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Probing naturally-occurring, reciprocal genomic copy number variations (CNVs) may help us understand mechanisms that underlie
deviations from typical brain development. Cross-sectional studies have identified prominent reductions in cortical surface area (SA)
and increased cortical thickness (CT) in 22g11.2 deletion carriers (22gDel), with the opposite pattern in duplication carriers
(22gDup), but the longitudinal trajectories of these anomalies—and their relationship to clinical symptomatology—are unknown.
Here, we examined neuroanatomic changes within a longitudinal cohort of 261 22q11.2 CNV carriers and demographically-
matched typically developing (TD) controls (84 22qDel, 34 22qDup, and 143 TD; mean age 18.35, £10.67 years; 50.47% female). A
total of 431 magnetic resonance imaging scans (164 22qgDel, 59 22qDup, and 208 TD control scans; mean interscan

interval = 20.27 months) were examined. Longitudinal FreeSurfer analysis pipelines were used to parcellate the cortex and calculate
average CT and SA for each region. First, general additive mixed models (GAMMs) were used to identify regions with between-
group differences in developmental trajectories. Secondly, we investigated whether these trajectories were associated with clinical
outcomes. Developmental trajectories of CT were more protracted in 22qDel relative to TD and 22qDup. 22qDup failed to show
normative age-related SA decreases. 22qDel individuals with psychosis spectrum symptoms showed two distinct periods of altered
CT trajectories relative to 22qDel without psychotic symptoms. In contrast, 22q11.2 CNV carriers with autism spectrum diagnoses
showed early alterations in SA trajectories. Collectively, these results provide new insights into altered neurodevelopment in

22911.2 CNV carriers, which may shed light on neural mechanisms underlying distinct clinical outcomes.

Molecular Psychiatry (2022) 27:4181-4190; https://doi.org/10.1038/s41380-022-01681-w

INTRODUCTION
Genomic imbalances due to copy number variation (CNVs) confer
greatly elevated risk for prevalent neurodevelopmental disorders
[1, 2], including schizophrenia and autism spectrum disorder
(ASD). CNVs present a powerful genetics-first approach to
mapping the neurodevelopmental signatures of psychiatric illness.
Reciprocal chromosomal rearrangements at the 22q11.2 locus
are particularly compelling models for investigating gene dosage
effects on brain maturation and downstream psychiatric out-
comes, as this locus contains genes implicated in synapse
development and neuronal migration that converge on biological
pathways implicated in idiopathic developmental neuropsychia-
tric conditions [3]. While gene dosage cannot be experimentally
manipulated in humans, as in animal or in vitro models, a
comparable framework emerges via naturally occurring deletions
and duplications at this locus. This “reverse genetics” approach
can unpack how genes may influence downstream neurodevelop-
mental phenotypes [4].

The 22g11.2 deletion (22qDel), also known as Velocardiofacial
syndrome (OMIM #188400, #192430), is caused by a 1.5-2.6 Mb
hemizygous deletion on the long arm of chromosome 22 [5] and
occurs at a rate of ~1 in 4000 live births [6]. 22qDel is among the
largest known genetic risk factors for psychotic illness, conferring
a 20 to 25-fold increase in risk compared to population base rates
[7-9]. 22qDel carriers also have elevated incidence of intellectual
disability (ID) as well as high rates of anxiety, attentional deficits,
and ASD [10-12].

Less is known about the reciprocal duplication (22qDup), which
has only relatively recently been described as a recurrent CNV of
clinical interest [13, 14]. Unlike 22qDel, which tends to occur de
novo, the duplication is frequently inherited [15, 16]. Available
evidence, primarily from case reports [15, 17], indicates that 22qDup
is associated with elevated rates of ID/developmental delay [17] and
ASD [18], but with incomplete penetrance and highly variable
expressivity [19, 20]. Notably, there is emerging evidence that
22gDup is significantly less common in schizophrenia cases than in
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Fig. 1 Participant age at each scan. Scan distribution for analyses

comparing 22qDel, 22qDup, and TD controls. The sample consisted
of 261 participants aged 6-49 years who contributed between
1-6 scans, resulting in a total of 431 scans available for analysis (164
22qgDel scans, 59 22gDup scans, and 208 TD control scans).

the general population, suggesting the first putative protective
mutation for schizophrenia [21-24].

