined neuropsychiatric disorders such as autism spectrum
disorder and attention-deficit/hyperactivity disorder (5).
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Here, we detail the regional effects of multiple GDDs on
multiple IDPs through multimodal neuroimaging of the 3 most
common human aneuploidy syndromes: Klinefelter syndrome
(47,XXY); 47,XYY; and Down syndrome (trisomy 21, T21). We
focused on these particular GDDs because 1) they are all tri-
somies involving supernumerary dosage of large and distinct
gene sets, 2) they have each been robustly associated with
large effect size changes in brain structure and function [XXY
(1,6), XYY (7), and T21 (8,9)], and 3) they are important from a
medical perspective given their population prevalence [1:576
males XXY, 1:851 males XYY, 1:592 births T21 (10)] and ca-
pacity to increase risk for neuropsychiatric and cognitive
impairment (5,11).

We examined 15 IDPs in each GDD from T1-weighted
structural magnetic resonance imaging (sMRI), diffusion-
weighted imaging (DWI), and resting-state functional MRI
(rs-fMRI) to advance understanding of genetic effects on the
human brain in 3 key directions. First, by generating 15 IDP
change (DIDP) maps for each GDD group, we substantially
f Biological Psychiatry. This is an open access article under the
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expanded upon the set of brain features that have been
studied in human aneuploidies to date. Notably, here and
throughout this article, we use the term “change” to refer to
anatomical alterations associated with presence of a super-
numerary chromosome (rather than longitudinal within-person
anatomical changes over time). Second, by comparing all 45
DIDP maps (15 in each GDD) with one another, we directly
tested competing mechanistic models for the mapping of ge-
netic effects on cortical organization. For example, GDDs may
all impact the same set of IDPs but in different cortical regions,
or they may impact the same cortical regions but manifest in
different IDPs. Third, we combined information across all IDPs
to define and characterize the principal spatial component of
cortical change in each GDD—as a step toward testing for a
potentially shared backbone of multimodal change that is
generalizable across multiple GDDs. Finally, we assessed the
extent to which shared effects of different GDDs on the brain
align with brain changes shared among the many diverse
behaviorally defined neuropsychiatric disorders (BDDs) that
are seen at elevated rates in GDDs.

METHODS AND MATERIALS

Participants

The current study includes a total of 341 participants ages 6 to
25 years from 3 case-control cohorts: XXY (total n = 191, 92
control participants), XYY (total n = 81, 47 control participants),
and T21 (total n = 69, 41 control participants). Participants
were recruited through parent support organizations, the Na-
tional Institute of Mental Health website, and the National In-
stitutes of Health Healthy Volunteer office. All 341 participants
had sMRI data available, with subsets of each case-control
cohort having DWI (total n = 253; XXY case/control = 83/69;
XXY case/control = 21/41; T21 case/control = 25/14) and rs-
fMRI data (total n = 244; XXY case/control = 66/73; XYY
case/control = 22/42; T21 case/control = 12/29). Participant
characteristics are given in Table 1 for the full sample and are
broken down by imaging modality in Table S1. All participants
had normal radiological reports and no prior brain injuries.
Complete information about the T21 sample can be found in
Lee et al. (8). All XXY and XYY participants were nonmosaic
with a genetic diagnosis confirmed by karyotype, and all
control participants were screened using a structured interview
Table 1. Participant Characteristics for the Total Sample

Imaging Modality Sample Characteristics

XXY

Case Cont

Structural Participants, n 99 92

Age, Years, Mean (SD) 16.4 (4.8) 16.2 (

Full Scale IQ, Mean (SD) 93.3 (12.2) 115.1 (

SES, Mean (SD) 47.3 (20.6) 37.7 (

Diffusion Participants, n 83 69

Age, Years, Mean (SD) 16.3 (4.9) 16.2 (

Functional Participants, n 66 73

Age, Years, Mean (SD) 16.9 (4.2) 17.9 (

T21 (trisomy 21) cases and controls included both males and females. Socioeco
Socioeconomic Status. See Table S1 for global measures across all imaging-derived p
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to exclude a history of neurodevelopmental or psychiatric
disorders. This study was approved by the National Institutes
of Health Combined Neuroscience Institutional Review Board.
All participants gave consent or assent, as appropriate, and all
protocols were completed at the National Institutes of Health
Clinical Center in Bethesda, Maryland.
Neuroimaging Data Acquisition and Preprocessing

All sMRI (T1-weighted magnetization-prepared rapid acquisi-
tion gradient-echo), DWI, and rs-fMRI (10-minute echo-planar
imaging for XXY and XYY; 5-minute, 15-second echo-planar
imaging for T21) data were gathered using one MR750 3T
scanner (General Electric) for XXY and XYY and another GE 3T
scanner for T21, with identical sequences within each case-
control aneuploidy cohort (Supplement). Each imaging mo-
dality was preprocessed as summarized below, with full
methods in the Supplement. Modality-specific quality control
information is detailed in the Supplement and is summarized in
Figure S1.

