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Source-based morphometry reveals structural brain pattern
abnormalities in 22g11.2 deletion syndrome
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the 22q11.2 deletion, deletion size, intelligence quotient, and psychosis on the SBPs.
Seventeen GMV-SBPs were derived, which provided spatial patterns of GMV covari-
ance associated with a quantitative metric (i.e., loading score) for analysis. Patterns of
topographically widespread differences in GMV covariance, including the cerebellum,
discriminated individuals with 22q11DS from healthy controls. The spatial extents of
the SBPs that revealed disparities between individuals with 22q11DS and controls
were consistent with the findings of the univariate voxel-based morphometry analy-
sis. Larger deletion size was associated with significantly lower GMV in frontal and
occipital SBPs; however, history of psychosis did not show a strong relationship with
these covariance patterns. 22q11DS is associated with distinct structural abnormali-
ties captured by topographical GMV covariance patterns that include the cerebellum.
Findings indicate that structural anomalies in 22q11DS manifest in a nonrandom
manner and in distinct covarying anatomical patterns, rather than a diffuse global
process. These SBP abnormalities converge with previously reported cortical surface

area abnormalities, suggesting disturbances of early neurodevelopment as the most
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1 | INTRODUCTION

22q11.2 deletion syndrome (22q11DS) is the most commonly occur-
ring microdeletion in humans, affecting an estimated 1 in 2000 to
4000 newborns (Blagojevic et al., 2021; McDonald-McGinn
et al., 2015). In addition to the congenital cardiovascular and craniofa-
cial anomalies that most often lead to diagnosis, the vast majority of
individuals with 22q11DS also exhibit anomalies related to the central
nervous system (CNS) (Blagojevic et al., 2021; Hopkins et al., 2018;
Linton et al., 2020; McDonald-McGinn et al., 2015). The most preva-
lent CNS anomalies encompass a spectrum of intellectual and learning
disabilities or cognitive deficits (>90%), psychiatric disorders (60%;
estimated 25-30% with psychotic illness), and combinations thereof
(Linton et al., 2020; Moberg et al., 2018).

A recent meta-analysis showed that the neuropsychological pro-
file in 22q11DS is characterized by a large effect on Full Scale intelli-
gence quotient (FSIQ) (d = —2.5), with slightly worse performance 1Q
(PIQ) than verbal 1Q (VIQ) impairments (d = —-2.4 vs. d =—1.9,
respectively), accompanied by significant impairments in domains of
language, motor, executive function, and academic attainment as well
(Moberg et al., 2018). Deletion size was recently shown to impact
cognitive function, with the larger and more common (A-D) deletion
associated with 4 to 8-point decreases in FSIQ, PIQ, and VIQ, relative
to the smaller and less common (A-B) deletion (Zhao et al., 2018). Fur-
thermore, more severe baseline cognitive deficits—as well as early
cognitive decline, particularly in the verbal domain—were associated
with significantly increased risk of developing psychosis in 22q11DS
(Pontillo et al., 2019; Vorstman et al., 2015). The broad range of

likely underlying mechanism.

2211 deletion syndrome, gray matter volume, magnetic resonnance imaging, source-based

cognitive impairment and diverse phenotypic manifestations involving
the brain in individuals with 22q11DS suggests that the microdeletion
has a widespread neuroanatomical impact, rather than a focal pattern
of brain abnormalities.

Indeed, structural MRI (sMRI) studies have demonstrated that
22q11DS is associated with widespread brain abnormalities (Cheon
et al,, 2022; Ching et al., 2020; Lin et al., 2017; Schmitt et al., 2015;
Simon, Ding, et al., 2005; Sun et al., 2020). Specifically, relative to TD
controls, surface area is significantly lower across all brain lobes, while
cortical thickness (CT) shows overall higher thickness, with localized
thinning in the anterior cingulate and superior temporal gyrus. These
neuroanatomic patterns led to correct classification of 22q11DS brain
scans versus controls with an accuracy of 93.8% (Sun et al., 2020). In
addition, 22q11DS is associated with subcortical alterations (Ching
et al, 2020). There is also evidence that the magnitude of certain
brain structural phenotypes (e.g., the extent of surface area reduction)
depends on the size of the 22q11.2 deletion (Ching et al., 2020; Sun
et al., 2020).

Gray matter volume (GMV) is a critical metric in sMRI. Voxel-
based morphometry (VBM) has been used in small to modest sample
sizes in single-site studies (N's ranging from 14 to 63) to characterize
GMV alterations in 22q11DS (Baker et al., 2011; Campbell
et al, 2006; Chow et al., 2011; Gothelf et al, 2011; Piervincenzi
et al., 2022; Shashi et al., 2010; Simon, Ding, et al., 2005). Meta-
analyses have shown both a global deficit in gray matter as well as
specific decreases predominantly in posterior brain regions (Tan
et al., 2009). However, the cerebellum has typically not been included

