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Abstract

22q11.2 Deletion Syndrome (22q11.2DS) is a genetic condition associated with a high prevalence of neuropsychiatric conditions that
include autism spectrum disorder (ASD). While evidence suggests that clinical phenotypes represent distinct neurodevelopmental
outcomes, it remains unknown whether this translates to the level of neurobiology. To fractionate the 22q11.2DS phenotype on the
level of neuroanatomy, we examined differences in vertex-wise estimates of cortical volume, surface area, and cortical thickness
between 1) individuals with 22q11.2DS (n = 62) and neurotypical controls (n = 57) and 2) 22q11.2DS individuals with ASD
symptomatology (n = 30) and those without (n = 25). We firstly observed significant differences in surface anatomy between
22q11.2DS individuals and controls for all 3 neuroanatomical features, predominantly in parietotemporal regions, cingulate
and dorsolateral prefrontal cortices. We also established that 22q11.2DS individuals with ASD symptomatology were
neuroanatomically distinct from 22q11.2DS individuals without ASD symptoms, particularly in brain regions that have
previously been linked to ASD (e.g., dorsolateral prefrontal cortices and the entorhinal cortex). Our findings indicate that
different clinical 22q11.2DS phenotypes, including those with ASD symptomatology, may represent different neurobiological
subgroups. The spatially distributed patterns of neuroanatomical differences associated with ASD symptomatology in
22q11.2DS may thus provide useful information for patient stratification and the prediction of clinical outcomes.
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22q11.2 Deletion Syndrome (22q11.2DS) is a genetic condition
resulting from a microdeletion at the q11.2 band of chromo-
some 22 (Scambler et al. 1992). The estimated prevalence of
22q11.2DS is about 1 in 4000 individuals (Tezenas Du Montcel
et al. 1996), with an equal proportion of affected males and
females (Swillen and McDonald-McGinn 2015). This makes
22q11.2DS the most common microdeletion syndrome in humans
(Goodship et al. 1998; Scambler 2000). While all individuals with
22q11.2DS display a deletion within the same locus of chromo-
some 22, the phenotypic consequences of the deletion are, how-
ever, both complex and highly variable (McDonald-McGinn et al.
2015), making the neurobiology of 22q11.2DS inherently difficult
to describe.

On the phenotypic level, 22q11.2DS is associated with a broad
range of symptoms that encompass medical and neuropsychiatric
conditions. For example, congenital and somatic features of
22q11.2DS typically include heart disease, palate abnormali-
ties, as well as endocrine, (auto)immune, and gastrointestinal
problems (Tezenas Du Montcel et al. 1996; Shprintzen 2000;
McDonald-McGinn et al. 2015). In terms of psychiatric condi-
tions, 22q11.2DS is associated with a high prevalence of atten-
tion deficit hyperactivity disorder (ADHD), autism spectrum
disorder (ASD), anxiety disorders, and obsessive-compulsive
disorders (OCD) during childhood (Antshel et al. 2007; Habel
et al. 2014); a high incidence of subthreshold psychotic symp-
toms during adolescence (Shapiro et al. 2011; Gothelf 2014);
and psychotic spectrum disorders during adulthood (Murphy
et al. 2000; Schreiner et al. 2013). Thus, the clinical phenotype
of 22q11.2DS is highly heterogeneous and variable across the
human lifespan, and poses a significant disease burden on
affected individuals as well as their carers.

There is evidence to suggest that some of the neuropsychiatric
disorders associated with 22q11.2DS represent distinct clinical
outcomes. For example, a study by Fikinski et al. (2017) indicated
that ASD and schizophrenia in individuals with the microdeletion
should be regarded as 2 unrelated phenotypic manifestations
(Fiksinski et al. 2017). This is consistent with the concept of neu-
ropsychiatric “pleiotropy,” which refers to the notion that the
same genetic variant has the potential to result in 2 or more dis-
tinct clinical phenotypes (Vorstman et al. 2013; Fiksinski et al.
2017). A similar principle might also apply to the level of neurobi-
ology (i.e., the same genotype might result in different neurobio-
logical phenotypes with distinct clinical symptoms). It remains,
however, currently unknown whether the various neuropsychiat-
ric phenotypes associated with 22q11.2DS are underpinned by
different neurobiological mechanisms, and whether the neu-
robiology in 22q11.2DS individuals with a particular neuropsy-
chiatric diagnosis significantly differs from those without.
While there is some evidence to suggest that the neuropathol-
ogy of the brain in 22q11.2DS is modulated by the existence
and severity of positive psychotic symptoms (Jalbrzikowski
et al. 2013), little is currently known about 22q11.2DS phenotypes
with neurodevelopmental disorders, and ASD in particular.