Cross-sectional brain imaging studies of 22qDel have revealed a
consistent pattern of cortical alterations involving a rostro-caudal
gradient of volumetric reduction [25-27]. More recent investiga-
tions have separately investigated cortical thickness (CT) and
surface area (SA), as these indices appear to be driven by different
genetic mechanisms [28, 29], evolutionary origins [30, 31], and
developmental trajectories [32, 33]. In the largest analysis of brain
structural alterations in 22qDel to date, 22q11.2-ENIGMA [34]
found a widespread pattern of thicker cortex compared to
controls. The exception was for cingulate and temporal regions,
where focal thinning was observed. There was also a pervasive
pattern of lower SA, with largest effects in parieto-occipital and
anterior cingulate regions [35].

We recently conducted the first cross-sectional investigation of
brain morphology in reciprocal 22q11.2 CNVs, which revealed
global opposing effects of 22gDel versus 22qDup [36]. CT and SA
were affected in opposite directions, and controls showed an
intermediate pattern. Moreover, effects of gene dosage on CT were
localized to frontal and parietal regions, whereas cortical SA effects
were widespread throughout the cortical mantle, suggesting early
neurodevelopmental origins of these alterations. However, long-
itudinal studies are needed to clearly delineate the differing
neurodevelopmental trajectories of reciprocal 22q11.2 CNVs.

A few longitudinal studies, most with limited sample sizes, offer
insights into the neuroanatomic trajectory of the 22q11.2 deletion,
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although findings are somewhat inconsistent across studies
(reviewed in [25]). Volumetric studies report either increases [37]
or no significant change [38] in grey matter volume with age in
frontal regions, in contrast with differential reductions of occipito-
parietal regions in 22qDel relative to controls [37]. Longitudinal
studies of surface-based measures of CT have reported slower
thinning in left parietal regions [39] and accelerated thinning in
fronto-temporal regions [40, 41] in 22gDel carriers compared to
controls. To our knowledge, only two studies have investigated SA
longitudinally in 22qDel, which found consistent SA reductions in
22gDel versus controls [39, 41]. No studies to date have
investigated 22qDup carriers longitudinally. Because many devel-
opmental processes follow a non-linear trajectory [42], and non-
linear modeling approaches in developmental neurocognitive
science have identified distinct periods of continued refinement of
brain structure in typically-developing youth [43], the use of time-
varying approaches may identify distinct periods of change that
are obscured in cross-sectional or linear models [44].

Structural brain changes may also be related to clinical
outcomes. In 22qDel, psychotic symptoms have been associated
with steeper grey matter decline in frontal, temporal, cingulate,
and parietal regions during adolescence, a critical period for the
emergence of psychosis [37, 38, 45, 46]. Notably, fronto-temporal
regions showing greatest thinning in 22qDel patients with
psychotic illness significantly overlapped with brain regions most
prominently affected in idiopathic psychosis [35, 47]. No study has
yet assessed the relationship of longitudinal measures of brain
morphology to psychotic and autism symptomatology across
22q11.2 reciprocal CNV carriers.

Here, in the first longitudinal investigation of reciprocal 22q11.2
CNVs, we sought to elucidate neurodevelopmental mechanisms
that underlie genetic vulnerability for neuropsychiatric outcomes.
We aimed to investigate: (1) developmental trajectories of CT and
SA, and (2) whether neuroanatomic trajectories differ as a function
of variable psychiatric phenotypes (i.e., psychosis-spectrum, ASD)
in the context of these highly penetrant genetic conditions.