in these analyses.
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VBM is a univariate approach that interrogates differences in sin-
gle voxels between groups of interest. The underlying statistical
assumption made in VBM is that the GMV value at each of the voxels
is conditionally independent of the others, and thus independent sta-
tistics are computed for each of the thousands of voxels (e.g., using
t tests). In contrast, source-based morphometry (SBM) is a data-driven
multivariate method that takes into account the relationship of sMRI
metrics amongst voxels. SBM originated from research that demon-
strated the coordinated development and functioning of brain regions
(Alexander-Bloch et al., 2013; Zielinski et al., 2010). It was further sup-
ported by findings that communities of brain regions exhibit covaria-
tion in their morphological properties (Mechelli et al., 2005). SBM
identifies spatially related imaging features (e.g., GMV) with common
inter-individual covariation to form spatial SBPs (Colloby et al., 2021;
Gupta et al., 2019; Xu et al., 2009), and provides SBP-specific loading
scores for each subject on the sMRI metric of choice (e.g., GMV).
SBM provides a means to assess whether GMV abnormalities in a dis-
ease involve a diffuse global process or occur according to distinct
patterns. SBM has been primarily employed in single-scanner studies
to examine neuroanatomical distinctions between populations and
explore the neuroanatomical associations with demographic or clinical
characteristics (Ge et al, 2019; Ge, Liu, et al., 2021; Hafkemeijer
et al., 2014; Park et al., 2022; Steenwijk et al., 2015; Xu et al., 2009).
In recent years, there has been a growing trend toward collaborative
studies that utilize SBM (Ge, Hassel, et al., 2021; Gupta et al., 2015;
Luo et al., 2020; Mei et al., 2020), as the pooling of multisite MRI data
from multiple research sites has gained momentum (Thompson
et al., 2020). Our group has made a recent advance in SBM analysis
with the development of a novel strategy called SS-Detect (Ge, Ding,
et al., 2021), which models scanner-specific information and thereby
infers more accurate estimates of subject-specific loading parameters
of each site in multisite studies.

In the present study, we assessed SBPs in 22q11DS and sex- and
age-matched TD controls (hereafter controls) from the ENIGMA
22g11.2 Deletion Syndrome Working Group using SS-Detect. We
addressed the following questions:

1. Are there specific covariation patterns of GMV abnormalities in
22q11DS? That is, do GMV in 22q11DS reflect a diffuse global
process, or do they develop instead according to distinct anatomi-
cal patterns?

2. Is 22q11.2 deletion size associated with differences in
22q11DS SBPs?

3. Are SBP abnormalities associated with neuropsychiatric pheno-

types in 22q11DS (namely, psychosis or 1Q)?

2 | MATERIALS AND METHODS
21 | Participants and datasets

sMRI scan data from 783 participants (470 22q11DS individuals and
313 controls) from 10 research sites in the ENIGMA 22q11.2 Working

Group were included in the present study. All research studies
obtained approval from local institutional review boards and ethics
committees. Written informed consent was obtained from all individ-
ual participants or their guardians.

Structural T1-weighted brain MRI scans were acquired using
13 scanners at 10 participating international research sites. Sites with
more than one scanner or acquisition protocol were treated as sepa-
rate sites in the analysis. Details of the acquisition parameters for
each contributing site can be found in previous ENIGMA studies using
these data (Ching et al., 2020; Sun et al., 2020).

2.2 | Image preprocessing

sMRI data preprocessing was performed with the Computational
Anatomy Toolbox (CAT12; http://dbm.neuro.uni-jena.de/cat). For
preprocessing, default settings were used as described in the toolbox
manual (http://dbm.neuro.uni-jena.de/cat12/CAT12-Manual.pdf; see
Supplementary Methods 1.1 for details). We evaluated data quality
and did not exclude data because of poor quality as determined by
CAT12 (see Supplementary Methods 1.2). We estimated the total
intracranial volume (TIV) to be used as a covariate in the subsequent

analyses.

2.3 | Source-based morphometry

SBM investigated the effect of 22q11DS diagnosis on variation
between brain regions with covaried GMV, termed SBPs. The SBM
protocol is outlined in detail in the Supplementary Material. Briefly, an
SBM approach for multisite studies (Ge, Ding, et al., 2021) was imple-
mented using the GMV images with independent component analysis
(ICA; see supplementary material Figure S2 for details), with 17 com-
ponents estimated by the minimum description length criterion (Li
et al., 2007). In the literature of fMRI analysis using group ICA, there
are commonly two principal component analysis (PCA) reduction
steps, one at the individual subject level and a second at the group
level. In this study, we adopted a similar strategy for SBM analysis.
Specifically, we first reduced each single-site dataset into 17 principal
components, effectively preserving at least 95% of the variance for
each dataset, followed by a reduction of the group-level concatenated
data into 17 principal components before utilizing them in ICA. As a
supplement, we illustrated the effectiveness of this site-specific PCA
in mitigating site-effect (see section 51.5 in supplement material). The
site-specific spatial brain patterns (SBPs) were subsequently derived
through back-reconstruction using dual regression (Beckmann
et al., 2009). SBM obtains GMV covariation spatial maps (called SBPs)
and their corresponding loading scores for each SBP; these SBPs cap-
ture GMV covariation patterns among participants. With SS-Detect,
correspondence of spatial SBPs across subjects acquired with differ-
ent MRI scanners is robustly established; this is particularly important
as SBM relies on the prerequisite hypothesis that the groups being
compared exhibit similar spatial maps (Gupta et al., 2019; Xu
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et al., 2009). Furthermore, our previous study demonstrated that SS-
Detect enhances sensitivity and reduces false-positive regions in
detecting between-group differences compared to the conventional
SBM strategy. This improvement makes SS-Detect particularly advan-
tageous when utilized in multisite cross-sectional clinical studies
involving SBM (Ge, Ding, et al., 2021).