Even though ASD is commonly observed in 22q11.2DS, with
prevalence rates estimated to range from 18% to 58% (Antshel
et al. 2007; Schneider et al. 2014; Fiksinski et al. 2017; Jalbrzikowski
et al. 2017), the neuroanatomical underpinnings modulating ASD
symptomatology in 22q11.2DS remain largely unknown. To date,
several neuroimaging studies have been conducted to elucidate
the neuroanatomy of 22q11.2DS. For example, it has been
reported that 229q11.2DS individuals have reduced volume and
surface area (SA) and an increase in cortical thickness (CT)
compared with neurotypical controls (Jalbrzikowski et al. 2013;
Schmitt et al. 2015; Lin et al. 2017). Further, 2 neuroimaging

studies have examined the neuroanatomical correlates of ASD
symptomatology in 22q11.2DS and taken together, these stud-
ies reported no significant difference in overall brain volume
(Antshel et al. 2007; Jalbrzikowski et al. 2017), CT or SA
(Jalbrzikowski et al. 2017) between 22q11.2DS individuals with
and without ASD symptomatology. However, they report of
significant differences in the volume of the right amygdala,
with one study reporting an increase (Antshel et al. 2007) and
the other a decrease (Jalbrzikowski et al. 2017). Further, a sig-
nificant decrease was found in parahippocampal CT (Jalbrzikowski
et al. 2017). However, these studies employed a region of interest
rather than voxel- or vertex-wise approach, which may not be
optimally suited to detect the subtle and spatially distributed
neuroanatomical differences that are characteristic for ASD
(Amaral et al. 2008; Ecker et al. 2010). To fractionate the highly
heterogeneous 22q11.2DS phenotype, the present study thus
aimed to establish differences in the surface anatomy of the
cortex 1) between individuals with 22q11.2DS and neurotypi-
cal controls and 2) between 22q11.2DS individuals with ASD
symptomatology and those without. Unlike previous investi-
gations, we employed a spatially unbiased (i.e., vertex-wise)
approach based on measures of cortical volume (CV), SA, and
CT. It was hypothesized that individuals with 22q11.2DS
would have globally decreased CV and SA compared with con-
trols, and increased CT, as found in previous studies (Jalbrzikowski
et al. 2013; Schmitt et al. 2015; Lin et al. 2017). Further, it was
hypothesized that 22q11.2DS individuals with ASD symptomatol-
ogy would significantly differ from those without, particularly in
brain regions that have previously been linked to wider autis-
tic symptoms and traits (e.g., frontotemporal and frontoparie-
tal regions) (Ecker 2017).

Methods and Materials
Participants

A total of 62 individuals with a confirmed molecular diagnosis of
22q11.2DS (6-31 years, 30 males and 32 females) and 57 neuroty-
pical controls (6-27 years, 27 males and 30 females), were
recruited at 2 different sites: 1) The Institute of Psychiatry,
Psychology and Neuroscience (IoPPN), London, UK; and 2) The
Semel Institute for Neuroscience and Human Behaviour,
University of California (UCLA), Los Angeles, USA. Approximately
equal proportions of cases were recruited at each site (IoPPN
N = 28, UCLA N = 34) (see Table 1 for participant demographics).
The deletion was confirmed by in-situ hybridization (FISH) or
microarray analysis test. Exclusion criteria for all participants
included contraindications to magnetic resonance imaging (MRI),
medical conditions or chromosomal anomalies other than
22q11.2DS, which may be associated with ASD or psychosis (e.g.,
tuberous sclerosis, fragile X syndrome, or Prader-Willi syndrome).
Out of the 62 individuals with 22q11.2DS, 10 individuals were tak-
ing antidepressants, 4 were taking psychostimulants, and 5 were
on antipsychotic medication. Out of the 5 individuals who were
currently taking antipsychotic medication, 2 had a diagnosis of
psychosis, 1 had a previous episode of psychosis but no current
symptoms, and 2 did not have a diagnosis of psychosis. There
were no other participants with a diagnosis of psychosis in our
sample. Overall intellectual ability was assessed using the
Wechsler Abbreviated Scale of Intelligence (WASI) (Wechsler
1999). Participants with a full-scale IQ below 60 were excluded
from the study.

All participants with 22q11.2DS were assessed for ASD symp-
toms using the Autism Diagnostic Interview-Revised (ADI-R)
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(Lord et al. 1994), and the Autism Diagnostic Observation
Schedule (ADOS) (Lord et al. 2000). We employed the same diag-
nostic criteria as outlined by Jalbrzikowski et al. (2017) and a
consensus diagnosis of ASD symptomatology was given if parti-
cipants scored above threshold on the reciprocal social interac-
tion domain (cut-off = 10), as well as on either communication
(cut-off = 8) or restricted, repetitive or stereotyped patterns
domain (cut-off = 3) on the ADI-R, in addition to scoring above
threshold on the combined score of social and communication
in the ADOS (Jalbrzikowski et al. 2017). In our sample, this
equated to all individuals with ASD symptomatology meeting
diagnostic cut-offs in the social and communication domain of
the ADI-R, but not in the repetitive domain. Of the 62 individuals
with 22q11.2DS, 7 did not have ADI information, so were
excluded from the comparisons within the 22q11.2DS group (see
Table 2 for details). Out of the 55 randomly sampled 22q11.DS
individuals with available ADI scores (i.e,, we did not inten-
tionally oversample for ASD), 30 met our ASD criteria (i.e.,
54.5%). This group will subsequently be referred to as 22q11.ASD.
A total of 25 individuals (i.e., 45.5%) did not meet our diagnostic
criteria for ASD (subsequently referred to as 22q11.nonASD). For
reasons of completeness, we also performed the analysis within

the 22q11.2DS group employing “gold-standard” diagnostic crite-
ria for ASD (i.e., meeting diagnostic thresholds on all 3 domains
of the ADI-R). The results of this analysis are presented in
Figure S1 in Supplementary Materials.