Structural MRI. We used the Brain Imaging Data Structure–
compatible FreeSurfer pipeline version 7.1.0 to process each
subject’s T1-weighted MRI scan through the automated recon-
all processing stream to generate the cortical surface recon-
struction from which we measured the following morphometric
features for all 360 cortical parcels in the multimodally-derived
HCP (Human Connectome Project) regional parcellation (12):
mean cortical thickness (CT), total surface area (SA), total gray
matter volume (GMV), mean curvature, gaussian curvature,
intrinsic curvature index, and folding index. Based on past
guidelines, all participants in the current study had an sMRI-
derived Euler number . 2217 (13), and individual-specific
Euler numbers were included in all statistical models as prox-
ies for image quality (see Computing Regional DIDP in Each
Aneuploidy).

Diffusion-Weighted Imaging. The following partially
dissociable (14) voxelwise diffusion tensor imaging metrics
were derived through Tractoflow version 2.2.1 (15): fractional
anisotropy (FA), geodesic anisotropy, mean diffusivity, radial
diffusivity, axial diffusivity, and tensor mode (further detailed in
the Supplement).
XYY T21

rol Case Control Case Control

34 47 28 41

5.6) 15.5 (5.3) 14.0 (4.7) 15.7 (5.5) 16.9 (5.9)

12.6) 87.1 (12.4) 118.5 (9.8) 53.6 (14.6) 116.3 (15.8)

17.4) 54.9 (18.0) 38.3 (15.4) 41.0 (14.6) 39.2 (21.5)

21 41 14 25

5.4) 16.1 (5.4) 13.9 (4.8) 17.6 (5.4) 17.1 (6.2)

22 42 12 29

4.8) 17.1 (4.5) 14.7 (4.4) 17.2 (4.7) 18.5 (4.5)

nomic status (SES) was measured using the Hollingshead Four Factor Index of
henotypes and aneuploidies.
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Resting-State Functional MRI. All rs-fMRI scans were
preprocessed using fMRIPrep version 20.2.0 (16–18) and the
eXtensible Connectivity Pipeline (19) to compute 2 voxelwise
metrics of local connectivity: regional homogeneity and
amplitude of low-frequency fluctuation (ALFF) (further detailed
in the Supplement). rs-fMRI data are subject to well-described
signal losses in certain areas of the brain (20,21), and we
removed 16 of 360 HCP regions of interest (ROIs) from all
subsequent analyses based on their missing rs-fMRI data for
20 or more subjects (Figure S9).

Computing Regional DIDP in Each Aneuploidy

The preprocessing steps mentioned above generated com-
plete person-specific measures of 15 IDPs for 344 cortical
ROIs in each of the 3 case-control cohorts studied (1 for each
GDD). These data were used to compute 15 aneuploidy-
specific DIDP maps per GDD (Figure 1). For each IDP and
cohort, we z scored each ROI’s IDP values across individuals
and modeled the effect of group status (case vs. control) on
the IDP while controlling for age and total tissue volume (TTV).
TTV was included as a covariate in main analyses given the
known robust size reductions in XXY and T21 combined with
mean TTV increases in XYY (1,8) to protect against the ROI-
level GDD comparisons being trivially colored by global ef-
fects [especially for ROI sMRI measures that scale closely with
TTV (22) but also for TTV-correlated DWI measures (23)]. All
analyses were repeated without TTV covariation, as detailed in
Figure 1. Analytical workflow. (A) On the left, we list the phenotypes analyzed fo
phenotype as a function of group, age, Euler number, total tissue volume, and aneuplo
of interest (ROI) and phenotype to yield a 344 ROI 3 15 imaging-derived phenotype
maps, (C) perform hierarchical clustering on a cross-disorder concatenated 344 3 4
DIDP matrix separately to identify patterns of multimodal change, and (E) assess PC
weighted imaging; HCP, Human Connectome Project; rs-FMRI, resting-state function