2.4 | Statistical analyses

241 | 22q11DS versus controls

Statistical analysis was performed on SBP loading scores: determination
of group differences in SBPs was performed using a two-sample t test
on every column of the loading score matrix (supplementary material
Figure S2); specifically, the effects of age, sex, TIV, and site were
removed from the loading scores with a linear regression model with
the “fitlm” function in MATLAB, then the residualized loading scores
were submitted to two-sample t tests. For each SBP the corresponding
loading scores capture the covariation of this SBP among participants,
and a group with larger loading scores is the group with larger GMV in
this SBP (Gupta et al., 2019; Xu et al., 2009). The results were cor-
rected for multiple comparisons using the false discovery rate (FDR)
approach and the significance threshold was set at p < .05 (Benjamini
et al., 2001). Post hoc analyses were carried out to evaluate SBP differ-
ences between 22q11DS and controls by calculating Hedges' g effect
size for each SBP that exhibited a significant between-group difference.
In the present study, we computed each SBP's effect size in the pooled
data across all 13 scanners (i.e., mega-analysis). We also conducted
meta-analyses across all scanners that included both 22q11DS and
control subjects by conducting the statistical comparisons of each
study individually (11 studies were used, because 2 studies lacked con-
trols), and combining the summary statistics across studies. To investi-
gate the role of 1Q on the results, we carried out secondary analyses
with IQ as an additional independent variable that was removed from
the loading scores of the SBPs (supplemental Figures S8 and S9). Post
hoc analyses in all subjects were conducted on all 12 SBPs that exhib-
ited significant difference between 22q11DS individuals and healthy
controls. A general linear model was fit with 1Q as the dependent vari-
able, and SBP as an independent variable with TIV, age, sex, site, and
group as covariates in the model.

We used the Neurosynth decoder function (https://neurosynth.
org/; Yarkoni et al., 2011) to annotate the SBPs that showed signifi-
cant between-group differences to explore their putative functional
role. We submitted the spatial maps (thresholded at Z > 2.5) of these
SBPs to Neurosynth, and the top 10 functional roles assigned to each
submitted SBP were used to infer its putative functionality. We calcu-
lated the energy associated with these Z > 2.5 voxels relative to the
total energy (Wang et al., 2012) encompassing the entire brain's vox-
els. On average, these voxels accounted for 49.11% (standard
deviation = 13.75%) of the total energy, and we deemed these voxels

as robust representatives of the underlying patterns.

242 | Effectof 22q11.2 deletion size on SBPs

Each subject with an A-B deletion was matched with subjects with
A-D deletions, and healthy controls, based on same site and sex, and
closest age following procedures according to our prior work (Sun
et al, 2020). This comparison included 129 participants with
22q11DS who had deletion size information available (22 with a
proximal nested A-B deletion and 107 with a typical A-D deletion).
Deletion size was determined previously using multiplex ligation-
dependent probe amplification (MLPA) (see Sun et al., 2020 for
details). Each subject with an A-B deletion was matched with four to
five subjects with A-D deletions, and four to five healthy controls,
based on same site and sex, and closest age. Determination of group
differences in SBPs was performed using a two-sample t test on the
loading scores, after removing effects of age, sex, TIV, and site from
the loading scores with a linear regression model. The results were
corrected for multiple comparisons with FDR correction at the signifi-
cance threshold g < 0.05. To investigate the effect of IQ on the
results, we carried out sensitivity analyses by removing the effect of

1Q from the loading scores.

243 | Effects of psychosis on SBPs in 22q11DS

To compare SBPs between 22q11DS subjects with and without a psy-
chotic disorder diagnosis, each 22q11DS + psychosis subject was
matched to a 22q11DS-no-psychosis subject at the same site, with
the same sex, and closest age following procedures according to prior
work (Gur et al., 2017). This analysis included 117 demographically
matched participants with 22q11DS who had consensus-based diag-
nostic information about psychosis history (Sun et al., 2020), compar-
ing two subgroups: n =58 with confirmed diagnosis of psychotic
disorder and n = 59 confirmed to have never had psychotic symp-
toms (Sun et al., 2020). A two-sample t test on the loading scores was
used to compare the two subgroups, after removing effects of age,
sex, TIV, and site from the loading scores with a linear regression
model with the “fitim” function in MATLAB R2013b. The results were
corrected for multiple comparisons, with the significance threshold
g < 0.05 (FDR correction). To investigate the effect of IQ on the
results, we carried out secondary analyses by removing the effect of

1Q from the loading scores.

244 | Conventional univariate analyses

Univariate VBM analyses of two-sample t tests were conducted to
compare participants with 22q11DS to controls, 22q11DS with the
A-B versus A-D deletion, 22q11DS with and without psychosis,
respectively (further details in Supplemental information 1.2). Before
submitting the loading scores to t tests, the effects of age, sex, TIV,
and site were removed from the loading scores with a linear regres-

sion model.
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3 | RESULTS

3.1 | 22q11DS versus control differences in SBPs
A detailed description of the ascertainment procedures, inclusion/
exclusion criteria and demographics of the current cohorts was pub-
lished previously (Sun et al., 2020). Briefly, there were no significant
group differences in sex (chi-squared test, x> = 2.01, p = .16) or age
(two-sample t test, t = 0.29, p =.77), but controls had significantly
higher IQ (two-sample t test, t = 31.95, p < .001) than 22q11DS par-
ticipants (Table 1).