Lastly, we administered the Structured Interview for Prodromal
Syndromes (SIPS) (McGlashan 2001) to all participants. SIPS positive
scores were used as a dimensional measure of positive psychotic
symptoms (e.g., unusual thought content, suspiciousness, gran-
diose ideas, perceptual abnormalities, and/or disorganized com-
munication), and negative scores were used as a dimensional
measure of negative psychotic symptoms (e.g., social anhedonia,
avolition, expression of emotion, experience of emotions and
self, ideational richness, and occupational functioning). Items
were rated on a scale from 0 to 6 (O=absent; 6=extreme severe
level). There were no significant differences in positive or nega-
tive symptoms between the 22q11.ASD and 22q1l.nonASD
groups.

All participants, and parents accompanying those under 18,
gave informed written consent/assent in accordance with
ethics approval by National Research Ethics Service (NRES)
Committee South Central (study reference: 12/SC/0576) and/or
the UCLA Institutional Review Board (IRB).

Table 1 Participant demographics and global brain measures for 22q11.2DS compared with controls

22q11.2DS Control Significance

(n = 62 [303, 329)) (n =57 [273, 30Q]) t P
Age (years) 16+7 (6-31) 15+6 (6-27) 0.71 0.480
Full-scale IQ 82 +13 (60-116) 114 + 16 (76-148) -11.84 <0.001
Total gray vol (L) 059+023  (041-0.89)  0.64+024  (0.41-0.89) -1.29 0.201
Average CT (mm) 2724014  (0.25-031)  273+012  (2.46-2.99) -0.64 0.522
Total SA (m?) 020+020  (0.13-025)  0.23+020  (0.19-0.27) -595  <0.001
Psychotropic medication (none/antipsych/antidep/stimul) (43/5/10/4) (49/0/6/2)

Data expressed as mean + standard deviation (range). Medication: none, no medication; antipsych, antipsychotic medication; antidep, antidepressant medication;

stimul, psychostimulant medication.

Table 2 Participant demographics, clinical measures and global brain measures for 22q11.nonASD compared with 22q11.ASD

22q11.nonASD 22q11.ASD Significance

(n=25[113, 14Q]) (n=30[163, 149)) t P
Age (years) 15+6 (6-25) 16 +7 (6-31) -0.635 0.528
Full-scale IQ 86 + 15 (60-116) 82 +12 (61-112) 1.066 0.291
ADI-R Social® 5+4 (1-9) 19+5 (10-28) ~11.00 <0.001*
ADI-R Communication® 6+4 (0-16) 14+4 (8-24) —-6.027 <0.001*
ADI-R Repetitive® 1+1 (0-4) 3+3 (0-12) -3.481 0.001*
ADOS Communication® 2+1 (0-6) 3+2 (0-6) -4.253 <0.001*
ADOS Social® 3%2 (0-8) 7+3 (1-14) -5.036 <0.001*
ADOS Repetitive® 1+1 (0-2) 1+1 (0-1) -1.494 0.141
SIPS Positive® 4+4 (0-10) 414 (0-16) -0.304 0.763
SIPS Negative® 5+4 (0-18) 6+5 (0-15) -1.365 0.180
SIPS Disorganized® 2+2 (0-8) 3+3 (0-9) —-0.834 0.409
SIPS General® 3+3 (0-10) 5+3 (0-12) -1.265 0.213
Psychotropic medication 21/1/1/2 20/4/6/1

(none/antipsych/antidep/stimul)

Total gray vol (L) 0.60 +0.22 (0.41-0.88) 0.60 +0.22 (0.59-0.80) 0.148 0.883
Average CT (mm) 2.71+0.17 (2.45-3.06) 2.73+0.12 (2.53-2.92) -0.239 0.812
Total SA (m?) 0.20 + 0.25 (0.13-0.25) 0.21+0.18 (0.17-0.24) -0.883 0.381

Data expressed as mean + standard deviation (range). *Data based on 55 individuals. ®Data based on 53 individuals. “Data based on 43 individuals. Medication: none,
no medication; antipsych, antipsychotic medication; antidep, antidepressant medication; stimul, psychostimulant medication. *P < 0.05.
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MRI Data Acquisition

All participants were scanned with a contemporary MRI scan-
ner operating at 3T (Signa, GE Medical Systems at the IoPPN,
London; Siemens “Tim Trio” at UCLA). High-resolution struc-
tural T1-weighted volumetric images were acquired with full
head coverage, 166 contiguous slices (1.2-mm thickness, with
1.2 x 1.2-mm? in-plane resolution), repetition time/echo time
(TR/TE) of 7/2.8 ms (flip angle = 8in, FOV = 26 cm). Consistent
image quality was ensured by a semiautomated quality control
procedure at both sites.