B

the Supplement and referred to in the Results. Additional
covariates were the Euler number (all IDPs), framewise
displacement (rs-fMRI–derived IDPs), and sex (all IDPs in the
T21 case-control cohort). Case-control differences were esti-
mated as the standardized beta coefficients (henceforth “effect
sizes”) for the group effect, and statistically significant regional
DIDP were identified by applying false discovery rate (FDR)
correction to the vectors of 344 p values for each GDD-IDP
combination.
Defining Organizing Principles of Cortical Change
Across IDPs, Regions, and Aneuploidies

We estimated the pairwise similarity between all 45 unthre-
sholded DIDP maps (15 IDPs for each of 3 aneuploidies) based
on their spatial correlation across all 344 ROIs. The resulting
symmetrical 45 3 45 correlation matrix was characterized
using 2 complementary approaches. First, we ordered rows
and columns using hierarchical clustering based on Euclidean
distance to describe the broad structure of this correlation
matrix, paying attention to whether DIDP groups were orga-
nized primarily by modality or aneuploidy type. Second, we
used an established spatial permutation framework to identify
statistically significant intermap similarities among all 990
unique pairwise comparisons while accounting for spatial au-
tocorrelations within maps and correcting for multiple com-
parisons (Supplemental Methods) (24,25).
r each modality. For each aneuploidy separately, we model each standardized
idy1 modality-specific covariates. The group effect is extracted for each region
change (DIDP) matrix per disorder. We (B) visualize the individual disorder-DIDP
5 matrix, (D) apply principal component (PC) analysis to each disorder’s ROI 3
1 convergence across aneuploidies continuously and discretely. DWI, diffusion-
al magnetic resonance imaging; sMRI, structural magnetic resonance imaging.

iological Psychiatry - -, 2023; -:-–- www.sobp.org/journal 3
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Defining and Characterizing Principal Components
of Multimodal Cortical Change in Each Aneuploidy

We used principal component analysis (PCA) to provide a
summary representation of multimodal change for each
aneuploidy, defined by ROI scores for the first principal
component (PC1) of the 344 3 15 DIDP matrix and associated
feature loadings for this PC. We compared PC1s between
aneuploidies using cross-ROI spatial correlations in PC1
scores and cross-IDP correlations in feature loadings. To aid
cross-aneuploidy comparisons, the polarity of these first PCs
were set to maximize positive interaneuploidy PC1 map cor-
relation. We focused our main analyses on PC1, but maps of
ROI scores and IDP loadings are provided for the first 5 PCs in
each aneuploidy (explaining a cumulative variance .80%) in
the Supplement. We also examined convergence between
aneuploidy PC1 maps using a conjunction analysis
(Supplement) and put PC1 into broader biological context by
comparison with canonical maps of cortical function and his-
tology (26–28) (Supplement).

Assessing Spatial Alignment With the PC of
Morphometric Change in Behaviorally Defined
Psychiatric Disorders

The ENIGMA (Enhancing Neuro Imaging Genetics through
Meta Analysis) toolbox (29) contains case-control maps for CT
and SA data across 68 brain regions defined using the
Desikan-Killiany parcellation (Supplement). Available case-
control maps included the following: a CT map for autism
spectrum disorder; CT and SA maps for pediatric, adolescent,
and adult populations with attention-deficit/hyperactivity dis-
order; CT and SA maps for adolescent and adult populations
with bipolar disorder; CT and SA maps for adolescent and
adult populations with major depressive disorder; CT and SA
maps for pediatric and adult obsessive-compulsive disorder
populations; and CT and SA maps for schizophrenia. We
collated these 21 case-control maps and applied PCA to
identify PC1 (ENIGMA-PC1) of morphometric change. To
enable comparison of the spatial alignment between the
ENIGMA-PC1 map with the average PC1 map across XXY,
XYY, and T21 (Aneuploidy-PC1), we mapped the HCP ROIs
onto the FreeSurfer 5 cortical surface vertices and averaged
the PC1 vertexwise scores across the Desikan-Killiany ROIs.
Then, we computed the Pearson correlation between the
ENIGMA-PC1 and Aneuploidy-PC1 maps and performed a
spin test to assess significance.

Gene Category Enrichment Analysis of the Cross-
Disorder Aneuploidy Map

We used the Allen Human Brain Atlas to compute gene
expression for 15,633 genes across the HCP-Glasser brain
regions and perform gene category enrichment analysis of the
Aneuploidy-PC1 map (Supplement).

