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Abstract
Background: A crucial step to understanding the mechanistic underpinnings of autism spectrum disorder
(ASD), is to examine if the biological underpinnings of ASD in genetic high-risk conditions, like 22q11.2
Deletion Syndrome (22q11.2DS), are similar to those in idiopathic illness. This study aimed to examine if
ASD symptomatology in 22q11.2DS is underpinned by the same – or distinct – neural systems that
mediate these symptoms in non-deletion carriers.

Methods: We examined vertex-wise estimates of regional cortical volume (rCV), surface area (SA), and
cortical thickness across 131 individuals between (6-25 years) including (1) 50 individuals with
22q11.2DS, out of which n=25 had a diagnosis of ASD, (2) 40 non-carriers of the microdeletion with a
diagnosis of ASD (i.e. idiopathic ASD), and (3) 41 typically developing (TD) controls. We employed a 2-by-
2 factorial design to identify neuroanatomical variability associated with the main effects of 22q11.2DS
and ASD, as well as their interaction. Further, using canonical correlation analysis (CCA), we compared
neuroanatomical variability associated with the complex (i.e. multivariate) clinical phenotype of ASD
between 22q11.2 deletion carriers and non-carriers.

Results: The set of brain regions associated with the main effect of 22q11.2DS was distinct from the
neuroanatomical underpinnings of the main effect of ASD. Moreover, signi�cant 22q11.2DS-by-ASD
interactions were observed for rCV and SA in the dorsolateral prefrontal cortex, precentral gyrus, and
posterior cingulate cortex, suggesting that neuroanatomy of ASD is signi�cantly modulated by
22q11.2DS ( p <0.01). We further established that the multivariate patterns of neuroanatomical variability
associated with differences in symptom pro�les signi�cantly differed between 22q11.2 deletion carriers
and non-carriers (RV coef =0.06, p <0.7 vs. RV coef =0.196, p <0.0001). Limitations: We employed a
multicenter design to overcome single-site recruitment limitations, however, FreeSurfer derived measures
of surface anatomy have been shown to be highly reliable across scanner platforms and �eld-strengths’.
Further, we controlled for gender to address the differing distribution between idiopathic ASD individuals
and the other groups. Nonetheless, the gender distribution in our sample re�ects that of the respective
populations, adding to the generalizability of our results. Last, we included individuals with a relatively
wide age range (i.e. 6-25 years).

Conclusions: Our �ndings indicate that neuroanatomical correlates of ASD symptomatology in carriers of
the 22q11.2 microdeletion diverge from those in idiopathic ASD.

Background
22q11.2 Deletion Syndrome (22q11.2DS) is a genetic condition resulting from a microdeletion at the
q11.2 band of chromosome 22 (1). The estimated prevalence of 22q11.2DS is about 1 in 4000 (2), with
an equal proportion of affected males and females (3). This makes 22q11.2DS the most common
microdeletion syndrome in the general population (4, 5). While all individuals with 22q11.2DS display a
deletion within the same locus of chromosome 22, the phenotypic consequences of the deletion are both



Page 4/25

complex and variable (6). These encompass congenital and somatic features, as well as neuropsychiatric
conditions. For example, there are high rates of comorbid neuropsychiatric conditions such as; autism
spectrum disorder (ASD; ranging from 18 to 58% until early adulthood) (7-10), attention de�cit
hyperactivity disorder (ADHD; 37% in childhood) (7), anxiety disorders (approximately 35% in childhood
and adolescence) (7), psychotic symptoms (57% in adolescence and young adulthood) (11, 12), and
psychotic spectrum disorders (around 41% in adulthood) (7, 13, 14). These typically occur at different
developmental stages, making the clinical phenotype of 22q11.2DS highly heterogeneous not only
between carriers, but also within affected individuals over time.

Some evidence suggests that the complex clinical phenotypes associated with 22q11.2DS represent
distinct clinical outcomes that are underpinned by separable neurobiological mechanisms. For example,
it has been shown that interindividual variability in brain structure accompanies the occurrence and
severity of positive psychotic symptoms in 22q11.2DS (15). Yet, it remains largely unknown whether the
neuropsychiatric symptoms that are commonly observed in 22q11.2DS are also mediated by the same
neural mechanisms that underpin these symptoms in individuals without the microdeletion. This
particularly applies to ASD symptomatology, which compared to psychotic symptomatology, remains
currently underexplored. Despite the high prevalence, only three neuroimaging studies to date have
examined the neuroanatomical underpinnings of ASD in the brains of 22q11.2DS individuals. Two of
these studies report differences in right amygdala volume between 22q11.2DS individuals with and
without ASD symptomatology, but there is no consensus yet with regards to the direction of the effect (i.e.
enlarged or reduced in ASD) (9, 10). A recent study by our group also reported differences in regional
cortical volume (rCV) and surface area (SA) between 22q11.2DS individuals with and without ASD
symptomatology. These differences were predominantly observed in parieto-temporal regions as well as
in the posterior cingulate and dorsolateral prefrontal cortices, brain regions that have previously been
linked to wider autistic symptoms and traits (16). Preliminary evidence therefore suggests that
22q11.2DS individuals with ASD symptomatology are neuroanatomically distinct from those without
ASD, and may represent a distinct neurobiological subgroup. None of these studies, however, have
included a comparison to individuals with idiopathic ASD and it therefore remains unknown how closely
the neurobiological phenotype of ASD in 22q11.2DS resembles the ASD phenotype in those without the
microdeletion. Further, if we are to better identify how microdeletions impact on the phenotype of ASD, we
need to understand if abnormalities in ASD individuals with and without 22q11.2DS are shared (or not).