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 pro-
cedures have been extensively described elsewhere (Dale et al.
1999; Fischl et al. 1999; Fischl and Dale 2000; Segonne et al.
2004; Jovicich et al. 2006). In brief, a single filled white-matter
volume was generated for each hemisphere after intensity nor-
malization, extracerebral tissue was cropped, and image seg-
mentation performed using a connected components algorithm.
A triangular tessellated surface was then generated for each
white-matter volume by fitting a deformable template, resulting
in a cortical mesh for the pial (i.e., outer) and white-matter (i.e.,
inner) surface. The resulting surface models (n = 172) were visu-
ally inspected for reconstruction errors, and either 1) accepted
“as is” (112 out of 172 or 65%), 2) rejected “as is” (34 out of 172 or
20%), mostly due to severe (motion) artefacts and/or the exis-
tence of extrabrain tissue such as dura that precluded a success-
ful FreeSurfer reconstruction, or 3) referred for manual editing
(26 out of 172 or 15%) in case of smaller (i.e., “local”) reconstruc-
tion errors. Following manual editing, the 26 images were (re-)
preprocessed. Out of these, 19 surface reconstructions (i.e., 73%)
did not improve significantly and were subsequently excluded
from the statistical analysis. This meant that a total of 53 scans
or 31% were excluded overall. The overall dropout was approxi-
mately equally distributed across sites, with 28 out of 91 scans
excluded from UCLA (i.e., 30.77% including n = 15 controls, n = 4
22911.ASD, and n = 9 22q11.nonASD individuals), and 25 out of
81 scans excluded from IoPPN (i.e., 30.86% including n = 12 con-
trols, n = 6 22q11.ASD, and n = 7 22q11.nonASD individuals). In
terms of diagnostic criteria, we excluded a total of 27 out of 84
controls (32%), and 26 out of 88 22q11.2DS individuals (29.5%).
Dropout rates for cases and controls were thus very closely
matched. Moreover, out of 81 individuals with available ADI-
R data, we excluded 10 out of 40 (i.e., 25%) 22q11.ASD indivi-
duals, and 16 out of 41 (39%) 22q11.nonASD individuals. The
difference in the proportion of excluded ASD versus non-ASD
was, however, not statistically significant (;* = 1.2403, df = 1,
P = 0.2654).

Measures of CT were computed as the closest distance from
the gray-white matter boundary to the gray matter-cerebrospinal
fluid boundary at each vertex on the tessellated surface (Fischl
et al. 1999). For each participant, we also computed mean CT
across the entire brain and total SA. Vertex-based estimates of SA
were derived as outlined by (Winkler et al. 2012). To improve the
ability to detect population changes, each parameter was
smoothed using a 10-mm surface-based smoothing kernel.

Statistical Analyses

Statistical analyses were conducted using the SurfStat toolbox
(http://www.math.mcgill.ca/keith/surfstat/) for Matlab (R2017a;

MathWorks). Parameter estimates for vertex-based measures of
CT, SA, and CV were estimated by regression of a general linear
model (GLM) for each vertex i and subject j, with 1) group, gen-
der and site as categorical fixed-effects factor; and 2) age and IQ
as continuous covariates. As 22q11.2DS had decreased overall
SA relative to controls, total SA was added as a covariate in the
case-control analysis, so that:

Y = f, + B,Group, + p,Gender; + p,Site; + 4,1Q;
+ﬂ5Agej + ﬂGSA)' + &

where ¢; is the residual error at vertex i. To examine the influence
of antipsychotic medication on the results, we also included med-
ication status as a categorical covariate. The results of these
analyses are presented in Figures S2 and S3 in Supplementary
Materials. All between-group differences (22q11.2DS vs. controls
and 22q11.ASD vs. 22q11.nonASD) were estimated from the corre-
sponding coefficient f;, normalized by the corresponding stan-
dard error respectively. Corrections for multiple comparisons
across the whole brain were performed using “random field the-
ory” (RFT)-based cluster analysis for nonisotropic images using a
cluster based significance threshold of P < 0.05 (2-tailed) (Worsley
et al. 1999). Last, we examined pairwise Pearson correlation coeffi-
cients between morphometric features of individuals with 22q11.
ASD (extracted as mean value across vertices within significant
clusters), and measures of symptom severity (ADI-R and ADOS
scores).