MATERIALS AND METHODS

Subjects

A total of 261 unique individuals (431 total scans; Fig. 1) were included in
the analysis: 84 with molecularly confirmed 22q11.2 deletions, 34 with
confirmed 22q11.2 duplications, and 143 demographically-matched
typically developing (TD) controls (Table 1). Approximately 54% of the
CNV carriers and controls were included in a prior publication on baseline
(cross-sectional) data [48]. For participants with multiple scans, the average
interscan interval was 20.27(+/—13.16) months. Mean interscan interval
did not significantly differ between groups (Table 1). Study participants
with multiple timepoints largely did not differ demographically from those
with a single timepoint (e-Table 1). Medication information for 22q11.2
CNV carriers is in e-Table 2.

CNV carriers were recruited from either [1] the University of California at
Los Angeles or Children’s Hospital, Los Angeles clinics, or [2] local and
national support groups and websites. Typically developing (TD) compar-
ison subjects were recruited from the same communities as CNV carriers
(see Supplementary Methods for detailed inclusion/exclusion criteria).

All participants underwent a verbal and written informed consent
process. Participants under the age of 18 years provided written consent,
while their parent or guardian completed written consent after study
procedures were explained. Study procedures and informed consent
documents were approved by the UCLA Institutional Review Board and
performed in accordance with the Declaration of Helsinki. Neurobehavioral
phenotyping measures are described in Supplementary Methods.

Imaging protocol and image processing pipeline

Measures of brain structure were obtained with structural T1-weighted MRI
at each timepoint, at the UCLA Brain Mapping Center or at the Center for
Cognitive Neuroscience (see Supplementary Methods). Scans were analyzed
in an unbiased, whole-brain approach using well-validated publicly available
analysis and quality control protocols [49], which have previously been
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Table 1. Participant baseline demographics.
22q11.2 deletion carriers Typically-developing controls
N 84 143
Age (SD) 17.46 (8.29) 18.96 (10.00)
Age Range 5.5-42 6-49
N, females (%) 41 (48.81%) 77 (53.85%)
Race
N, American Indian/Alaska Native (%) 0 7 (4.90%)
N, Asian (%) 1 (1.19%) 6 (4.20%)
N, Black or African American (%) 1 (1.19%) 12 (8.39%)
N, White (%) 75 (89.29%) 104 (72.73%)
N, Multiple Race (%) 7 (8.33%) 14 (9.79%)
Parental Education, Years (SD) 15.14 (2.99) 14.31 (3.52)

N, Right-Handed (%)

Full Scale 1Q (SD)*<

N, Psychotic Disorder (%)

N, Psychosis-Risk (%)* 2P

N, Autism Spectrum Disorder (ASD), (%)>P

71 (84.52%)
80.01 (12.81)
8 (9.52%)

17 (20.24%)
40 (47.62%)

Scanner

N, BMC 23
N, CCN 32
N, PRISMA 29

Mean Interscan Interval, months (SD) 20.52 (12.99)

*Psychosis Risk = Attenuated Positive Symptoms.
#22g-del =CTL (p < 0.05).

b22g-dup = CTL (p < 0.05).

€22g-del # 22g-dup (p < 0.05).

95 22qDel developed psychosis symptoms post-baseline.

applied by our group and others (e.g, [48-52]. Quality assessment
procedures and scanner correction methods are detailed in Supplementary
Methods. For our primary analyses, Freesurfer cortical regions of interest
(ROI's) were summed into lobes (frontal, temporal, parietal, occipital) to
reduce the number of statistical comparisons (e-Table 3).

Statistical analyses

Aim 1: cortical trajectory analyses. We used general additive mixed models
(GAMM:s) [53-55] to model group differences (TD vs. 22qDel vs. 22qDup) in
the relationship between development (chronological age) and sMRI
measures (see Supplementary Methods for details). Because the relationship
between the smoothed predictor and the dependent variable is not required
to have the same functional form in each group, we examined the smoothed
effects of chronological age for 22qDel, 22qDup, and TD separately. Sex,
scanner, and estimated total intracranial volume at each timepoint were also
included in the models as covariates. To model and account for non-
independence of multiple visits, subject was included as a random effect.
The dependent variable was the respective sSMRI measure being assessed
(see Formula 1 in Supplementary Methods). To prevent overfitting, we used
restricted maximum likelihood when fitting all GAMM:s.