This study aimed to examine the neuroanatomical underpinnings of ASD symptomatology across
disorders using a categorical approach that allowed us to establish the extent to which 22q11.2DS
modulates the neuroanatomy of ASD. Based on prior evidence (16), it was hypothesized that ASD
symptomatology in 22q11.2DS is not simply due to a higher neuroanatomical ‘load’ or affection status
(i.e. more severe behavioral impairments associated with more pronounced neuroanatomical
differences), but instead signi�cantly interacts with the microdeletion to give rise to a distinct
neuroanatomical brain phenotype. Moreover, in a second analysis step, we aimed to consolidate the
results of the categorical approach, where ASD is treated as a ‘�xed-effect’ variable based on diagnostic
labels, with a multivariate dimensional approach using canonical correlation analysis (CCA), where ASD
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is considered a complex clinical construct or phenotypic trait spanned by multiple symptom domains
across disorders. This allowed us to link the complex clinical phenotype(s) of ASD with neuroanatomical
variability in multiple brain regions across disorders, and to compare their multivariate association
between groups.

Methods
Participants

The total sample consisted of 131 individuals between 6 and 25 years of age, including (1) 50 individuals
with 22q11.2DS, where n=25 had a diagnosis of ASD (22q11.ASD) and n=25 individuals did not
(22q11.nonASD); (2) 40 non-deletion individuals with a diagnosis of ASD (i.e. idiopathic ASD), and (3) 41
typically developing (TD) controls without the microdeletion. The 22q11.2DS group was recruited in
London, UK, and in Los Angeles, US; and the idiopathic ASD group in Frankfurt, Germany. The TD controls
were pooled at equal proportions across all three sites (see Table 1 and Supplementary Methods 1). The
22q11.2 microdeletion was con�rmed by in-situ hybridization (FISH) or microarray. All non.22q11.2DS
participants were screened for somatic features associated with the microdeletion (i.e. cleft palate
abnormalities, heart surgery, characteristic facial abnormalities, and hypoparathyroidism), as well as
other disorders associated with ASD. As none of these individuals displayed somatic abnormalities of
22q11.2 microdeletion, we did not perform genetic testing. ASD was assessed using the Autism
Diagnostic Interview-Revised (ADI-R) (17) and the Autism Diagnostic Observation Schedule (ADOS; for
information on the calculation of ADOS Calibrated Severity Scores (CSS) see Supplementary Methods 2)
(18, 19). In accordance with previously published studies examining ASD symptomatology in 22q11.2DS
(9, 16), all individuals with ASD met diagnostic cut-offs in the reciprocal social interaction (cut-off=10)
and communication domain (cut-of=8) of the ADI-R, but were allowed to fall below threshold in the
repetitive behaviors domain (cut-off=3). The 22q11.2DS sample has previously been described in
Gudbrandsen et al. (2019) (16). To capture autism along a continuum consisting of multiple symptom
domains, we also administered the Social Responsiveness Scale (SRS) (20, 21) in all participants,
including individuals without a diagnosis of ASD. Overall intellectual ability was assessed using the
Wechsler Abbreviated Scale of Intelligence (WASI) (22). All participants or parents for those under 18
years of age, gave informed written consent in accordance with ethics approval by the respective
institutional ethics boards. For further details on demographics and exclusion criteria see Supplementary
Methods 1.

MRI Data Acquisition

For image acquisition, we employed a contemporary MRI scanner operating at 3T (Siemens Trio in
Frankfurt and UCLA, and a Signa GE Medical System at the IoPPN). High-resolution structural ADNI
MPRAGE sequences were acquired with full head coverage. At the IoPPN, 166 contiguous slices (1.2mm
thickness, with 1.2×1.2mm in-plane resolution) were acquired using a repetition time/echo time (TR/TE)
of 7/2.9ms (�ip angle=8°, FOV=26cm). At UCLA, 160 contiguous slices (1.2mm thickness, with
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1.2×1.2mm in-plane resolution) were acquired using a TR/TE of 2300/2.9ms (�ip angle=8°, FOV=26cm).
In Frankfurt, 176 contiguous slices (1.0mm thickness, with 1.0×1.0mm in-plane resolution) were acquired
using a TR/TE of 2300/2.2ms (�ip angle=9°, FOV=26cm). Consistent image quality was ensured by a
semi-automated quality control procedure at all sites, including a stringent pre-processing pipeline.

Cortical Surface Reconstruction using FreeSurfer

FreeSurfer v6.0.0 software (http://surfer.nmr.mgh.harvard.edu/) was used to derive models of the cortical
surface for each T1-weighted image. These well-validated and fully automated procedures have been
extensively described elsewhere (23-27). Measures of cortical thickness (CT) were computed as the
closest distance from the grey-white matter boundary to the grey matter-cerebrospinal �uid boundary at
each vertex on the tessellated surface (25). Vertex-based estimates of SA were derived as outlined by
Winkler et al. (2012) (28). For each participant, we also computed mean CT across the entire brain, as
well as total brain volume and total SA. To improve the ability to detect population changes, each
parameter was smoothed using a 5-mm surface-based smoothing kernel. Details on excluded scans,
quality assessments and manual editing of surface models are described in the Supplementary Methods
3.