Results

Participant Demographics, Clinical Assessments, and
Global Brain Measures

We found no significant differences in age, total CV, or mean
CT between 22q11.2DS individuals and neurotypical controls
(P < 0.05, 2-tailed; Table 1). However, individuals with 22q11.2DS
had significantly lower full-scale 1Q (t[117]=-11.838, P < 0.001),
and had a significantly reduced total SA of the cortex (t[117]=
—5.952, P < 0.001) (see Table 1 for details). There were no signifi-
cant differences in age, full-scale IQ, total brain measures or
SIPS scores between the 22q11.ASD and 22q11.nonASD groups
(P < 0.05, 2-tailed; Table 2).

Vertex-wise Differences in CV, SA, and CT in 22q11.2DS
Compared With Controls

Following correction for multiple comparisons, we found signifi-
cant neuroanatomical differences in 22q11.2DS compared with
controls in several large clusters distributed across the cortex.
More specifically, 22q11.2DS individuals had significant volumet-
ric decreases in bilateral parietotemporal regions (approximate
Brodmann area(s) [BA] 17-19) and in bilateral cingulate cortices
(BA 23-24/30). Furthermore, we found increased volume in
22q11.2DS relative to controls in the bilateral precentral and post-
central gyrus, the insular cortex (BA 1-4), the right superior frontal
gyrus (BA 6), and the left inferior frontal gyrus (BA 45/47) (Fig. 1A).
Notably, the volumetric decreases we observed in the parietotem-
poral lobe and cingulate cortex in 22q11.2DS appeared to be
largely driven by a significant decrease in SA, rather than differ-
ences in CT. In addition, 22q11.2DS individuals had significantly
decreased SA in the bilateral dorsolateral-prefrontal cortices
(DLPFC; BA 9-10/46-47), and medial-prefrontal regions (BA 9-11/
32) (Fig. 1B).

In terms of CT, we observed that individuals with 22q11.2DS
had significant increases in the bilateral dorsolateral-prefrontal
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Figure 1. Significant differences in cortical volume (A), surface area (B), and cortical thickness (C) in individuals with 22q11.2DS compared with neurotypical controls.
The left panel shows the unthresholded t-maps where increases in 22q11.2DS relative to controls are indicated in yellow-red (i.e., 22q11.2DS > controls), and
decreases in cyan-blue (i.e., 22q11.2DS < controls). The right panel shows the random-field-theory (RFT)-based cluster-corrected (P < 0.05, 2-tailed) difference maps
indicating significant increases (marked in red) and decreases (marked in blue) following correction for multiple comparisons.

cortices (DLPFC; BA 10-11/32) and in the medial regions of the
occipital lobe (BA 17-19), as well as decreased CT in the left cingu-
late (BA 24) and parahippocampal gyrus (BA 34) (see Fig. S1C and
Tables 1-3 in Supplementary Material for cluster summaries and
statistical details). These results did not change significantly
when covarying for the use of antipsychotic medication (see
Figs S2 and S3 in Supplementary Materials).

Vertex-wise Differences in CV, SA, and CT in 22q11.
ASD Compared With 22q11.nonASD

22q11.ASD compared with 22q11.nonASD individuals had sig-
nificantly increased CV in left DLPFC (BA 45-46) and in left pos-
terior cingulate cortex (PCC; BA 24) (Fig. 2A). In these clusters,
the increased CV in 22q11.ASD individuals appeared to be
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driven by a significant increase in SA rather than an increase
in CT (Fig. 2B). Furthermore, we also observed significantly
increased SA in a large right-hemisphere cluster in 22q11.
ASD relative to 22q11.nonASD individuals, which included
temporoparietal junction (TPJ; BA 39/40), middle and superior
temporal sulcus (STS) (BA 21-22/42), and the inferior tempo-
ral gyrus (BA 20/37) (see Table S4 in Supplementary Materials
for cluster summaries and statistical details).

Notably, individuals with 22q11.ASD had significantly
decreased CV in the left entorhinal cortex (BA 28/34-35), which
was accompanied by a commensurate decrease in SA. However,
we did not observe any significant differences in CT in these clus-
ters, nor anywhere else in the cortex (see Fig. 2C for details). Thus,
individuals with 22q11.2DS who met ADI-R diagnostic cut-offs in
the social and communication domain were neuroanatomically
distinct from those 22q11.2DS individuals that did not meet
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Figure 3. Correlations between measures of ASD symptomatology and clusters with a significant difference in surface area between 22q11.ASD and 22q11.nonASD.

Significant correlations (P < 0.05, uncorrected) are highlighted in blue.

cut-offs. Moreover, the volumetric differences associated with the
occurrence of ASD symptomatology in 22q11.2DS appeared to be
predominantly driven by differences in SA rather than CT.
Comparable results were observed when covarying for the use of
antipsychotic medication (see Fig. S4 in Supplementary Materials).

In the clusters with a significant difference in SA between
22q11.2DS individuals and controls, as well as between 22q11.2DS
individuals with and without ASD symptomatology, we found that
reductions in SA were more prominent in the 22q11.nonASD group
than in the 22q11.ASD group, except for the cluster in the entorhi-
nal cortex where the 22q11.2DS individuals with ASD symp-
tomatology were more severely affected than the 22q11.2DS
individuals without ASD symptomatology (see Fig. S4 in
Supplementary Materials).