The SBM procedure decomposed the GMV data into 17 indepen-
dent SBPs. Overall, these SBPs exhibited symmetrically spatial distri-
butions. SBPs were labeled and grouped according to their
predominant similarity in topographical locations (supplementary
material Figure S4, Figure S5, and Table S1). Group differences were
observed in 12 of the 17 SBPs. Six SBPs showed lower loadings in
22g11DS compared to controls. The other six SBPs showed higher
loadings in 22q11DS. Results of the meta-analysis strategy (weighted
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summary statistics of 11 sites with both 22q11DS and controls) and
mega-analysis (pooling data from all 13 sites) were fully convergent.
We proceeded with reporting in the main text the results of mega-
analysis only. Meta-analytic results with effect sizes for each of the
sites are presented in supplementary material Figures S6 and S7.

The spatial patterns of the six SBPs with significantly lower load-
ing scores in 22q11DS relative to controls, along with the putative
functionality of these SBPs according to the meta-analytic decoder
Neurosynth, are presented in Figure 1 (decoder labels are represented
as word-cloud plots on top of the violin plots). We observed highly
significant differences (all p <.001) for SBP 1 and SBP 4 (both cere-
bellar SBPs), SBP 7 (parietal pattern), SBP 8 (lateral occipital pattern),
SBP 9 (frontal pattern), and SBP 12 (medial occipital pattern), which
had the largest effect size (—1.34 95% Cl: [-1.5, —1.18]), indicating
that 22q11DS had lower GMV than controls in those covariation pat-
terns (supplementary material Table S2). Specifically, these results
indicated lower GMV across almost the entire cerebellum, as well as
middle temporal and occipital gyri, cuneus and precuneus, cingulate
gyrus, anterior and posterior cingulate, and medial frontal gyrus in
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FIGURE 1 Six gray matter volume structural brain patterns (SBPs) exhibited lower loading in 22q11DS individuals relative to healthy controls
(i.e., lower gray matter volume [GMV] in these SBPs). SBPs included two cerebellar patterns (SBPO1 and SBP04, left column), one parietal pattern
(SBPQ7) and one frontal pattern (SBP09, middle column), and two occipital patterns (SBPO8 and SBP12, right column). Analyses included all
participants (n = 783) across the 13 scanners, adjusting for effects of age, sex, total intracranial volume, and site. The top 10 terms associated
with each SBP on Neurosynth decoding are shown in word-cloud plots, and font size represents the relative correlation strength of each term to
the SBP. L: left; R: right.

85US017 SUOLILLIOD SAIERID 3ol dde 3y} Aq peunoh a8 S3joNe YO ‘8sN JO S3IN 10} Afeq 1 BUIIUO AS]IA UO (SUOTIPUOD-PLE-SWISHLI0D" 3| 1M ARe.q1Bu1|UO//SANY) SUO RIPUOD PUe SWia | 84} 835 * [7202/T0/9T] U0 A%iq1Taulluo AB|1MW ‘81140 3Uey000 Ag 5592 WqU/2Z00T OT/I0p/W0d" A3 1M Afeid 1 pul|uo//sciy wouy papeojumoq ‘T *¥20Z ‘€6T0L60T



GE eT AL Wl LEY 7 of 15
shimylation acoustic &y
SUYIESEY GXQCUtl¥§ e TASKE™
IS Sihiogropsical a e task difficulty Y; d
£ soundm e L dEMANAS
0.011 PLL " 0.015 referential 0.017 vorking neroryWOrK1Ng
- b4
© | @ . |
Op e <0.001 £ <0.001
c 9 p<0.001 - £e p 2B\ \ 2 Lo p e
Iy I - o o ). / o o
S o = m & ™}
a2 gﬁ T O 82
-5 Iy 25 2 ° LI——R
(L] y=-33 T 2 = y=
s 2 (M €2 8 £
o] A 0T o3
E g ) EE ES
8= LR = & o I\ R
z=14 z=3 - z=24
0 12 o JESeore 6 M5
o HEs 22q11ps  °MESeore ot 22q11DS HCs 22q11ps *HEECere

' “Hedges'g=0.73, 95%CI=[0.58,0.88]

erotional

Hedges’g=0.39, 95%CI=[0.25,0.54]

®' Hedges’g=0.61, 95%CI=[0.46,0.76]

St W ammpmmd t a C t i l sze:nc:otﬂﬁ,%'t‘or working memory  mind tom .
eiiis T €Wa s AC LGy comprehehsion,
~=NONeta ry somatosensory s S an
00157 1NCENT1Veanticipation AT 0.02 PTAMALY SQUATOZSNRQTY 0.015 llngu1st1c symbg‘l
ﬁ‘% - |
c <y c g —
g © p<0.001 x=26 é < p<0.001 £ ] p<0.001 .
T o £3 S & ' . g'&
Q m o = g \ A
E(I) L R —_"n © o ﬂL.R
0 ‘s y=8 © 5 § g y=-45
s ) €8 59 AT
5 2 by §E SE €
g% LT o R bk G
5 8 IR 8 E2 LR
] z=2 o z=41 o =4
| o[Escore s offfScore s % oEScore o
0015 HCs 22q11DS HCs 22q11DS 0015 HCs 22q11D$