Statistical analyses

Statistical analyses were conducted using the SurfStat toolbox (http:
//www.math.mcgill.ca/keith/surfstat/) for Matlab (R2017b; MathWorks). Between-group differences in
age, full-scale IQ, ASD symptom severity, and total brain measures were assessed via analyses of
variance (ANOVA) with group as categorical �xed-effect factor. Pair-wise differences between subgroups
were examined post hoc using Scheffé test to correct for multiple comparisons in R (R3.5.2; see
Supplementary Tables S1). Parameter estimates for vertex-based measures of rCV, SA, and CT were
estimated by regression of a general linear model (GLM) for each vertex i, with (1) group membership (i.e.
having the microdeletion and/or having a diagnosis of ASD), gender, and site as categorical �xed-effect
factors; (2) a 22q11.2DS-by-ASD interaction term; and (3) full-scale IQ, a linear and a quadratic age term,
and a total brain measure (total brain volume for rCV, total SA for SA, and mean CT for CT) as continuous
covariates, so that

[Please see the supplementary �les section to access the equation.]

where εi is the residual error at vertex i. All included continuous covariates were mean centered across
groups to improve interpretability of the coe�cients. We examined between-group differences for the
main effect of 22q11.2DS, estimated from the corresponding coe�cient , as well as the main effect of
ASD, estimated from the corresponding coe�cient , normalized by the corresponding standard error
respectively. We further examined the interaction effect between 22q11.2DS and ASD (coe�cient ) across
groups. Due to reasons of completeness, we also examined the main effect of ASD and 22q11.2DS in
separate samples, comparing them to TD controls only (please see Supplementary Figs. S1 & S2).

http://surfer.nmr.mgh.harvard.edu/
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Corrections for multiple comparisons across the whole brain were performed using ‘random �eld theory’
(RFT)-based cluster analysis for non-isotropic images using a cluster based signi�cance threshold of
p<0.05 (2-tailed) (29). An RFT-based cluster correction was chosen over a permutation-based approach
given its computational e�ciency particularly for complex GLMs as utilized in the present study, and to
make the results comparable to previous �ndings by our group (16, 30). Uncorrected t-maps and effect
size images for the main effects are presented within the Supplementary Material (please see
Supplementary Figs. S3 & S4). Given the large phenotypic heterogeneity typically associated with
idiopathic ASD, we also tested for homogeneity of variances using the Levene’s test comparing the
idiopathic and syndromic ASD groups (see Supplementary Fig. S5).

Canonical Correlation Analysis (CCA)

In a second analysis step, we examined differences in the neural systems mediating autistic symptoms in
22q11.2DS individuals and individuals without the microdeletion (abbreviated as non22q11.2DS) within
the dimensional framework of Canonical Correlation Analysis (CCA). Here, ASD was not treated as a
categorical �xed effect across groups, but as multivariate latent trait construct that is spanned by
interindividual differences in symptom pro�le. The general framework of CCA is well described elsewhere
((31); see also Supplementary Methods 4). In the present study, we examined the relationship between
neuroanatomical variability in rCV, SA, and CT as predictors (X), and the �ve SRS subdomain scores in (1)
social awareness (SAW), (2) social cognition (SCG), (3) social communication (SCM), (4) social
motivation (SM), and (5) restricted and repetitive behaviors (RRB) as clinical outcomes (Y) (see
Supplementary Fig. S6 for schematic illustration). To reduce the large number of vertex-based
neuroanatomical features to a smaller subset of regions, we initially computed bivariate Pearson
correlation coe�cients between each of the �ve SRS subdomains and each morphometric feature in 34
cortical regions per hemisphere using the Desikan-Killiany cortical parcellation atlas (32), after correcting
the data for linear and quadratic age effects, gender, site, full-scale IQ, and total brain measures across
groups. The resulting correlation matrices were then thresholded using an absolute threshold of 0.2 (i.e.
small to moderate effect according to Cohen, 1988 (33)), and all brain regions associated with at least
one of the clinical variables were included in the CCA. Here, we did not correct for multiple comparisons
as the correlation analysis was performed for feature selection exclusively, rather than for hypothesis
testing. This resulted in a set of  neuroanatomical features in  and thus a total of  canonical variate (CV)
pairs for each domain, where each pair consists of a neuroanatomical CV and a clinical CV that represent
variability across the set of variables in their respective data modality.

CCA was initially applied to the non22q11.2DS individuals (i.e. including the individuals with idiopathic
ASD and the TD controls) to establish the relationship between neuroanatomical variability and inter-
individual differences in autistic symptom pro�les. The RV-coe�cient (34) was �rstly examined to test for
the overall statistical signi�cance of the multivariate association between  and . Moreover, the
signi�cance of the full canonical model was evaluated using Wilks’s lambda ((35)) and Pillai’s Trace (36).
A dimension reduction analysis was then performed to identify the number of signi�cant CV’s pairs for
the subsequent comparison between groups. Here, we explored the percentage of variance explained by
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each neuroanatomical and clinical CV and tested for their statistical signi�cance using Wilks’s  and Rao’s
F-test (37). Only neuroanatomical and clinical CVs that explained su�cient clinical variance were retained
for further analysis. The same canonical model was then �tted to the group of 22q11.2DS individuals (i.e.
22q11.ASD and 22q11.nonASD). To make the factor structure comparable across groups,
neuroanatomical and clinical CVs were sorted in descending order based on the fraction of total clinical
variance explained by each CV (i.e. canonical variate adequacies for clinical data). Last, Tucker’s
congruence coe�cient (38) was used to compare the spatially distributed patterns of neuroanatomical
variability associated with the retained canonical correlations (CCs) across groups. Here, a congruence
coe�cient of 0.90 is generally interpreted as indicating a high degree of factor similarity. All statistical
analyses were performed using RStudio Version 1.2 (https://www.rstudio.com/products/rstudio/) using
the yacca: Yet Another Canonical Correlation Analysis Package toolbox (https://CRAN.R-
project.org/package=yacca).