RESULTS

Expanding the Neuroimaging Phenotypes of
Aneuploidy Syndromes

For each aneuploidy, DIDP maps were visualized as unthre-
sholded effect size maps (Figure 2A, left hemisphere and
4 Biological Psychiatry - -, 2023; -:-–- www.sobp.org/journal
Figure S2A, both hemispheres) and thresholded maps after
FDR correction for multiple comparisons across regions
(Figure S2B, both hemispheres). See Table S2 for effect sizes
and FDR-corrected q values computed with and without TTV
correction.

For all 3 aneuploidies, our findings for GMV, SA, and CT
replicated those of previous reports (1,8). For XXY and XYY, we
observed GMV and SA changes in bilateral frontotemporal
(reductions) and occipitoparietal cortices (increases) as well as
CT changes in temporoinsular (reductions) and somatosensory
cortices (increases). For T21, we observed occipitoparietal and
somatosensory increases in GMV that were recapitulated by
changes in CT, while frontotemporal reductions in GMV were
recapitulated by changes in SA. By detailing aneuploidy effects
on sMRI-derived measures of cortical curvature, we found
widespread changes in cortical folding which echoed SA
changes in each aneuploidy, suggesting that atypical gyr-
ification is likely a key mediator of genetic effects on SA.

Examining effect size maps for DWI and rs-fMRI–derived
IDPs enabled us to expand understanding of regional cortical
vulnerability to aneuploidy beyond the more commonly studied
morphometric features captured by sMRI. For example, across
the diffusion tensor imaging–derived IDPs, FA alterations fol-
lowed a rostrocaudal gradient in XYY (decreasing rostrally,
increasing caudally) and a ventrodorsal gradient in XXY
(decreasing dorsally, increasing ventrally), whereas FA showed
subthreshold global increases in T21. Diffusivity measures also
showed regionally patterned alterations that varied between
aneuploidies and differed from FA changes. Changes in rs-
fMRI–derived IDPs were also regionally specific in a manner
that varied for ALFF and regional homogeneity as well as
across the aneuploidies. For example, ALFF was decreased in
the inferior frontal cortex of both XXY and XYY, while in XXY it
was also decreased in the medial prefrontal cortices and the
anterior and posterior cingulate. In contrast, ALFF showed
large effect size parietofrontal decreases and lateralized insular
increases in T21. The robust effect size of T21 for most sMRI-
derived IDPs (Figure 2A) combined with the lack of statistically
significant effects for DWI- and rs-fMRI–derived metrics is
consistent with the reduced sample size for these 2 modalities
compared with that for sMRI in T21, a phenomenon which also
applies to XYY and XXY cohorts and encourages cross-IDP
visual comparisons using effect size maps (Figure 2A) rather
than thresholded maps alone (Figure S2B). Nevertheless,
qualitative comparison of both unthresholded (Figure 2A) and
thresholded (Figure S2B) DIDP maps indicates that inclusion of
DWI- and rs-fMRI–derived phenotypes identified additional
regional effects of aneuploidy on the brain that were not
detected using only sMRI-derived phenotypes.
Defining Organizing Principles of Cortical Change
Across IDPs, Regions, and Aneuploidies

Hierarchical clustering of all 45 DIDP maps (15 maps for each
of 3 aneuploidies) revealed that similarities between DIDP
maps were most strongly organized by imaging modality and
then by aneuploidy type (Figure 2B). For example, at the 3-
cluster level, DIDP maps were grouped into a large cluster of
predominantly sMRI-based DIDP maps (e.g., CT, SA, GMV,
folding index, gaussian curvature, mean curvature) from all 3