Hedges’g=0.82, 95%CI=[0.67,0.97]

FIGURE 2
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Six gray matter volume structural brain patterns (SBPs) exhibited higher loading in 22q11DS individuals relative to healthy

controls (i.e., higher gray matter volume [GMV] in these SBPs). SBPs include one temporal pattern (SBP0O5) and one subcortical pattern (SBPO6,
on right column); one frontal pattern (SBP10), and one pericentral pattern (SBP14, on middle column); and two frontoparietal patterns (SBP13
and SBP17). Analyses included all participants (n = 783) across the 13 studies, adjusting for effects of age, sex, total intracranial volume, and
research sites. The top 10 terms associated with each SBP on Neurosynth decoding are shown in word-cloud plots, and font size represents the

relative correlation strength of each term to the SBP. L: left; R: right.

22q11DS relative to controls (Supplementary Table S1 provides
details of regions included in each of the SBPs). The spatial patterns
of the six SBPs with higher loading scores in 22q11DS relative to con-
trols are presented in Figure 2. These patterns included SBP 5 (tempo-
ral pattern), SBP 6 (subcortical pattern), SBP 10 (frontal pattern), SBP
14 (sensorimotor pattern), and SBP 13 and SBP 17 (two frontoparietal
patterns). These results indicated higher GMV in these patterns in
22q11DS relative to controls (supplementary material Table S2). All of
these results were robust to removing the effect of IQ from the load-
ing scores in the analyses. Post hoc analyses with 1Q as the dependent
variable showed that the SBPs that demonstrated differences
between 22q11DS individuals and controls did not show significant
associations with 1Q (FDR correction g < 0.05).

3.2 | Effect of deletion size on SBPs

There were no age or sex differences between 22q11DS subjects with

the A-B deletion (h=22) and A-D deletion (n= 107). However,

consistent with previous reports (Zhao et al., 2018), IQ was significantly
higher in those with A-B deletions (n = 20; mean [SD] = 81.85 [9.48])
than those with A-D deletions (n = 95; mean [SD] = 74.86 [14.58])
(p = .043) (supplementary material Table S3). For the SBPs, we observed
three SBPs with higher loading scores in the A-B deletion group than the
A-D deletion group (Figure 3). These patterns included SBP 9 (frontal
pattern; p = .007), SBP 12 (medial occipital pattern; p = .004), and SBP
17 (frontoparietal pattern; p < .001). These results did not change after

removing the effect of IQ from the loading scores.

3.3 | SBPs abnormalities and psychosis

Demographics of participants included in this analysis (58 22q11DS indi-
viduals with psychosis, 59 without psychosis) are reported in Supplemen-
tary Table S3. We observed that the psychosis subgroup showed
nominally higher loading scores in a medial occipital pattern (SBP 12) rel-
ative to the subgroup without psychosis (p =.031 uncorrected;

Figure 4). However, these differences did not survive FDR correction.

85US017 SUOLILLIOD SAIERID 3ol dde 3y} Aq peunoh a8 S3joNe YO ‘8sN JO S3IN 10} Afeq 1 BUIIUO AS]IA UO (SUOTIPUOD-PLE-SWISHLI0D" 3| 1M ARe.q1Bu1|UO//SANY) SUO RIPUOD PUe SWia | 84} 835 * [7202/T0/9T] U0 A%iq1Taulluo AB|1MW ‘81140 3Uey000 Ag 5592 WqU/2Z00T OT/I0p/W0d" A3 1M Afeid 1 pul|uo//sciy wouy papeojumoq ‘T *¥20Z ‘€6T0L60T



8of15 | WILEY.

GE ET AL.

frontal pattern (SBP09) 7

I

z=4 2=20 2=36 0

SBP09
9100S-Z

occipital pattern (SBP12) 10

frontoparietal pattern (SBP17) ¢

I

2=35 2=40 2=45 0

9109s-2
SBP17
91092s-2

SBP loadings: A-B > A-D (A-D, n = 107; A-B, n = 22)

0.0151 Hedges'g = 0.64, 95% Cl =[0.17,1.10]  0.0151 Hedges’g = 0.68, 95% CI =[0.21, 1.14]  0.015
p =0.004

p = 0.007

frontal pattern
loadings of the SBP09
occipital pattern
loadings of the SBP12

A-D A-B N A-D

Hedges’g = 1.27, 95% CI = [0.78, 1.75]
p <0.001

frontoparietal pattern
loadings of the SBP17

o
o
=
(&
o
o
=
(4]