Data availability

Further details on the data and utilized software are available upon request from the corresponding
author. The full set of raw data is not currently publicly available due to ethical restrictions. However, a
subset of the sample can be made available upon request.

Results
Participant Demographics, Diagnostic Group, and Global Brain Measures

There were no signi�cant between-group differences in participants’ age. However, groups differed
signi�cantly in gender distribution (χ²(3)=2.26, p=0.016), with a lower percentage of females in the
idiopathic ASD group relative to the other subgroups, and in full-scale IQ (F(3)=21.01, p<0.001), with TD
controls scoring higher than all other groups, and individuals with 22q11.2DS having a lower IQ than
individuals with idiopathic ASD. Further, we found a signi�cant effect of group for total brain volume
(F(3)=10.56, p<0.001) and total SA (F(3)=12.41, p<0.001), with both 22q11.2DS groups having a
signi�cantly lower total volume and area compared to both idiopathic ASD and TD controls (p<0.05 for
all pair-wise comparisons). Last, there was a signi�cant effect of group for mean CT (F(3)=3.74, p<0.05)
across the cortex, with idiopathic ASD individuals having a trend towards reduced CT compared to
22q11.nonASD individuals (p=0.088), while no other pair-wise comparison was signi�cant (see Table 1
and Supplementary Tables 1 for all pair-wise comparisons). We thus co-varied for gender, full-scale IQ,
and respective total brain measure in all subsequent analyses.

Results of the categorical �xed-effects analyses

Main Effect of 22q11.2DS on rCV, SA, and CT

Signi�cant neuroanatomical differences between 22q11.2 deletion carriers (i.e. 22q11.2DS with and
without ASD) and non-carriers (i.e. idiopathic ASD and TD controls) were observed in several large

https://cran.r-project.org/package=yacca
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clusters distributed across the cortex. More speci�cally, rCV was increased in 22q11.2DS in the bilateral
superior frontal cortex, the lateral and medial orbitofrontal cortex, the pre- and postcentral gyrus, the
insula, and the supramarginal gyrus, with increases being driven by a commensurate increase in SA.
Increased rCV in 22q11.2DS was also observed in the left middle temporal gyrus, while increased SA was
further observed in the left superior temporal gyrus and the left posterior cingulate cortex (PCC). In
contrast, rCV was decreased in 22q11.2DS in a large cluster centered on the bilateral medial occipital and
temporal lobes, as well as in the bilateral anterior cingulate cortex, and the pre- and postcentral gyrus,
accompanied by commensurate decreases in SA. Further decreases in SA were observed in the bilateral
dorsal anterior cingulate area and inferior temporal gyri. Last, we identi�ed increased CT in 22q11.2DS in
some scattered regions, including the bilateral lateral occipital cortex, the right postcentral gyrus, and the
left supramarginal gyrus, whereas decreases in CT were observed in the bilateral superior temporal lobes,
the parahippocampal gyri, and the posterior cingulate cortex (see Fig. 1, Supplementary Fig. S3, and
Supplementary Table S2). Effect size images for the main effect of 22q11.2DS are shown in
Supplementary Fig. S4. A similar pattern of effects was also obtained when comparing the 22q11.2DS
individuals with TD controls (see Supplementary Fig. S1).

Main Effect of ASD on rCV, SA, and CT

For the main effect of ASD, we established that individuals with ASD symptomatology (i.e. individuals
with idiopathic ASD and 22q11.ASD) were neuroanatomically distinct from those without (i.e. compared
to TD controls and 22q11.nonASD), with signi�cantly increased rCV in the left insula and left superior
temporal gyrus, accompanied by a more widespread increase in SA, also spanning the fusiform,
parahippocampal, lingual, and supramarginal gyri. rCV was further increased in the right inferior parietal
cortex in ASD. In contrast, decreases in rCV in ASD were observed in the left entorhinal cortex,
accompanied by a commensurate decrease in SA, that was more pronounced and also implicated the left
fusiform gyrus. For measures of CT, individuals with ASD showed signi�cant increases in the right
isthmus cingulate cortex and the right superior temporal gyrus (see Fig. 1, Supplementary Fig. S3, and
Supplementary Table S3). Effect size images for the main effect of ASD are shown in Supplementary Fig.
S4. A similar pattern of effects was also obtained when comparing the idiopathic ASD individuals with
TD controls (see Supplementary Fig. S2).

Signi�cant Interactions between 22q11.2DS and ASD

In addition to the main effects, we observed signi�cant interactions between 22q11.2DS and ASD for
measures of rCV and SA. These were located in the left dorsolateral prefrontal cortex (DLPFC) for both,
rCV and SA, as well as in the right precentral gyrus for rCV only, and in the left PCC for SA only (see Fig. 1,
Supplementary Figs. S3, and Supplementary Table S4). Effect size images for the 22q11.2DS-by-ASD
interaction are shown in Supplementary Fig. S4. In signi�cant clusters, ASD was associated with
increased rCV and/or SA in 22q11.2DS (i.e. 22q11.ASD > 22q11.nonASD), but reduced rCV and/or SA in
individuals without the microdeletion (i.e. idiopathic ASD < TD controls). In the DLPFC and PCC,
individuals with 22q11.nonASD were the most affected on the neuroanatomical level (i.e. had the most
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reduced rCV and/or SA relative to all other groups), while both ASD groups were comparable in terms of
their mean rCV and/or SA (22q11.nonASD  22q11.ASD = ASD  TD controls). In the precentral cluster
exclusively, 22q11.ASD individuals had the largest mean rCV compared to all other groups, with the mean
of 22q11.nonASD individuals being between idiopathic ASD and TD controls (for boxplots see
Supplementary Fig. S7). As the 22q11.ASD and idiopathic ASD groups differed in symptom severity in
the repetitive behavior domain, we also performed the analysis covarying for the SRS Restricted Interests
and Repetitive Behavior subscale. However, the patterns of signi�cant 22q11.2DS-by-ASD interactions
remained unchanged overall (see Supplementary Fig. S8). In regions with signi�cant 22q11.2DS-by-ASD
interactions, there were also no signi�cant differences in variance between the idiopathic ASD individuals
and the 22q11.ASD group (see Supplementary Fig. S5).