To determine time periods during which age effects in each group
differed, we took the difference between the upper and lower 95%
confidence intervals of the smoothed fit in two groups, henceforth called the
‘difference in smooths’. For each dependent variable, we considered effects
of age to be significantly different in the two groups being compared during
periods of time in which the difference in smooths did not include zero.
While this approach has been used for other data types [56, 57], to our
knowledge this is among the first applications to comparisons of
developmental trajectories in neuroimaging data. We also determined time
periods in which significant change was occurring in each group
(“maturation”; see Supplementary Methods and [43, 44, 58, 59] for details).
For any lobar measures that had different age-related trajectories in any
group, we conducted post-hoc analyses of the individual ROIs within those
lobes (see e-Fig. 1 for analysis flow chart).

Molecular Psychiatry (2022) 27:4181-4190
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18.63 (13.71)
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28 (82.35%)
95.73 (18.39)
0
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0

21

13

16.40 (5.20)

Aim 2: Relationship of imaging variables to clinical phenotypes. To
investigate the relationship of neuroimaging variables to clinical phenotypes,
a similar approach was used. Because psychosis spectrum (PS) conditions
were only seen in sufficient numbers in the 22qDel group, these analyses
compared 22qgDel participants with (22gDel-PS+) and without PS symptoms
(22gDel-PS—). For this analysis, PS was operationalized as having attenuated
or fully psychotic symptoms, based on SIPS interview, at any timepoint.
Specifically, we used GAMM:s to assess differences in the relationship between
development and sMRI measures between 22qDel-PS+ (N = 30) and 22qDel-
PS— (N =37) (see e-Table 4 and Formula 2 in Supplementary Methods). We
also used GAMM:s to examine the effects of ASD diagnosis on the relationship
between development and sMRI measures in 22qDel and 22gDup separately
(e-Tables 5, 6; see Formula 3 in Supplementary Methods). Model set-up was
identical to Aim 1, with the respective clinical phenotype included as the
group variable (see Supplementary Methods for secondary analyses).

RESULTS
Subject characteristics

22q11.2 CNV carriers and TD controls (TD) did not differ in
baseline demographic characteristics of sex, age, parental educa-
tion, handedness, or interscan interval; however, CNV carriers were
more likely to be of white (European) ancestry than TD (Table 1).
There were also significant group differences in 1Q (22gDel < 22
qDup < TD), and significantly more psychotic spectrum symptoms
in 22gDel vs. 22qDup and TD, whereas rates of ASD were similar
across CNV groups, as previously reported [58].

22qDel participants exhibit more protracted CT maturation

relative to TD and 22qDup

All groups exhibited highly significant cortical thinning with
increasing age (Fig. 2a). For most regions, TD and 22qDup showed

SPRINGER NATURE
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Fig. 2 Neurodevelopmental trajectories of cortical thickness and surface area for Controls, 22qDel, and 22qDup. Partial residual plots of
A mean cortical thickness (CT) trajectories and B total surface area (SA) trajectories for Controls (green), 22qDel (purple), and 22qDup (yellow).
C Lobar values for CT and D SA trajectories. The partial residual plots reflect the relationship between age and the respective neuroimaging
measures, given the other covariates in the model. Circles reflect an individual participant at a particular visit and participants with
longitudinal visits are connected by a straight line. For each group, the thick line reflects the line of best fit and shaded regions are +standard
errors. The bars underneath the age plots reflect the derivative of the slope, i.e., the rate of change taking place at a particular age. Darker blue
indicates that there is a stronger decrease in CT or SA taking place at that particular age, while brighter red indicates a stronger increase in CT
or SA.
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significant age-related decreases from age 6 through young
adulthood (up to age 24). In contrast, 22qDel exhibited an
extended period of significant age-related global thinning (up to
age 33); a similar developmental pattern was observed for bilateral
frontal and right parietal CT. For bilateral temporal and left parietal
regions, 22qDel exhibited even more protracted thinning that
continued through middle age. Significant occipital thinning was
observed from early childhood through young adulthood (6-20
years) across all three groups (Fig. 2¢, e-Table 7a).