http://www.sobp.org/journal


Figure 2. The spatial patterning of cortical change for 15 imaging-derived phenotypes (IDPs) in 3 aneuploidies. (A) Unthresholded effect size maps of IDP
change (i.e., DIDP maps) for each aneuploidy (left hemisphere only; see Figure S2A for right hemisphere). Positive beta values reflect increases in cases relative
to controls for a particular IDP of interest whereas negative beta values correspond to decreases in cases relative to controls. (B) Hierarchical clustering matrix
of all 45 DIDP maps. Asterisks denote a significant spatial correlation between maps that survived correction using a strict null based on random spatial
rotation (spinning) of maps. (C) A force-directed graphical representation of the relationship among all DIDP maps. Nodes represent DIDP maps, with color
encoding the aneuploidy of origin and shape encoding imaging modality (squares, rs-fMRI; circles, T1-weighted; stars, diffusion tensor imaging). Edges
represent the spatial correlation between DIDP maps, with edge width encoding the absolute Pearson r between maps across cortical regions of interest and
black edges being are statistically significant. Ellipses have been added to show the separation between T21-DWI nodes, XXY/XYY-DWI nodes, XXY/XYY-
sMRI nodes, and T21-sMRI nodes from left to right. AD, axial diffusivity; ALFF, amplitude of low-frequency fluctuation; CT, cortical thickness; CurvInd,
intrinsic curvature index; DWI, diffusion-weighted imaging; FA, fractional anisotropy; FoldInd, folding index; GA, geodesic anisotropy; GausCurv, gaussian
curvature; GMV, gray matter volume; MD, mean diffusivity; MeanCurv, mean curvature; RD, radial diffusivity; ReHo, regional homogeneity; rs-fMRI, resting-
state functional magnetic resonance imaging; SA, total surface area; sMRI, structural magnetic resonance imaging; TM, tensor mode.
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aneuploidies, and 2 clusters were mostly made up of DWI- and
rs-fMRI–based features—one dominated by DIDP maps for
diffusivity, anisotropy, regional homogeneity, and ALFF mea-
sures, and the other including T21 diffusivity and XYY anisot-
ropy DIDP maps. The correlational structure within each of
these clusters appeared to primarily (but not exclusively)
distinguish the spatial patterns of cortical changes in T21 from
those in XXY and XYY. Thus, the dominant and secondary
sources of variation in the spatial pattern of cortical change
appear to be the imaging modality and specific aneuploidy
being considered, respectively. This conclusion was also
supported when only considering the statistically significant
(24,25) pairwise similarities between DIDP maps (asterisked in
B

Figure 2B) and visualizing these in a force-directed graph
(Figure 2C).
Defining and Characterizing PCs of Multimodal
Cortical Change Within and Across Aneuploidies

We used PCA to provide a summary representation of
multimodal change for each aneuploidy, defined by ROI
scores for PC1 of the aneuploidy’s 344 3 15 DIDP matrix and
associated feature loadings for this PC. The 3 PC1 maps
explained 38%, 31%, and 25% of the variance in XXY, XYY,
and T21 ROI 3 DIDP matrices, respectively (Figure 3A). The
spatial distribution of regional PC1 scores showed some
iological Psychiatry - -, 2023; -:-–- www.sobp.org/journal 5
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Figure 3. Defining and comparing the principal component (PC) of cortical change in each aneuploidy. (A) Proportion of variance explained by the top 10
PCs of each aneuploidy’s region of interest 3 imaging-derived phenotype change (DIDP) matrix. (B) Region of interest PC1 scores for each aneuploidy
projected onto the surface of the brain. (C) IDP loadings for each aneuploidy’s PC1. (D) Correlation between regional PC1 scores for each pair of aneuploidies.
(E) Correlation between PC1 IDP loading for each pair of aneuploidies. ad, axial diffusivity; alff, amplitude of low-frequency fluctuation; curvind, intrinsic
curvature index; foldind, folding index; gauscurv, gaussian curvature; md, mean diffusivity; meancurv, mean curvature; PC, principal component; rd, radial
diffusivity; reho, regional homogeneity.
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qualitative similarities, with all aneuploidy PC1 maps having
high scores in perisylvian cortices and low scores in medial
occipital regions (Figure 3B). Quantitatively, the cross-ROI
correlation in PC1 scores (Figure 3B, D) and the cross-
feature correlation in PC1 loadings (Figure 3C, E) varied
substantially between aneuploidy pairs, being most similar
between XXY and XYY (scores r = 0.73, loadings r = 0.95) and
least similar between T21 and the sex chromosome
6 Biological Psychiatry - -, 2023; -:-–- www.sobp.org/journal
aneuploidies (between XXY and T21: scores r = 0.24, loadings
r = 0.33; between XYY and T21: scores r = 0.30, loadings r =
0.54) (Figure 3C). We focus here on PC1 of multimodal
change in each aneuploidy, but subsequent PCs up to a
cumulative variance explained of 85% are shown in
Figure S5A, B. These components of multimodal change were
generally less consistent between aneuploidies than PC1 in
their spatial distributions (Figure S5C); however, a given
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pattern of feature loadings could connect disparate PCs
across aneuploidies (Figure S5D).