Results of the CCA

Initially, CCA was performed across individuals without the microdeletion (i.e. idiopathic ASD and TD
controls). Here, we observed a signi�cant multivariate association between the 19 regional measures of
brain anatomy (see Methods) and the �ve symptom domains of the SRS (RVcoef=0.196, p<0.001; see
Supplementary Fig. S9 for distribution of SRS total and subdomain scores across groups). Based on the
number of clinical predictors, the CCA yielded �ve canonical variate (CV) pairs with the canonical
correlations of 0.665, 0.632, 0.502, 0.427, and 0.368 for each successive canonical pair, respectively (see
Fig. 2A). Collectively, the full model including all CCs was also statistically signi�cant at p<0.1 using
Wilk’s l=0.176 (F(95,281)=1.27, p<0.01) and Pillai’s trace=1.41 (F(95,305)=1.26, p<0.07). As Wilk’s l
indicates the variance unaccounted for by the model, the R-square type (r2) effect size of the model was
0.823 (i.e. 1-l), indicating that the full model explained about 82.35% of the variance shared between
measures of neuroanatomy and clinical symptom pro�le. Moreover, the total variance in SRS scores that
could be explained by neuroanatomical variation was 40.38%, to which only the �rst two
neuroanatomical CVs contributed signi�cantly (27.81% and 10.1%, respectively; see Fig. 2A). Out of
those, only the 1st CV was statistically signi�cant (Bartlett’s c2(95)=117.04, p<0.065), with the respective
1st clinical CV explaining a total of 62.88% of variability within the set of clinical variables on its own
(clinical canonical variate adequacy, see Fig. 2B). Thus, given the r2 effects for each CV pair, only the �rst
pair was considered noteworthy in the context of the present study. This �rst CV was also su�cient to
attain a good discrimination between individuals with and without ASD (see Fig. 2C). Figure 2D shows
the canonical loadings (lc) for each neuroanatomical predictor on the cortical surface, which highlights

the set of brain regions maximally correlated with the 1st neuroanatomical canonical variate. As expected,
high positive loadings (i.e. >3) were observed in many regions of the social brain including the right
medial orbitofrontal lobe (CT, lC1=0.47), the rostral middle frontal gyrus (CT, lC1=0.51), the left insula (rCV,
lC1=0.41), and the right superior temporal gyrus (rCV, lC1=0.38). High negative loadings were observed in
the left precuneus (CT, lC1=-0.38), the bilateral superior parietal lobes (CT, bilateral: lC1=-0.38; rCV, left:
lC1=-0.30, right: lC1=-0.36), and the right lateral orbitofrontal cortex (CT, lC1=-0.34). Detailed information on
canonical loadings (lc) for all neuroanatomical CVs can be found in the neuroanatomical canonical
loading plot in the Supplementary Fig. S10. In individuals without the microdeletion, clinical variability
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across the �ve subdomains of the SRS can therefore be reduced to a single latent trait variable that is (1)
highly predictive of group membership (i.e. idiopathic ASD vs. TD controls; see Fig. 2C), and that is (2)
signi�cantly associated with neuroanatomical variability across multiple morphometric features in a
speci�c set of brain regions (see Fig. 2D).

In 22q11.2DS individuals (i.e. 22q11.ASD and 22q11.nonASD), the multivariate association between
autistic symptoms and neuroanatomical variability in the investigated set of brain regions was
considerably reduced relative to non22q11.2DS individuals (RVcoef=0.06, p<0.7), and the full model did
not reach statistical signi�cance (Wilk’s l=0.065, F(95,131)=10.4, p<0.5; Pillai’s trace=1.92,
F(95,150)=0.98, p<0.6). While canonical correlations were high overall (0.832, 0.704, 0.624, 0.444, 0.379,
respectively, see Fig. 3A), only 24.74% of the clinical variance could be explained by the set of
neuroanatomical features examined, with neuroanatomical CVs 3 and 5 explaining the largest percentage
of clinical variability (8.20% and 7.43%, respectively; see Fig. 3A). To identify the clinical CV in 22q11.2DS
that is comparable to the clinical CV1 in non22q11.2DS, clinical CVs were sorted based on the percentage
of clinical variability explained (i.e. clinical variate adequacies). As shown in Figure 3B, clinical CV5 in the
22q11.2DS group was the clinically most relevant variate, accounting for more than 50% of the clinical
variance on its own, followed by CVs 3 and 4, which explained 21% and 17% of the clinical variance,
respectively. Moreover, clinical CV5 displayed a clinical loading pro�le that closely resembled the pro�le
of CV1 in the non22q11.2DS individuals (i.e. high positive loadings across all �ve SRS subdomains; see
Fig. 3B) with a congruence coe�cient of 0.99 (high degree of factor similarity). Clinical CV5 in the
22q11.2DS group was therefore considered the equivalent of clinical CV1 in the non22q11.2DS
individuals and, in conjunction with the neuroanatomical CV5, also showed a good discrimination
between individuals with and without ASD (see Fig. 3C).