Difference in smooths revealed a steeper age-related mean CT
slope in 22qgDel relative to TD, as well as frontal, temporal, and
parietal CT slopes between mid-adolescence and early adulthood.
For right temporal and bilateral parietal regions, 22gDel also
exhibited steeper age-related decline in comparison to TD during
mid-adulthood. Bilateral parietal CT slopes also significantly
differed between 22gDel and 22qDup during mid-adulthood,
with 22gDel showing age-related cortical thinning, after matura-
tion plateaued in TD and 22gDup.

Post-hoc ROI analyses revealed similar patterns of significant
difference in smooths, i.e, a steeper age-related slope/smooth
from early/mid-adolescence and early adulthood in 22qDel in
comparison to TD in the fusiform, inferior and middle temporal,
isthmus cingulate, superior parietal, and supramarginal regions
bilaterally (e-Table 8).

Lastly, consistent with previous cross-sectional work [35, 48],
22qgDel carriers had overall greater CT in comparison to TD and
22gDup, while 22gDup carriers had reduced CT.

22qDup fail to show normative age-associated SA decreases
TD and 22qDel exhibited significant age-related decreases in
bilateral total and regional SA, whereas 22gDup did not (Fig. 2b,
d). While TD exhibited significant age-related declines in total SA
from age 6-23, age-related decline in total SA was more
protracted in 22gDel, from 6-50 years old (e-Table 7a).

Difference in smooths revealed two periods of significantly
steeper age-related change in right frontal SA in 22gDel vs. TD, in
early adolescence (10-16 years) and adulthood (24-40 years). A
similar pattern was observed for right frontal SA between 22qDel
and 22qDup for comparable developmental periods, which was
regionally driven by differences in right pars triangularis SA (e-
Table 8).In comparison to 22qDup, left parietal SA declined from
6-8 years and 16-22 years in TD, regionally driven by declines in
the inferior parietal area. In comparison to 22qDel, right parietal
SA declined in early adulthood in TD, regionally driven by declines
in postcentral, precuneus, and posterior parietal SA (e-Table 8).

Consistent with our prior cross-sectional findings [35, 48],
22qgDel participants had overall lower SA compared to TD and
22qDup participants, whereas 22qDup had greater SA (e-Table 7a).

Results were robust when covarying for IQ and antipsychotic
medication usage (e-Tables 9, 10).

22¢Del-PS+ exhibit two distinct developmental CT
trajectories in comparison to 22qDel-PS—

As shown in Fig. 3a, both 22qDel-PS— and 22gDel-PS+ showed
significant age-related decreases in mean overall CT, as well as
bilateral frontal, temporal and parietal CT, from childhood through
adulthood. (Fig. 3c). 22gDel-PS— showed significant occipital
thinning bilaterally from 7-20 years old, but 22qDel-PS+
participants did not exhibit significant developmental changes
in occipital CT (e-Table 11a).

There were two developmental periods in which age effects
differed between 22gDel-PS + vs. 22qDel-PS—. First, 22qDel-PS+
exhibited flatter age-related smooths in mean CT between 7-12
years old in comparison to 22qDel-PS—, observed in left frontal,
left parietal, and bilateral occipital lobes (e-Table 11a). Secondly, in
comparison to 22gDel-PS—, during late adolescence (from 17-24
years old), 22qDel-PS+ exhibited a steeper age-associated
decrease in mean CT, driven by steeper thinning across bilateral
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frontal and parietal regions (see Supplementary Results and e-
Table 12 for individual ROI results).

22qDel-PS+ exhibit a more protracted period of age-related

SA decline

22gDel-PS— exhibited age-related decline in total SA from 7-30 years
old, while 22qDel-PS—+ exhibited a more extended period of decline,
from 7-43 years old (Fig. 3b). Periods of developmental change for
both 22gDel-PS+ and 22qgDel-PS— were regionally variable (Fig. 3d).