Thus, in each aneuploidy approximately, one-third of the
spatial variation in 15 DIDP across the cortex can be explained
by a single principal spatial component which emphasizes
morphometric (sMRI-based) and microstructural (DWI-based)
measures. This spatial component is positively correlated—but
not identical—between aneuploidies: it shows stronger simi-
larity between XXY and XYY in both regional scores and
feature loadings, but weak to moderate similarity between the
2 sex chromosome aneuploidies and T21. Moreover, each
aneuploidy shows several spatial components of multimodal
cortical change beyond PC1, and these tend to be highly
dissimilar across the aneuploidies. These results indicate that
GDDs differ greatly from each other in the full profile of their
effects on human cortical anatomy but share a moderately to
strongly correlated PC1 of multimodal cortical change (detailed
further below).

Convergent Multimodal Cortical Changes Across
Aneuploidies and Links to Convergence Across
Behaviorally Defined Disorders

Having defined positively correlated PC1s of multimodal
cortical change between aneuploidies, we averaged regional
PC1 scores to provide a single summary map of human
cortical vulnerability to aneuploidy. This cross-aneuploidy
average PC1 map highlighted the insula and ventromedial
prefrontal cortex (high average PC1) as well as the occipito-
parietal cortices (low average PC1) as regions of core cortical
vulnerability (Figure 4A). These regions of convergent vulner-
ability could also be identified through a complementary
conjunction analysis of PC1 deciles (Methods and Materials)
(Figure 4B), which also flagged the temporoparietal junction
and regions of the lateral prefrontal cortex as areas of relative
resilience or inconsistent vulnerability across aneuploidies.
Because sMRI-derived cortical volume measures consistently
showed strong negative loadings on PC1 for all 3 aneuploidies,
the shared axis of cortical vulnerabilities captured by the
cross-aneuploidy PC1 map (Figure 4A, B) is therefore largely
driven by a shared tendency of aneuploidy to cause a relative
reduction of cortical volume in insular and ventromedial pre-
frontal regions and a relative increase of cortical volume in
occipitoparietal regions.

Topographic annotation of the cross-aneuploidy average
PC1 map using spin tests revealed a significant omnibus
alignment with functional connectivity networks of the cortex
defined by the Yeo-Krienen-17 parcellation (28) (pspin , .05)
(Figure S7A) but not cytoarchitecture parcellations defined by
von Economo (27) (Methods and Materials). Post hoc tests
identified significant enrichment of high average PC1 scores in
the Yeo-Krienen somatomotor and ventral attention sub-
networks (Figure 4C). Notably, these networks did not show
significant enrichment in individual analyses of each
aneuploidy-specific PC1 map, which each had their own
pattern of significant overlaps with functional connectivity and
cytoarchitectonic parcellations (Figure S8B, D).

Finally, given that all 3 of the aneuploidies included in our
study can increase risk for multiple BDDs (5,11) and that
B

previous work has hinted at a shared spatial pattern of cortical
vulnerability to multiple BDDs (30,31), we tested for overlap
between shared GDD and BDD effects on human cortical
anatomy. PC1 of cortical change from measures of CT and SA
change in diverse BDDs from the ENIGMA dataset (ENIGMA-
PC1, Methods and Materials) showed a moderate-to-strong
correlation with the average aneuploidy PC1 map (R = 0.58,
pspin = .0005) (Figure 4D), indicating the existence of a core
spatial axis of human cortical vulnerability to diverse geneti-
cally and behaviorally defined neuropsychiatric disorders (the
same correlation was R = 0.47, pspin = .002 using an
aneuploidy-PC1 map based on SA and CT alone to mirror use
of SA and CT in BDD map) (Figure S10). To characterize the
biological properties of this spatial axis, we aligned the average
PC1 map in aneuploidy to the Allen Human Brain Atlas (32) and
used ensemble-based gene category enrichment analysis to
quantify associations between the Allen Human Brain Atlas
genes’ spatial expression and the average PC1 map in aneu-
ploidy (32–34) (see Methods and Materials and the
Supplement). Salient biological processes and cell-type
marker gene sets enriched among genes expressed along
the aneuploidy-PC1 (Figure 4E, F; and Table S4) included the
following: negatively correlated with PC1: multiciliated epithe-
lial cell differentiation (cScorePheno = 0.21, qFDR = 0) and
positive regulation of neuron maturation (cScorePheno = 0.2,
qFDR = 0); positively correlated with PC1: regulation of sero-
tonin secretion (GO:0014062; cScorePheno = 0.34, qFDR =
.047) and inhibitory interneurons In1 subtype (cScorePheno =
0.46, qFDR = .008).