However, while these CVs displayed a high degree of clinical factor similarity across groups, they were
mediated by different neuroanatomical substrates between groups (see Fig. 2D, Fig. 3D, and Fig. 4). When
comparing the neuroanatomical underpinnings of neuroanatomical CV1 in non22q11.2DS and
neuroanatomical CV5 in 22q11.2DS based on their loadings, we established that there was a low level of
congruence overall (congruence coe�cient=0.64). Largest differences in neuroanatomical CV loadings
(i.e. >0.3) were observed for CT in the right lateral and medial orbitofrontal cortex (Dl=-0.56 and 0.46,
respectively), in the right rostral middle frontal cortex (Dl=0.38), and in the left precuneus and superior
parietal cortex (Dl=-0.35 and -0.30, respectively; see Fig. 4). Thus, while the complex clinical phenotype of
ASD may be reduced to a single continuous variable in both 22q11.2DS and non22q11.2DS individuals,
this latent clinical factor seems to be mediated by different neuroanatomical substrates.

Discussion
This study aimed to determine whether ASD symptomatology in individuals with 22q11.2DS is
underpinned by similar neuroanatomical substrates that mediate ASD symptoms in non22q11.2DS. We
utilized both a categorical and a dimensional approach to (1) establish the extent to which the
neuroanatomy of 22q11.DS is modulated by (i.e. signi�cantly interacts with) having a diagnosis of ASD,
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and to (2) compare the patterns of neuroanatomical variability that mediate the complex (i.e. multi-
dimensional) clinical phenotype of ASD across disorders. Within the categorical framework, we initially
established that it is possible to separate the effect of 22q11.2DS from the effect of ASD on the level of
neuroanatomy as characterized by regional variability in rCV, SA, and CT. Notably, we also observed
signi�cant 22q11.2DS-by-ASD interactions suggesting that, 22q11.2DS individuals who also have ASD,
may represent a subgroup that is neuroanatomically distinct from 22q11.nonASD individuals, and from
individuals without the microdeletion. These results were con�rmed by the dimensional approach, which
further highlighted that, while the complex clinical phenotype of ASD might be reduced to the same
underlying (i.e. latent trait) construct across disorders, the neuroanatomical substrates associated with
variation in SRS scores was different between carriers and non-carriers of the 22q11.2 microdeletion.

Neuroanatomical differences associated with the 22q11.2 microdeletion are well documented in the
literature and include spatially distributed differences in rCV, SA, and CT in parietotemporal and cingulate
regions, as well as the bilateral insula, parahippocampal gyrus, and DLPFC (15, 16, 39). Here, we
examined the neuroanatomy of 22q11.2DS initially within a 2x2 factorial design that included (1)
22q11.2DS individuals with and without ASD, (2) individuals with idiopathic ASD, and (3) TD controls.
While it remains a topic of debate whether ASD should be considered a categorical ‘�xed-effect’ variable,
this design allowed us to identify a set of brain regions where neuroanatomical variability in rCV, SA, and
CT were uniquely attributable to either the microdeletion or having ASD. By examining the main effects of
groups, we were able to demonstrate that it is possible to separate the effect of 22q11.2DS from the main
effect of ASD on the neuroanatomical level based on patterns of neuroanatomical differences that
included extensive and spatially distributed neuroanatomical differences across all four lobes of the
cortex for the effect of 22q11.2DS, and more localized atypicalities in predominantly temporal regions for
the main effect of ASD. More speci�cally, having ASD was linked to neuroanatomical abnormalities in the
superior temporal gyrus (STG), DLPFC, insula, fusiform gyrus, parahippocampal gyrus, isthmus cingulate
cortex, and entorhinal cortex. Many of these brain regions have previously been reported to be integral
parts of the neural systems that mediate autistic symptoms and traits. For example, the STG has been
implicated in both language and social cognition in ASD (40-42). Further, the parahippocampal gyrus,
isthmus cingulate cortex, and entorhinal cortex, are all part of the limbic system, which has been
associated with impaired socioemotional and face processing in ASD (43-46). In addition, the DLPFC is
primarily associated with executive functioning, an aspect of impairment in ASD (47), and the insula has
been linked to abnormalities of emotional/affective sensory functions in ASD (48). We also examined the
effect of ASD in a subsample of non-carriers of the microdeletion, i.e. in idiopathic ASD individuals
relative to TD controls, with similar results. Overall, there is a strong spatial correspondence between the
set of brain regions we identi�ed as being neuroanatomically different in individuals with ASD
symptomatology, including those with 22q11.2DS, and the set of brain regions mediating autistic
symptoms in idiopathic ASD.

The results reported in the present study also extend the �ndings of a previous neuroimaging study by
our group, which was conducted in a subset of this sample, where we compared 22q11.2DS individuals
with ASD symptomatology to 22q11.2DS without, and to TD controls (16). Notably, the main effect of
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22q11.2DS was associated predominantly with signi�cant reductions in SA, which have been shown to
contribute more signi�cantly to commensurate differences in rCV than measures of CT (49), and is also
in line with previous �ndings in 22q11.2DS (15, 39, 50). However, as our comparison group for the main
effect of 22q11.2DS in the present study consisted of both TD controls and individuals with idiopathic
ASD, the sum of squares associated with each model term were partitioned differently across studies
with regards to their main effects allocation (22q11.2DS while covarying for ASD and vice versa). We
therefore also examined the main effect of 22q11.2DS compared to TD controls only, which
corresponded by large with our previous �ndings in this sample (51). Our �ndings within the 22q11.2DS
sample are also in agreement with a recent large scale study conducted by the 22q11.2DS ENIGMA
consortium, where neuroanatomical differences in a similar set of brain regions were reported (50). Thus,
there is strong evidence to suggest that 22q11.2DS is associated with signi�cant structural brain
abnormalities, which in turn may impact on the various clinical phenotypes associated with the
syndrome. Our �ndings indicate that 22q11.2DS and ASD have separable neuroanatomical
underpinnings, but further, it suggests that, given the increased prevalence of ASD in 22q11.2DS relative
to the normative population, the effects of 22q11.2DS on brain development might impact on the risk of
ASD, but in itself are not su�cient to cause the condition.