Relationship Between Neuroanatomical Differences in
22q11.ASD and the Severity of Autistic Symptoms

Within the 22q11.ASD group (n = 30), there were significant posi-
tive correlations between ADI-R communication scores and mean
SA of the left PCC (r = 0.573, P < 0.001) and the right temporoparie-
tal junction (temporal/TPJ; r = 0.363, P < 0.05). In addition, we
found a significant positive correlation between the ADI-R repeti-
tive behavior scores and SA of the left PCC (r = 0.658, P < 0.001)
and right TPJ (r = 0.462, P < 0.05) (see Fig. 3 for detalils).

Discussion

The present study aimed to establish differences in the surface
anatomy of the cortex between 1) individuals with 22q11.2DS

and neurotypical controls, and 2) between 22q11.2DS indivi-
duals with ASD symptomatology and 22q11.2DS individuals
without. We report region-specific volumetric differences
between 22q11.2DS individuals and neurotypical controls, par-
ticularly in parietotemporal and cingulate regions, which
appeared to be largely driven by commensurate decreases in
SA. More importantly, however, we also established that
22q11.2DS individuals with ASD symptomatology were neuroa-
natomically distinct from those without. Our findings suggest
that the highly complex and heterogeneous clinical phenotype
associated with 22q11.2DS may be further parsed out on the
level of neurobiology, and that different neuroanatomical sub-
groups mediate the different clinical phenotypes commonly
observed in 22q11.2DS.

We firstly compared individuals with 22q11.2DS with neuro-
typical controls and found neuroanatomical differences across
all 3 measures of surface anatomy. For example, we observed
significantly decreased volume in parietotemporal and cingu-
late regions in 22q11.2DS individuals, which were largely driven
by a decrease in SA. We also observed increased volume in the
bilateral insula. Further, 22q11.2DS individuals had significantly
decreased SA in the bilateral dorsolateral-prefrontal cortices
(DLPFC). In addition, we observed that individuals with
22q11.2DS had significantly increased CT in the DLPFC, medial
regions of the occipital lobe and reduced CT in bilateral para-
hippocampal gyrus. Most of these regions have previously been
highlighted by existing structural neuroimaging studies in
22q11.2DS. For example, Jalbrzikowski et al. (2013) and Schmitt
et al. (2015) found increased volume in the bilateral insula, and
decreased volume in parietotemporal regions and anterior
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cingulate cortices, which were accompanied by a commensu-
rate decrease in SA (Jalbrzikowski et al. 2013; Schmitt et al.
2015). These studies also reported increased CT in the bilateral
insula, paracentral, and medial orbitofrontal regions, as well as
a cortical thinning in the bilateral parahippocampal gyrus
(Jalbrzikowski et al. 2013; Schmitt et al. 2015). Further, in line
with previous studies, we observed volume in the frontal lobes
to be relatively preserved in 22q11.2DS (Eliez et al. 2000), sug-
gesting the thickness of the cortex in this region might cancel
out the significantly decreased SA (Schmitt et al. 2015). Our
study thus complements previous findings, suggesting that the
22q11.2DS microdeletion is associated with structural abnor-
malities in the brain, which may impact on the various clinical
phenotypes associated with the condition.

Secondly, we established that individuals with 22q11.2DS
and ASD symptomatology significantly differ from 22q11.2DS
individuals without ASD symptoms in terms of their neuro-
anatomy. For example, we observed significantly increased CV
and SA in 22q11.ASD in left DLPFC, and posterior cingulate
cortex (PCC), and an increase in SA at the right temporal lobe
(inferior, middle, and superior). Furthermore, individuals with
22q11.ASD had significantly decreased volume and SA in the
left entorhinal cortex. Notably, the increased SA we observed in
the DLPFC, PCC and in the TPJ in 22q11.ASD relative to 22q11.
nonASD corresponded to decreased SA resulting from the over-
all comparison between the 22q11.2DS and control group. It
thus seems that the neuroanatomy in brain regions associated
with ASD symptomatology—apart from the entorhinal cortex—
does not represent a simple exacerbation of the 22q11.2DS phe-
notype per se, that is, more severe behavioral impairments are
associated with more pronounced neuroanatomical differ-
ences. Rather, it seems that in these brain regions, ASD charac-
teristics interact with 22q11.2DS to elicit neuroanatomical
differences that cannot be explained by either the microdele-
tion or ASD symptomatology alone. For example, the SA of the
dorsolateral prefrontal and cingulate cortices has recently been
reported to be increased in ASD in a large sample of boys with
idiopathic autism compared with neurotypical controls (Ohta
et al. 2016). These brain regions also expand more rapidly dur-
ing early brain development in ASD as has recently been dem-
onstrated in a seminal study by Hazlett et al. (2017) (Hazlett
et al. 2017). It is therefore likely that the set of brain regions we
identified as being neuroanatomically distinct between
22q11.2DS individuals with and without ASD symptomatology
highlights the set of brain regions where ASD interacts with—
or modulates—the neuropathology of the brain in 22q11.2DS
(or vise versa).