Stability of Findings With and Without TTV
Correction

As a supplementary analysis, we evaluated the difference
between the DIDP maps with and without correction for TTV
(Figures S2A, S3A, and S4A). Spatial correlations between
each TTV-corrected DIDP map and their TTV-uncorrected
counterparts were strong (mean r = 0.94, range: 0.87–0.99),
indicating that the ranking of cortical regions in each DIDP
map was not substantially altered by exclusion or inclusion of
TTV as a covariate when calculating DIDP (Figure S4B).
Accordingly, we also observed substantial consistency be-
tween TTV-corrected and uncorrected analyses for organizing
principles of the 45 3 45 DIDP correlation matrix (Figure S4C,
D), aneuploidy-specific PC regional scores and feature load-
ings (Figures S5 and S6A–C), the aneuploidy PC1 maps (for
each aneuploidy and on average) and their alignments with
Yeo-Krienen-17 (Figures S6D–F and S7), and von Economo
parcellations (Figures S7 and S8C, E).

DISCUSSION

Our study provides an unprecedentedly deep phenotypic
analysis of neuroimaging changes in multiple GDDs by
examining multimodal neuroimaging data in 3 different aneu-
ploidy syndromes. This enriched dataset advances under-
standing of each individual aneuploidy considered, reveals
organizing principles for regional cortical change across an-
euploidies, localizes cortical regions with shared vulnerability
across aneuploidies, and shows that shared cortical
iological Psychiatry - -, 2023; -:-–- www.sobp.org/journal 7
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Figure 4. Defining and characterizing convergent regional vulnerability of the human cortex. (A) Average first principal component (PC1) map (Aneuploidy-
PC1) projected onto the cortical surface (in the HCP [Human Connectome Project]/Glasser atlas parcellation). (B) Conjunction map showing regions of interest
which sit at the top (reds), middle (greens), and bottom (blues) deciles of PC1 scores across aneuploidy/gene dosage disorders. (C) Enrichment of functional
connectivity modules defined by Yeo-Krienen-17 (top cortical surfaces, mapped to the Glasser parcellation) for extreme PC1 scores within the Aneuploidy-PC1
map. (D) On the left, we show the average aneuploidy PC1 map re-parcellated using the Desikan-Killiany atlas (see Methods and Materials). In the middle, we
show the PC1 map generated from applying principal component analysis to case-control surface area and cortical thickness maps from behaviorally defined
psychiatric disorders in the ENIGMA dataset (ENIGMA-PC1). On the right, we show the spatial correlation between the Aneuploidy-PC1 map and the ENIGMA-
PC1 map. (E)We show the gene ontology biological processes’ gene category enrichment analysis results for the Aneuploidy-PC1 map. The 2 panels are color
coded in red and blue, with red denoting categories that are significantly enriched for the high end of the PC1 map and blue denoting categories that are
enriched for the low end of the PC1 map. Each circle represents a cluster of gene ontology categories, with the point size representing the number of cat-
egories in a cluster and point color representing the uncorrected p values derived after fitting a standard distribution to the permutation-derived null category
scores. Clusters are sorted by the cScorePheno scores. Only categories that remained significant after false discovery rate correction are included here. (F)
Cell-type enrichment analysis using bars that represent category scores; the color reflects the negative base 10 logarithm of the uncorrected p values; as-
terisks and bolding represent cell types that survived false discovery rate correction. DAN, dorsal attention network; DMN, default mode network; ENIGMA,
Enhancing Neuro Imaging Genetics through Meta Analysis; FP, frontoparietal; LIM, limbic; MOT, somatomotor; OPC, oligodendrocyte progenitor cell; VAN,
ventral attention network; VIS, visual.
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changes across these GDDs are correlated with shared cortical
changes across BDDs. We consider each implication of our
study findings in further detail below.

Most previous neuroimaging studies of XXY, XYY, and T21
have examined changes in GMV, CT, and SA, and we repli-
cated these previously reported findings while also revealing
new patterns of cortical vulnerability by extending the scope of
our analysis beyond sMRI phenotypes. Salient examples
include increased diffusivity in the temporal cortex and
decreased diffusivity in the cingulate cortex for XXY, which
may reflect altered myelin integrity, and reduced ALFF in the
inferior frontal cortex for XXY and XYY, which may reflect
reduced activity or hypoactivation while at rest (35). We found
a statistically significant increase in anisotropy in the auditory
association cortex for T21 [but see (36)]. We note that the
sparse statistically significant effects detected for DWI and rs-
fMRI as compared with sMRI, despite similar effect sizes, likely
reflects modality differences in available sample size (moti-
vating future work in similarly large sample sizes for all mo-
dalities across different GDDs). Nevertheless, the diversity of
regional changes observed across the different cortical phe-
notypes and aneuploidies examined here implies highly varie-
gated mechanisms for regional cortical change in each
aneuploidy (and shows how this complexity is missed by
focusing on the most commonly measured sMRI phenotype
alone).