Within the factorial design, it was also possible to determine to what extent the neuroanatomy of ASD is
signi�cantly modulated by 22q11.2DS (i.e. differs from individuals with 22q11.2DS and from individuals
with idiopathic ASD). For example, we observed signi�cant 22q11.2DS-by-ASD interactions in the left
dorsolateral prefrontal cortex, the left posterior cingulate cortex, and in the right precentral gyrus. In these
brain regions, individuals with 22q11.2DS without ASD symptomatology were the most affected,
followed by 22q11.2DS individuals with ASD, individuals with idiopathic ASD, and TD controls in terms of
affection status. While these interactions are complex and di�cult to interpret, it seems that ASD in
22q11.2DS is not simply due to an exacerbation of the 22q11.2DS brain phenotype per se, i.e. more
severe behavioral impairments associated with more pronounced neuroanatomical atypicalities. Instead,
ASD symptoms in 22q11.2DS seem to be associated with a pattern of neuroanatomical differences that
cannot be explained by either the microdeletion or a diagnosis of ASD alone. We also excluded the
possibility that these signi�cant interactions are driven by differences in variance between both ASD
groups, as individuals with idiopathic ASD are known to be largely heterogeneous both in terms of
aetiology as well as clinical phenotype in comparison to the aetiologically more homogeneous phenotype
associated with 22q11.2DS. This implies that individuals with 22q11.2DS and ASD may constitute a
distinct neuroanatomical subgroup that is neuroanatomically different from 22q11.2DS individuals
without ASD, and from individuals with idiopathic ASD. Thus, although 22q11.2DS individuals with ASD
share the same clinical phenotype as idiopathic ASD individuals, the neuroanatomical underpinnings
appear to differ between groups, and 22q11.2DS in itself may not be not su�cient to cause ASD.

While the factorial design allowed us to disentangle the effect of ASD from the main effect of 22q11.2DS,
and to explore their interaction, there has been some debate whether ASD should be considered a uniform
clinical construct that is common (i.e. invariant) across idiopathic and ‘syndromic’ forms of ASD, and can
hence be encoded as a categorical main effect across groups. For example, while all individuals with ASD
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met cut-offs in the social and communication domains of the ADI-R, not all individuals with 22q11.2DS
met cut-offs in the repetitive domain (see ref(16) for discussion). Although our results remain stable when
covarying for repetitive symptoms, it remains unclear whether the distinct neuroanatomical phenotype of
22q11.2DS with ASD is the cause or the consequence of a potentially unique clinical pro�le (see (52, 53)).
In a second analysis step, we also employed a dimensional approach using CCA, which allowed us to
treat ASD as a continuous clinical construct spanned by multiple symptom domains rather than the
binary presence or absence of a diagnosis of ASD, and to examine the multivariate association between
inter-individual clinical pro�les and neuroanatomical variability between 22q11.2 deletion carriers and
non-carriers. Here, we based our characterization of the clinical ASD phenotype on the SRS subscales,
which are particularly suited to assess autistic symptoms along a continuum, with individuals with
idiopathic ASD and 22q11.2DS showing a very similar pro�le across subscales. Our �ndings imply that
while it is possible to reduce the complex clinical ASD phenotype to a single dominant latent-trait factor
with a comparable clinical factor structure in both carriers and non-carriers, the set of brain regions that
explained maximal clinical variance in non22q11.2DS individuals was only loosely correlated with
clinical variability in 22q11.2 deletion carriers. Thus, both approaches converge in suggesting that ASD
symptomatology may be mediated by different neuroanatomical substrates in individuals with and
without the 22q11.2 microdeletion, even when taking inter-individual variability in clinical ASD
phenotypes into account.

 

Limitations

Our result should be interpreted in the light of several methodological limitations of which the small
sample size is the most pressing one. Although we employed a multicenter design to overcome single-site
recruitment limitations, our sample size of ~ 40 individuals per group is relatively small compared to
other studies, which limits the generalizability of the results and the strength of the conclusions. Even
though the effects for both of our between-group comparisons are comparable to previous reports in
larger samples, both in terms of size and spatial distribution, larger samples are required to replicate our
�ndings in the future, and to provide a more robust characterization of the clinical and neuroanatomical
phenotype of ASD across disorders. Moreover, the generalizability of our �ndings is limited by the multi-
side nature of our study, which resulted in our groups being recruited at three different sites. FreeSurfer
derived measures of surface anatomy have, however, been shown to be highly reliable across scanner
platforms and �eld-strengths’, when MRI instrument and data processing factors are controlled for (54).
In our study, all surface reconstructions were also subjected to the same stringent type of quality
assessment and pre-processing pipeline, and inter-site effects were accounted for in the statistical model.
Moreover, due to the parametric nature, the dimensional approach is less biased by effects of categorical
variables such as site and gender.