Although future studies are required to determine the
extent, to which the pattern of neuroanatomical variability
associated with ASD symptomatology in 22q11.2DS individuals
overlap with the neuropathology of ASD in the general popula-
tion (e.g., via the direct comparison of ASD individuals + the
22q11.2 microdeletion), many of the brain regions highlighted
in the present study are also brain regions that 1) are neuroana-
tomically different in idiopathic ASD (for a review see Ecker
2017), and 2) are functionally related to wider autistic symp-
toms and traits. For instance, the DLPFC, the STS, and the ento-
rhinal cortex are integral parts of the so-called “social” and
“emotional” brain, which encompasses a set of brain regions
involved in wider aspects of social cognition and emotional
processing (reviewed in Blakemore 2008; Pessoa 2008). ASD-
related neuroanatomical variation in these regions has there-
fore also been linked to deficits in theory of mind (Castelli et al.
2002), face processing (Golarai et al. 2006), and various other

aspects of impaired social cognition, for example, the percep-
tion of biological motion (Pelphrey et al. 2003), as well as self-
referential cognition and empathy (Lombardo et al. 2010).
Moreover, the PCC is an integral component of the so-called
“default mode network” (DMN) that characterizes a wider net-
work of brain regions that show decreased activity during cog-
nitive tasks and that are active when the brain is “at rest”
(Uddin et al. 2009). In ASD, the DMN has been reported to be
among the most disrupted functional networks, and disrupted
intrinsic DMN organization (e.g., in terms of functional connec-
tivity patterns) has been associated with social deficits in chil-
dren and adults with ASD (reviewed in Padmanabhan et al.
2017). Overall, there is a strong spatial correspondence between
the neuroanatomical underpinnings of ASD symptomatology in
22q11.2DS, and the functional deficits and neuroanatomical
hallmark of ASD in the general population.

Notably, we did not observe any significant differences in
CT in relation to ASD symptomatology, despite the widespread
differences observed when comparing the overall 22q11.2DS
group to typically developing controls. This is perhaps not sur-
prising as CT and SA represent independent (i.e., uncorrelated)
sources of neuroanatomical variability, and hence contribute
idiosyncratically to differences in CV. For example, it is known
that CT and SA 1) are mediated by different sets of genes
(Pontious et al. 2008; Fernandez et al. 2016), 2) have separable
neurodevelopmental trajectories (Ecker et al. 2014), and 3) are
related to distinct aspects of the neural architecture (reviewed
in (Geschwind and Rakic 2013). It is therefore important to
examine the neuroanatomical variability of these features in
isolation, to disentangle different molecular pathways under-
pinning the neuroanatomical differences in 22q11.2DS.
Notably, differences in both CT and SA have previously been
reported in individuals with 229q11.2DS relative to neurotypical
controls, with most studies reporting significantly increased CT
and decreased SA in 22q11.2DS (Jalbrzikowski et al. 2013;
Schmitt et al. 2015). There is also evidence to suggest that mea-
sures of brain morphometry are susceptible to gene-dosage-
effects in 22q11.2DS, with a positive relationship for SA (i.e.,
deletion < control < duplication), and negative variability for
CT (i.e., deletion > control > duplication) (Lin et al. 2017). Thus,
when investigating and interpreting the relationship between
brain morphometry and different clinical subgroups of
22q11.2DS individuals, it will be important for future studies to
establish whether this relationship is significantly modulated
by genetic effects, such as gene-dosage-dependent variability
in brain phenotypes.

While a thorough examination of the influence of psychotic
symptoms on the neuroanatomy of 22q11.2DS would go beyond
the initial scope of our study, we did assess the impact of psy-
chotic symptoms and the use of antipsychotic medication on
our results. We found that the neuroanatomical differences we
observed between 22q11.ASD and 22q11.nonASD individuals
were not driven by the co-occurrence of psychotic symptoms in
our sample, as both groups were matched with regards to posi-
tive and negative psychotic symptoms as assessed by the SIPS,
and 9 individuals (equally distributed across groups) had pro-
dromal symptoms of psychosis, as measured by the SIPS.
Further, most 22q11.2DS individuals (i.e., 97%), identified as
having ASD symptomatology, did not have a comorbid diagno-
sis of psychosis. Naturally, the low degree of comorbidity
between ASD and psychosis is to be expected in our sample of
children and adolescence with 22q11.2DS (mean age = 16),
given that the prevalence rate of psychosis is highest during
adulthood in 22q11.2DS (Murphy et al. 2000; Schreiner et al.
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2013). Our observation is also supported by previous clinical
studies suggesting that psychosis and ASD in 22q11.2DS repre-
sent distinct clinical outcomes (Vorstman et al. 2013; Fiksinski
et al. 2017). Further, when controlling for antipsychotic medication
status, we found that our results remained stable in terms of effect
sizes and the spatially distributed patterns of neuroanatomical dif-
ferences observed (see Figs S2 and S3 in Supplementary Materials).
Future research is, however, needed to directly compare 22q11.2DS
individuals with ASD symptomatology and a diagnosis of psycho-
sis to establish whether 1) the putative independence of these clin-
ical outcomes is also mirrored on the level of neurobiology, and 2)
whether neurobiological data can therefore successfully be utilized
for their prediction.