By systematically comparing the spatial pattern of cortical
change for all aneuploidy-phenotype combinations, our study
suggests that the patterning of cortical change in GDDs may
primarily vary by imaging modality and then by GDD subtype
within modality. Different spatial patterns of brain change from
sMRI and rs-fMRI have also been reported in murine GDD
models (37,38). High spatial correlations across phenotypes
derived from the same modality may reflect shared genetic
architectures between imaging features that capture similar
tissue properties (39) but may also reflect modality-specific
sources of methodological variance. However, we also
observe that regional cortical changes vary by aneuploidy type
within each conjointly altered set of phenotypes, pointing to
gene-set–specific effects. Indeed, even among aneuploidies
that alter the dosage of large gene sets with a theoretically
greater potential for overlapping effects, we still observe
differentiable spatial patterns of cortical change by aneuploidy
type. We speculate that the greater sharing of effects between
XXY and XYY as compared with between either of these sex
chromosome aneuploidies and trisomy 21 may reflect shared
gene sets between the X- and Y-chromosome that are not
present on chromosome 21, including pseudoautosomal
genes and X-Y gametolog pairs (40,41).

Lastly, we used PCA to show that while each aneuploidy
induces a unique constellation of cortical change across
different imaging features and cortical regions, there is some
commonality between aneuploidies in PC1 of multimodal
cortical change. Given observed PC feature loadings,
convergent cortical vulnerability to aneuploidy was largely
driven by relative volume reductions in ventral attention sys-
tems alongside relative volume increases in somatomotor
networks. We found that this spatial axis of shared cortical
vulnerability to aneuploidy is partially aligned with the shared
spatial axis of cortical vulnerability across multiple BDDs (31).
B

This observation suggests that diverse risk factors for neuro-
psychiatric illness can converge to modify cortical organization
along a similar spatial axis. Transcriptional and functional
gene-set enrichment analyses associated with this axis include
serotonergic signaling and marker genes for an inhibitory
interneuron cell class (In1), both of which have been implicated
in the biology of psychiatric disorders that appear at increased
rates in aneuploidy syndromes (31,42,43). However, we note
that these findings and interpretation are based only on PC1 of
cortical change in each aneuploidy, which captures only a
fraction of all multimodal signals. Additional signatures of
multimodal change may align with other molecular and cellular
processes.

Our findings must be considered in light of several caveats
and limitations. First, although we included substantially more
IDPs than were previously studied in multiple GDDs, future
work needs to expand even further on the set of phenotypes
studied and include other GDDs. Second, our cross-sectional
study design did not allow us to capture how cortical
changes may unfold developmentally as they relate to either
individual aneuploidies or shared mechanisms. Relatedly, the
Allen Human Brain Atlas analysis makes use of gene expres-
sion data in adults, so it may miss molecular and cellular
mechanisms that are specific to atypical cortical organization
in early development. In addition, although GDDs are primarily
defined as disorders of gene dosage, we acknowledge that
their impacts may also reflect dosage alteration of regulatory
intergenic regions and are realized through mechanistically
complex downstream changes across numerous aspects of
biological structure and function. Finally, it remains an open
question whether variation in multimodal changes among
carriers of the same GDD relate to variation in co-occurring
cognitive and behavioral symptoms. Given that the relative
rarity of GDDs limits sample sizes, detection of brain-behavior
associations in GDDs will likely be feasible only if the strength
of such associations in GDDs is stronger than those that have
been reported recently in genetically unselected groups (44).

Notwithstanding the above limitations, our study secures a
more comprehensive picture of cortical alterations across 3
distinct aneuploidies and emphasizes a shared backbone of
cortical vulnerability amid the diversity of effects for different
IDPs in different GDDs. Strikingly, this shared signature of
cortical vulnerability to aneuploidy is consistent with the
shared signature of cortical change among diverse behav-
iorally defined disorders that occur at elevated rates in an-
euploidies and other GDDs. The cortical gradient revealed by
these shared effects represents a high-priority target for
future translational research in basic and clinical
neuroscience.
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