Two right hemisphere regions had significant differences in
developmental trajectories: in right frontal SA, in comparison to
22qDel-PS—, 22qgDel-PS+ exhibited a shallower developmental
slope from 7-12 years old, but a steeper decline from 17-25 years
old. In the right parietal lobe, 22gDel-PS+ had a steeper SA
decline in early adulthood, between ages 18-23.

Results for SA and CT remained similar when antipsychotic
medication status was included as a covariate, psychosis spectrum
status varied as a function of visit, when controlling for comorbid
ASD, and when the age range was truncated (7-35 years) due to
sparsity of older adult participants (e-Tables 13-16).

22q11.2 CNV carriers with ASD exhibit altered SA trajectories
relative to CNV carriers without ASD
Age-related cortical thinning in 22gDel cases with (22gDel-ASD)
and without ASD diagnoses (22qDel-no ASD) was similar, and
there were no differences in CT trajectories between 22gDel-ASD
and 22qDel-no ASD (e-Fig. 2). In contrast, 22qDel cases differed in
overall and regional SA as a function of ASD diagnosis (Fig. 4a, b,
e-Table 17a, e-Fig. 3). Specifically, 22gDel-ASD had significant
overall SA increases from 6-12 years old, while those without an
ASD diagnosis showed a linear decrease in SA, similar to TD
controls. During adolescence, 22qDel-ASD participants exhibited
overall age-related SA decreases, driven by significant bilateral
frontal and parietal and right temporal lobe SA decreases. 22qDel-
ASD participants showed a significant difference in smooths in
comparison to 22qDel-no ASD across childhood and adolescence
in total SA, bilateral frontal and parietal SA, and in early
adolescence in right temporal SA (e-Tables 17a, 18). Results were
similar when comorbid PS was included as a covariate (e-
Table 19).

22qDup participants with and without ASD did not show
significant differences in overall CT or SA trajectory (Fig. 4c, d), but
had a significant difference in smooths in occipital CT bilaterally,
involving a steeper age-related slope in 22qDup-ASD in early
childhood and adolescence (e-Fig. 4; e-Tables 20, 21). Differences
in lobar SA trajectories were not statistically significant in 22qDup-
ASD (e-Fig. 5).

All CT results remained consistent when estimated intracranial
volume was omitted as a covariate from the model (see e-
Tables 7b, 11b, 17b, and 20b).

DISCUSSION

This is the first study to investigate longitudinal developmental
trajectories in reciprocal 22q11.2 CNVs. Our accelerated long-
itudinal design revealed several novel findings, specifically: (1)
22qgDel showed protracted cortical thinning in comparison to TD
and 22qgDup; (2) although 22gDup CT developmental trajectories
were largely intact, 22gDup participants failed to exhibit
normative age-related SA decreases; (3) relative to 22qgDel
individuals without psychotic symptoms, 22qDel with psychosis
spectrum symptomatology showed less cortical thinning in
childhood, but steeper age-related thinning in adolescence; and
(4) 22911.2 CNV carriers with an autism spectrum diagnosis
showed alterations in early SA, rather than global CT, develop-
mental trajectories. To our knowledge, this is the first neuroima-
ging study to use GAMMs to identify specific developmental
epochs where trajectories diverged between groups. Our results
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Fig. 3 Neurodevelopmental trajectories of cortical thickness and surface area for Controls, 22qDel-PS+, and 22qDel-PS-. Partial residual
plots of A Mean CT and B total SA trajectories for Controls (green), 22qDel-PS— (orange), and 22qDel-PS+(gray). C Lobar values for CT and
D SA trajectories. The partial residual plots reflect the relationship between age and the respective neuroimaging measures, given the other
covariates in the model. Circles reflect an individual participant at a particular visit and participants with longitudinal visits are connected by a
straight line. For each group, the thick line reflects the line of best fit and shaded regions are +standard errors. The bars underneath the age
plots reflect the derivative of the slope, i.e,, the rate of change taking place at a particular age. Darker blue indicates that there is a stronger
decrease in CT or SA taking place at that particular age, while brighter red indicates a stronger increase in CT or SA. Control age effects and
derivatives are shown for visualization purposes only.
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Fig.4 Neurodevelopmental trajectories of mean cortical thickness and total surface area for Controls, individuals with a 22q11 CNV with
an ASD diagnosis, and individuals with a 2211 CNV without an ASD diagnosis. Partial residual plots of A Mean CT and B total SA
trajectories for Controls (green), 22qDel-no ASD (dark blue) and 22qDel-ASD (magenta). C Mean CT and D total SA trajectories for Controls
(green), 22qDup-no ASD (light blue), and 22gDup-ASD (pink). The partial residual plots reflect the relationship between age and the
respective neuroimaging measures, given the other covariates in the model. Circles reflect an individual participant at a particular visit and
participants with longitudinal visits are connected by a straight line. For each group, the thick line reflects the line of best fit and shaded
regions are tstandard errors. The bars underneath the age plots reflect the derivative of the slope, i.e., the rate of change taking place at a
particular age. Darker blue indicates that there is a stronger decrease in CT or SA taking place at that particular age, while brighter red
indicates a stronger increase in CT or SA. Control age effects and derivatives are shown for visualization purposes only.