Our results need to be interpreted in the light of several
other methodological limitations. First, it is important to high-
light that this study excluded a relatively high number of scans
due to movement artefacts and reconstruction errors (i.e., 31%),
compared with other studies employing similar techniques.
Although this might affect the generalizability of the results,
the excluded participants were very closely matched across
both sites and groups, and we are confident that there was no
systematic sampling bias affecting our results. Second, to
ensure the comparability of our vertex-wise approach with a
previously published region-of-interest analysis, we based the
diagnostic criteria for ASD on a previously published study by
Jalbrzikowski et al. (2017). In our sample, this resulted in all
ASD individuals meeting ADI-R diagnostic cut-offs in the social
and communication domain of the ADI-R. However, some indi-
viduals (n = 20) fell short of the cut-off in the repetitive domain,
leading to an ASD prevalence rate of 54.4% in our sample.
While this prevalence rate seems high, it compares well to
other studies employing similar criteria for assessing ASD in
22q11.2DS populations (Antshel et al. 2007; Vorstman et al.
2013; Fiksinski et al. 2017; Jalbrzikowski et al. 2017). Our
approach thus differs from the clinical “gold-standard” for diag-
nosing ASD in the research setting, where individuals are
expected to meet cut-offs in all 3 domains of the ADI-R. To
examine how the clinical characterization of ASD individuals
affects our results, we have also performed a preliminary analysis
of the neuroanatomy of 22q11.2DS when applying gold-standard
diagnostic criteria for ASD. However, when comparing the indivi-
duals (n = 10) with a gold-standard diagnosis of ASD with the
individuals who did not meet diagnostic cut-offs in all 3 ADI-R
domains (n = 45), we observed no significant differences in brain
anatomy (see Fig. S1 in Supplementary Materials). This lack of
statistical significance might partially be explained by the small
sample size and low statistical power; for example, the probability
of detecting a significant effect within our sample on the vertex
level is only 0.3 if one assumes a medium effect size of 0.5.
Alternatively, our nonsignificant finding might be due to the fact
that the 10 individuals meeting cut-offs in all 3 domains of the
ADI-R are being compared with a group of 45 individuals out of
which 20 individuals did meet cut-offs in the social and commu-
nication domain. This means that there is significant clinical
overlap between both groups with regards to social and commu-
nication deficits, which could preclude the detection of a signifi-
cant between-group difference. Our study was therefore only
adequately powered to examine the neuroanatomical correlates
of social and communication deficits in 22q11.2DS that are also a
characteristic hallmark for ASD. This is not to say that repetitive/
stereotyped behaviors may be less common in 22q11.2DS indivi-
duals, as has been noted previously (Kates et al. 2007). However,
given our small sample size, we were unable to also examine
repetitive symptoms directly. Future research in larger samples is
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thus necessary to also examine the neuroanatomical correlates of
ASD-related repetitive symptoms in 22q11.2DS.

Third, a multicenter design was employed for MRI data
acquisition to overcome single-site recruitment limitations.
Although there are some disadvantages of using a multicenter
approach, we carefully matched acquisition parameters across
sites, and accounted for inter-site effects in the statistical
model and our findings are therefore unlikely to be driven by
inter-site effects alone. Further, due to difficulties scanning
individuals with intellectual disability (IQ < 60), we only
included those individuals who scored above 60 on the WASIL.
This resulted in both of our groups having a mean IQ around 10
points above average found in the general 22q11.2DS popula-
tion (Antshel et al. 2005), which needs to be considered when
interpreting our findings. Lastly, while we did correct for age-
effects in the statistical model, our sample included individuals
from a wide age range (6-31 years). Given the fact that the
nature and severity of neuropsychiatric conditions associated
with 22q11.2DS varies across different stages of development, it
will be crucial to investigate the link between neuroanatomy
and symptomatology within well-defined age groups in the
future. The acquisition of large longitudinal samples will also
be essential for the development of early biomarkers that are
able to accurately predict the various clinical outcomes associ-
ated with 22911.2DS, even before first symptoms manifest. Our
findings indicating that different clinical manifestations of
22q11.2DS may be mediated by distinct neurobiological mecha-
nisms is hence of importance for future studies designed to uti-
lize such neurobiological information in the development of
“preventative” treatment strategies based on an individual’s
most likely clinical outcome(s).

Supplementary Material

Supplementary material is available at Cerebral Cortex online.
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