.
o
o
=
o

SBP loadings: A-B > A-D (A-D, n = 95; A-B, n = 20), 1Q adjusted

0.0151 Hedges’g = 0.63, 95% Cl =[0.14, 1.12]  0.015r Hedges’g = 0.59, 95% CI = [0.10, 1.08] 0.015
p=0.017

p=0.011

frontal pattern
loadings of the SBP09
occipital pattern
loadings of the SBP12

A-D A-B A-D

Hedges’g = 1.40, 95% CI =[0.88, 1.91]
p < 0.001

‘4
»
o
s

A-B

frontoparietal pattern
loadings of the SBP17

A-D A-B

-0.015 -0.015

.015

o

FIGURE 3 Three structural brain patterns (SBPs) exhibited higher loading in A-B 22q11.2 deletion compared to A-D deletion (i.e., higher gray
matter volume [GMV] in these SBPs of A-B). SBPs included one frontal pattern (SBP09), one occipital pattern (SBP12), and one frontoparietal
pattern (SBP17). The frontal and the occipital SBPs had higher loading scores in healthy controls relative to A-D deletion individuals, but had
similar loading scores to A-B deletion. The frontoparietal pattern had lower loading scores in controls than either A-B and A-D deletion. These
results were similar after adjusting for intelligence quotient (IQ) (bottom panel).

3.4 | Univariate analysis of GMV

The VBM results showed a single global pattern of differences in
GMV that was convergent with SBM results in regions where the dif-
ferences were most pronounced (i.e., areas within SBNs with large
effect sizes). Figure 5, supplementary Figure S11, and Table S4 show
details of this analysis. These results indicated significantly reduced
GMV in widespread cerebellar and medial regions and increased GMV
in subcortical and lateral prefrontal regions in 22q11DS individuals,
and results were not substantively altered by adjusting 1Q of the par-
ticipants. Site effects were minimal as evidence in supplementary
Figure S10. Moreover, relative to the A-D deletion group, the A-B
deletion group showed larger GMV in occipital regions including cal-
carine cortex, lingual cortex, and cuneus (Figure 5 and supplementary
material Figure S11 and Table S5). No significant differences in VBM

GMV results were detected between the 22q11DS-psychosis and
22q11DS-no-psychosis groups.

4 | DISCUSSION

This study represents the first investigation into patterns of GMV
alterations in 22q11DS utilizing SBM methods optimized for multisite
studies (Ge, Ding, et al., 2021). This approach yielded two major find-
ings. First, 22q11DS was associated with widespread differences in
GMV SBPs, displaying nonrandom patterns with symmetric distribu-
tion across various brain regions. These patterns encompassed senso-
rimotor areas, regions overlapping with the default mode system (Luo
et al., 2012; Raichle, 2015), and cerebellar regions. Second, the SBM

findings related to 22q11.2 deletion size; specifically, the smaller
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FIGURE 4 Gray matter volume-based structural patterns
comparison between 22q11DS individuals with and without
psychosis. Only one structural brain pattern (SBP), occipital, showed
higher loading scores (i.e., higher gray matter volume [GMV] in this
SBP) in 22q11DS individuals with psychosis than those without
psychosis (p < .05, uncorrected). Bottom panel shows results adjusted
for intelligence quotient (IQ). Positive Hedges' g effect size value
indicates 22q11DS individuals with psychosis have higher loadings
than those without psychosis.

nested A-B deletions compared to the typical larger A-D deletions
revealed distinct patterns involving higher loading in frontal, parietal,
and occipital regions, which were robust to adjustment for IQ. These
findings provide further evidence for distinct neuroimaging pheno-
types in 22q11DS (Cheon et al, 2022; Ching et al., 2020; Sun
et al., 2020; Villalén-Reina et al., 2020), and extend on these findings
by demonstrating that structural anomalies in 22q11DS manifest in a
nonrandom manner and exhibit distinct anatomical patterns, rather
than a diffuse global process.

Our method decomposed GMV covariance into 17 SBP patterns.
Most SBPs (12/17; 75%) showed significant differences in 22q11DS
relative to controls. Of these, half showed lower loadings, while the
other half showed higher loadings in 22q11DS. The effect sizes were
larger for SBPs that showed lower loadings in 22q11DS (supplemen-
tary Figure S6), and weak to moderate for most of the SBPs that
showed higher loadings in 22q11DS (supplementary Figure S7), indi-
cating that overall, lower GMV patterns were more pronounced than
higher GMV patterns in 22q11DS. The lower GMV in 22q11DS
formed SBP patterns comprising most of the cerebellum, frontoparie-
tal, and thalamo-occipital regions. These substantially overlap with
cortical areas shown to have decreased surface area in 22gq11DS (Sun
et al., 2020). Unlike our previous ENIGMA 22q11DS cortical mapping