thus provide new insights into the timing of neurodevelopmental
disruptions resulting from 22g11.2 copy number variation, and
how these developmental deviations may be related to clinical
phenomena, specifically psychosis and ASD.

Divergent neurodevelopmental trajectories in 22q11.2 CNV
carriers: possible biological mechanisms

Our results in TD controls are highly consistent with prior large-
scale longitudinal studies of typical development, which find
widespread and regionally variable nonlinear age-associated
cortical thinning, with accelerated thinning during adolescence
and young adulthood, and comparatively smaller steady
decreases in cortical SA [32, 33, 60-62].

Molecular Psychiatry (2022) 27:4181-4190

We find that brain regions with macroscopic structural abnorm-
alities associated with these CNVs undergo differential rates of
growth and decline with age. Specifically, we observed a lack of
normative cortical neuromaturation in 22qDel, involving protracted
thinning. This aligns with a recent longitudinal study in which,
compared to TD controls, participants with 22gDel showed
widespread thicker cortex, focal reductions in the cingulate gyrus
and superior temporal gyrus (STG), and accelerated cortical thinning
during adolescence in frontotemporal and parietal regions [41]. In
contrast, we found 22qDup showed a relatively normative thickness
trajectory, but a lack of typical age-associated SA decreases.

The abnormal neurodevelopmental trajectories we observed
are likely due to multiple neurobiological disruptions. CT partially
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reflects the number of cells within organizational columns in the
neocortex [31]; while age-associated cortical thinning is tradition-
ally believed to be primarily due to glial-cell-dependent synaptic
pruning [63, 64], recent evidence suggests that age-associated CT
changes may also be driven by white matter maturational
processes, i.e. increasing myelination [65]. In contrast, regional
SA is thought to be driven by increased progenitor cell production
in early development [35]. Notably, the LgDel mouse model of the
22qDel has deficits in intermediate progenitor cell proliferation
[66], a possible mechanism for SA dysmaturation. Further, we
recently found that SA deviance in 22qDel was associated with
expression of 22q11 genes involved in cell proliferation and
apoptosis (DGCR8 and AIFM3, respectively) [67], suggesting these
genes may contribute to disrupted cortical trajectories in 22q11.2
CNV carriers. However, because age-related SA decreases are
consistently observed across child and adolescent development
[32, 33], there are likely additional neurobiological and environ-
mental drivers of these changes. Studies of gene dosage effects
(i.e, under- vs. over-expression of 22q11.2 genes) in preclinical
models are warranted, in conjunction with human studies
incorporating multimodal measures of microstructural brain
changes and postmortem histology, in order to resolve questions
of underlying mechanisms.