We did also not directly test our idiopathic ASD group for copy number variations (CNV’s), such as
22q11.2DS. However, we did perform extensive medical screening for somatic features associated with
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the 22q11.2 microdeletion across all groups (i.e. heart, palatal, and characteristic facial abnormalities),
which were not observed in any of the non22q11.2DS individuals. Also, given the prevalence of the
microdeletion (1 in 4000), there is a very low likelihood for the presence of 22q11.2DS in the
non22q11.2DS sample. However, future studies might consider testing all individuals for CNV’s.

To address the differing gender distribution between the idiopathic ASD individuals and the other groups,
we also controlled for gender in the categorical �xed-effects analysis. Notably, while there is a male-
biased prevalence with an estimated gender distribution of 4:1 (males to females) in idiopathic ASD (55),
within 22q11.2 deletion carriers the distribution of males and females with ASD is estimated to be
roughly equal (56). Thus, the gender distribution in our sample re�ects the gender distribution in the
respective populations, which adds to the generalizability of our results. Last, we included individuals
with a relatively wide age range (i.e. from 6-25 years). Even though groups were matched in terms of their
respective mean, and we corrected for linear and quadratic age effects, the nature and severity of autistic
symptoms and their related neuroanatomical variability might vary across the lifespan. Hence, it will be
crucial in the future to examine the multivariate correlation between the clinical ASD phenotype and
neuroanatomical variability in more well-de�ned age groups, and to characterize their association across
development. Last, it is important to note that our CCA analysis was restricted to examining the
multivariate association between the neuroanatomical and clinical phenotype of ASD as measured by the
SRS. However, although the SRS is a well validated questionnaire that is well suited as a screening tool
capturing the severity of autistic symptoms along a continuum (57), it does not by any means provide a
comprehensive characterization of the complex ASD phenotype. It will therefore be crucial in the future to
examine the multivariate correlation between the clinical ASD phenotype and neuroanatomical variability
in larger more well-de�ned groups using additional diagnostic measures to replicate our �ndings, and to
better characterize the complex clinical and neurobiological phenotype across disorders. Future research
may also bene�t from extending the multi-dimensional phenotypic representation to include common
comorbidities, such as ADHD, in the clinical phenotypic characterization, which may also provide
important novel insights into the underlying mechanisms that underpin the differences we observe on the
phenotypic level.

Conclusions
Our �ndings indicate that the neuroanatomical correlates of ASD symptomatology in individuals with
22q11.2DS diverge from those in idiopathic ASD.
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Figure 1

Categorical Results for Main Effect of 22q11.2DS, Main Effect of ASD, and 22q11.2DS-by-ASD Interaction
Effect. (A) Signi�cant differences in regional cortical volume (rCV), (B) surface area (SA), and (C) cortical
thickness (CT) for the main effect of 22q11.2DS (left panel), the main effect of ASD (middle panel), and
for the 22q11.2DS-by-ASD interaction (right panel). Displayed are the random �eld theory (RFT)-based
cluster corrected (p<0.05, 2-tailed) difference maps following multiple comparisons, where increased
parameter estimates in 22q11.2DS (or ASD) are marked in red to yellow, and decreased parameters are
marked in blue to cyan.
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Figure 2

CCA Results for individuals without the 22q11.2 microdeletion (Idiopathic ASD and TD Controls). (A)
Canonical correlations (subplot) and canonical variates (CVs) sorted in descending order, and based on
the percentage of clinical variance explained; (B) clinical canonical loadings plot depicting correlations
between each of the �ve clinical CVs and each of the �ve SRS subdomain scores in social awareness
(SAW), social cognition (SCG), social communication (SCM), social motivation (SM), and restricted and
repetitive behaviors (RRB). CVs are sorted in descending order based on the percentage of explained
clinical variance as indicated in shades of green; (C) scatter plots depicting individual observations based
on their scores on the �rst CV, which explained the largest percentage of clinical variance. Data points are
coloured by group (ASD vs. controls) and sized by the individual’s total SRS score; (D) canonical loadings
of each neuroanatomical predictor (i.e. regional cortical volume (rCV), surface area (SA), and cortical
thickness (CT)) on the 1st (signi�cant) CV.
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Figure 3

CCA Results for 22q11.2DS individuals (22q11.ASD and 22q11.nonASD). (A) Canonical correlations
(subplot) and canonical variates (CVs) sorted in descending order, and based on the percentage of
clinical variance explained; (B) clinical canonical loadings plot depicting correlations between each of the
�ve clinical CVs and each of the �ve SRS subdomain scores in social awareness (SAW), social cognition
(SCG), social communication (SCM), social motivation (SM), and restricted and repetitive behaviors
(RRB). CVs are sorted in descending order based on the percentage of explained clinical variance as
indicated in shades of green; (C) scatter plots depicting individual observations based on their scores on
the 5th CV, which explained the largest percentage of clinical variance. Data points are coloured by group
(22q11.ASD vs. 22q11.nonASD) and sized by the individual’s total SRS score; (D) canonical loadings of
each neuroanatomical predictor (i.e. regional cortical volume (rCV), surface area (SA), and cortical
thickness (CT)) on the 5th CV.
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Figure 4

Comparison of Brain Loadings between carriers and non-carriers of the 22q11.2 microdeletion. (A)
Neuroanatomical loadings for measures of regional cortical volume (rCV), surface area (SA), and/or
cortical thickness (CT) on the 1st and 5th CV, which explained the largest percentage of clinical variance
in each group, i.e. CV1 for the non22q11.2DS group (�rst row) and CV5 for the 22q11.2DS group (second
row). The third row shows the difference in loadings between the groups for each region. (B) Canonical
loadings displayed on the cortical surface highlighting the set of brain regions where the multivariate
association between neuroanatomical and clinical CVs differed between groups.
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