study, the current investigation expands its scope to include analysis
of the cerebellum. This analysis reveals significant deficits in GMV
structural patterns within the cerebellum (Schmitt et al., 2022), indi-
cating that the developmental processes governing cerebellar devel-
opment in individuals with 22q11DS may share similarities with the
molecular and cellular mechanisms involved in the formation of radial
units in the cerebral cortex (Rakic, 1988; Rakic, 1995; Ten Donkelaar
et al., 2003). Notably, our study revealed that the covariation of GMV
exhibited distinct directions of effect between individuals with
22q11DS and controls across various SBPs. This finding aligns with
recent research, particularly from the ENIGMA 22q11.2 Working
Group, which has employed diverse methodologies to investigate cor-
tical and subcortical structure (Ching et al., 2020; Sun et al., 2020), as
well as white matter microstructure in 22q11DS (Seitz-Holland
et al., 2021; Villalén-Reina et al., 2020). Specifically, Villalén-Reina
et al. found that fractional anisotropy (FA) of the white matter exhib-
ited two distinct directions of effect in 22q11DS individuals relative
to demographically matched control subjects: elevated FA in
22q11DS individuals relative to controls was observed in callosal and
projection fibers (i.e., internal capsule and corona radiata), while
decreased FA in 22q11DS individuals was observed in certain associa-
tion fibers (Villalén-Reina et al., 2020). Meanwhile, Ching et al. made a
noteworthy discovery regarding subcortical structures, highlighting
two distinct directions of effect between 22q11DS individuals and
controls. Those with 22q11DS exhibited reduced volumes in the thal-
amus, putamen, hippocampus, and amygdala, alongside increased vol-
umes of the lateral ventricles, caudate and accumbens, relative to
controls (Ching et al., 2020). Furthermore, Sun et al. identified varia-
tions in CT and surface area, encompassing both thickening/
expansion and thinning/reduction, in various brain regions among
individuals with 22g11DS relative to controls (Sun et al., 2020).

In the present study, the outcomes derived from SBM and univar-
iate VBM analyses exhibited substantial convergence. Specifically,
regions within the SBPs that manifested group differences displayed a
substantial overlap with regions showcasing group differences in the
VBM analysis. Nonetheless, a noteworthy advancement offered by
SBM over VBM was its ability to decompose the GMV data into dis-
crete SBPs. This decomposition showcased that the structural anoma-
lies associated with 22q11DS present themselves not in a random
diffuse fashion, but rather as distinct, covarying anatomical patterns.
Furthermore, SBM exhibited enhanced sensitivity compared to VBM
in detecting group differences (Gupta et al., 2019; Xu et al., 2009). A
notable illustration of this was the fact that while the univariate VBM
did unveil differences in GMV within occipital regions between the
A-D deletion group and the A-B deletion group, SBM further eluci-
dated this contrast through the identification of three distinct SBPs
that differentiate the two groups, with one of these SBPs was found
to be specific to the occipital regions implicated in the VBM analysis.

We submitted the SBP maps that showed differences between
22q11DS and controls to Neurosynth to explore topographical overlap
between the GMV SBPs and the putative functions attributed to those
brain regions investigated using functional MRI. This qualitative

hypothesis-generating exercise showed that the attributed functions of
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results of the VBM analysis (controls > 22q11DS )
controls n = 313,22q11DS n = 470

results of VBM analysis (A-B > A-D)
matched data (A-B, n = 22; A-D, n = 107)

0
L R

FIGURE 5

controls n= 219 22q11DSn =442, 1Q adjusted

,

matched data (A-B, n = 20; A-D, n = 95), 1Q adjusted

Voxel-based morphometry (VBM) shows widespread cortical, subcortical, and cerebellar differences in gray matter volume (GMV)

between 22q11DS and healthy volunteers (upper panel) and between individuals with A-B deletion and individuals with A-D deletion (lower
panel). Upper panel: results of the VBM analysis showing regions where there are statistically significant differences between 22q11DS and
controls. Warm colors (color spectrum range from red to yellow) indicate regions where gray matter volume is statistically larger in controls. Cool
colors (color spectrum range from green to blue) indicate regions where gray matter volume is statistically larger in 22g11DS individuals. Lower
panel: results of the VBM analysis where 22q11DS individuals with shorter (A-B) deletions >22q11DS individuals with longer deletions (A-D).
Results shown in the left column were results with age, sex, total intracranial volume, and site included as covariates in the model, and results
shown in the right column were results with age, sex, total intracranial volume, site, and intelligence quotient (IQ) included as covariates in the
model. All results shown are corrected at p < .05 with false-discovery rate (FDR). L, left; R, right.

these SBPs could be mapped onto cognitive domains such as visuo-
spatial deficits (SBP 7, 8, and 12); language (SBP 17); or verbal memory
(SBP 1) that are impaired in 22q11DS (Bearden et al., 2001; Fiksinski
et al., 2019; Glaser et al., 2002; Simon et al., 2005; Van Den Heuvel
et al,, 2018; Woodin et al., 2001). However, we did not find significant
associations between 1Q and these SBPs. It is plausible to consider that
these SBPs identified in our study may be associated with particular cog-
nitive deficits rather than a global cognitive deficit captured solely by
Q. Future studies are warranted to test the degree to which SBPs in
22q11DS are associated with specific cognitive deficits.

Our data showed that, when compared to the smaller nested A-B

deletion, the typical larger A-D 22q11.2 deletion size was associated

with lower loadings in SBPs encompassing mid-frontal (SBP 9, Neuro-
synth “conflict monitoring”), occipito-thalamic (SBP 12, Neurosynth
“visuo-spatial and verbal memory”) and frontoparietal (SBP 17, Neuro-
synth “language”) regions. Our findings that individuals with large A-D
deletions had lower GMV compared to individuals with A-B deletions
aligns with previous findings of greater surface area reductions in
those with large A-D deletions compared to those with A-B deletions
(Sun et al., 2020), consistent with studies showing similar genetic
influences on surface area and GMV (Winkler et al., 2010). The con-
vergence of reduced surface area and GMV SBPs points to the
22q11.2 deletion having an impact on early cortical development, as