22qDel with psychosis symptoms show a distinct
developmental trajectory

Our finding of divergent trajectories between 22qDel with and
without psychotic symptoms suggests that previous cross-
sectional findings of lower CT in 22qDel-Psychosis [35] are due
to a combination of: (1) earlier reductions that occur during early
childhood (or prenatally), and (2) extended cortical thinning from
mid-adolescence to early adulthood. Similarly, Bagautdinova et al.
[41] recently reported exacerbated cortical thinning in the right
STG in 22qDel with psychotic symptoms; while our results instead
implicated fronto-parietal regions as driving the abnormal CT
trajectory, our studies are consistent—despite differing methodol-
ogy—in identifying exaggerated cortical thinning in adolescence
in 22qgDel carriers with psychotic symptomatology. Notably, these
findings converge with those in idiopathic (clinical high-risk)
youth, in which accelerated gray matter loss, particularly in frontal
regions, was observed in those who developed overt psychosis
[68].

These findings, in conjunction with other recent work [69-71],
suggest that biological factors exert differential influences on
behavior at distinct points in development. Failure to progress
along normative timetables during childhood (as reflected by
flatter trajectories) may put youth with 22qDel at greater risk for
developing psychosis, while exaggerated cortical thinning (i.e.,
steeper age-related slopes) could contribute to psychosis onset in
adolescence.

Effects of ASD on developmental trajectories in 22q11.2 CNV
carriers

Notably, ASD diagnosis in 22g11.2 CNV carriers was associated
with a different pattern of cortical maturation. In particular, 22qDel
with ASD had greater SA increases (relative to 22gDel without
ASD), particularly during childhood. While 22qDup was associated
with similarly high rates of ASD, this early SA increase was
observed visually, but was not statistically significant. Given the
modest N in this group, however, we may have had insufficient
power to detect this developmental alteration. These patterns are
broadly consistent with findings of early brain overgrowth in
idiopathic ASD, followed by accelerated decline [72]. However,
findings in idiopathic ASD appear driven by anomalous CT
development, rather than SA [73]. One possibility is that
22q11.2-associated ASD diagnosis is associated with accelerated
SA growth patterns, akin to the acceleration-deceleration hypoth-
esis of chronic stress and neurodevelopment [74].
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Limitations

Several limitations of the study should be noted. In particular,
we had a sparser distribution in older ages (>35 years old), so
caution is warranted in interpreting results for these age epochs.
We limited analyses of psychiatric diagnosis to age ranges in
which there were a sufficient number of individuals, to ensure
robustness of results. Nevertheless, additional longitudinal data
points, particularly in older subjects, are required to model
growth curves at the single-subject level. Secondly, the sample
size of 22qDup was also limited, and the distribution is sparse in
the older ages. In addition, we applied longitudinal ComBat
correction to adjust for scanner effects, which may have been
overly stringent in removing non-linear effects. These limitations
may have precluded us from being able to detect significant
neurodevelopmental trajectories in surface area in the 22qDup
sample. However, at present the 22qDup sample is the only
cohort of its kind. We will be able to extend upon our findings
with multisite studies that are now underway. Additionally, like
other nonparametric approaches, GAMM is prone to overfitting
and is sensitive to outliers. However, we attempted to protect
against this limitation by limiting the number of splines that can
occur when the line of best fit is determined, and we
used restricted maximum likelihood to optimize the
smoothness fit. It is also possible that the harmonization
method we used to remove site effects limited our ability to
detect more subtle non-linear age-related deviations. Thus,
future studies comparing alternative harmonization techniques
(e.g, [75] are warranted.

CONCLUSIONS

Our study provides new insights into effects of 22q11.2 gene
dosage on neurodevelopment; findings of disrupted longitudinal
brain trajectories are notable, given the opposing brain pheno-
types of these neuropsychiatric CNVs, and differential association
with psychosis risk of the 22qDel versus 22gDup. Biological
mechanisms underlying the observed differential impact of
22q11.2 gene dosage on neuromaturational trajectories are
currently unknown, and warrant investigation of cell-type specific
effects in animal and in vitro models.
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