surface area is tightly linked to early cortical development and
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increased neuronal proliferation (Rakic, 1988). In addition, as the
larger deletion size only impacts three SBPs rather than all 22q11DS
relevant structural patterns, this finding could be a starting point for
future research as it sheds light on SBPs that potentially reflect
genetic vulnerability in 22q11DS. While three SBPs displayed higher
loading scores in the A-B deletion group compared to the A-D dele-
tion group, two of these (SBP 9 and 12) had lower loading scores in
22q11DS individuals than in healthy controls, whereas SBP 17 exhib-
ited higher loading scores in 22q11DS individuals than controls. The
variation in SBP 17 implies that the GMV within this parietal pattern/
network may be influenced by factors not accounted for in the pre-
sent study, such as modifying genes outside the locus. This divergence
may also indicate that the deletion size does not always impact the
brain in a consistent manner. Additional validation is necessary using
an independent and larger sample of patients with atypical deletions.

Given the nominally significant difference between the 22q11DS-
psychosis and 22q11DS-no-psychosis groups and the smaller sample
size for this comparison, this result should be interpreted with caution.
It is of interest that our prior study using the same dataset uncovered
significant differences in CT but not in surface area between these
two groups (Sun et al., 2020), and a recent independent study
revealed significant differences in structural covariance of CT
between 22q11DS individuals with and without psychotic symptoms
(Sandini et al., 2018). Considering that SBM serves as a multivariate
alternative to univariate VBM, it offers enhanced sensitivity in detect-
ing disease-related structural anomalies (Xu et al., 2009), a future
study using SBM to assess potential surface area correlates of psycho-
sis in 22g11DS that cannot be captured with univariate analysis may
be informative because surface area is tightly linked to cortical devel-
opment in 22g11DS and in schizophrenia spectrum disorders (Cheon
et al,, 2022; Sun et al., 2020).

Limitations should be noted. First, while the methods applied here
allow us to segment voxels into broad tissue categories (i.e., gray mat-
ter, white matter, CSF) based on intensities for each of the voxels in a
scan, these intensities cannot inform us directly about what precise
underlying biological processes may be changing intensity values. Sec-
ond, our sample size is limited for the subgroup analyses of deletion
size and history of psychosis, especially for the A-B deletion type.
Moreover, we cannot rule out that some of those classified as “no
psychosis” may develop a psychotic iliness in later life. Future studies
that employ a more detailed and granular characterization of cognitive
deficits in individuals with 22q11DS hold promise for exploring and
addressing questions related to the underlying brain abnormalities in
specific cognitive domains. The use of the “Neurosynth” decoder is an
exploratory technique rather than an inference of putative function of
the SBPs, and therefore the suggested functional labels of the SBPs
should be interpreted as hypotheses. Third, while the present study
utilized ICA to reveal spatially sparse structural patterns (Xu
et al., 2009), alternative methods that could provide supplementary
perspectives on the data can also be employed to quantify the SBPs
and their associated loading scores. Among these methods is non-
negative matrix factorization (Dai et al., 2023; Neufeld et al., 2020;
Sotiras et al., 2015; Sotiras et al., 2017) which has been demonstrated

to be able to separate spatially more localized and independent com-
ponents, in an analogous manner to ICA (Thompson et al., 2020).
Forth, the influence of site or scanner effects can be efficiently miti-
gated by carefully designing new SBM protocols (Chen et al., 2014; Li
et al, 2020), often necessitating the incorporation of a substantial
number of components. In the present study, the relatively small to
medium sample sizes at certain sites limited our ability to decompose
the data into a large number of components. As an alternative, we
employed SS-Detect, which has shown its capacity to effectively
model scanner-specific SBPs and yield more precise estimates of
subject-specific loading parameters compared to conventional SBM
analysis (Ge, Ding, et al, 2021), and demonstrated that the
site-specific PCA procedure successfully mitigated, if not entirely
eliminated, the site effect. Even though we further accounted for
inter-scanner effects in our statistical analysis, it's possible that certain
outcomes could still have been influenced by variations in MRI
machines and protocols. This potential influence could be mitigated in
future research by carefully balancing the inclusion of different scan-
ning sites. This approach not only has the potential to eliminate this
concern but also offers the added benefit of increased statistical
power to reinforce methods aimed at correcting for any site-related
effects (Chen et al., 2022; Fortin et al., 2018; Pomponio et al., 2020;
Sun et al., 2022). Finally, one limitation of utilizing SBM is its reliance
on the prerequisite assumption that the compared groups have similar
spatial maps.

5 | CONCLUSION

In conclusion, our multivariate SBM analysis using novel methods for
multisite data revealed new insights into the differential patterns of
structural covariance associated with 22q11DS, involving SBPs that
are distributed into distinct and nonrandom structural patterns which
were not driven by differences in IQ between 22q11DS and TD indi-
viduals. This is so far the largest study implicating cerebellar deficits of
22q11DS, motivating future studies in this often-ignored brain struc-
ture in the context of 22q11DS. We further demonstrated that while
deletion size was related to structural covariance patterns, history of
psychosis did not show a strong relationship with these patterns.
Future translational studies linking these cortical patterns to in vitro

and animal models of the 22q11.2 deletion are warranted.
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