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Abstract

BACKGROUND: The presence of a 22q11.2 microdeletion (22q11DS) ranks among the greatest 

known genetic risk factors for the development of psychotic disorders. There is emerging evidence 

that the cerebellum is important in the pathophysiology of psychosis. However, there is currently 

imited information on cerebellar neuroanatomy in 22q11DS specifically.

METHODS: High-resolution 3T MRI was acquired in seventy-nine individuals with 22q11DS 

and seventy typically developing (TD) controls (N=149). Lobar and lobule-level cerebellar 

volumes were estimated using validated automated segmentation algorithms, and subsequently 

group differences were compared. Hierarchical clustering, principal component analysis, and 
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graph theoretical models were used to explore inter-cerebellar relationships. Cerebro-cerebellar 

structural connectivity with cortical thickness was examined via linear regression models.

RESULTS: Individuals with 22q11DS had, on average, 17.3% smaller total cerebellar volumes 

relative to TD (p-value<0.0001). The lobules of the superior posterior cerebellum (e.g. VII and 

VIII) were particularly affected in 22q11DS. However, all cerebellar lobules were significantly 

smaller, even after adjusting for total brain volumes (all cerebellar lobule p-values <0.0002). The 

superior posterior lobule (SPL) was disproportionately associated with cortical thickness in the 

frontal lobes and cingulate cortex, brain regions known be affected in 22q11DS. Exploratory 

analyses suggested that SPL, particularly Crus I, may be associated with psychotic symptoms in 

22q11DS.

CONCLUSIONS: The cerebellum is a critical but understudied component of the 22q11DS 

neuroendophenotype.
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Introduction:

Schizophrenia is a devastating psychiatric disease characterized by a spectrum of symptoms 

including disorganized thinking, hallucinations, delusions, and cognitive deficits. The 

genetic contributions to schizophrenia are among the highest of all mental disorders, 

with an estimated heritability approaching 80% (1). Most genetic variants associated with 

schizophrenia have relatively small effect sizes (2–4). However, the copy number variant 

at 22q11.2 confers an ~30% lifetime risk of schizophrenia (~20–30 times the general 

population) and ~50% risk of psychosis(5–7). The 22q11.2 deletion syndrome (22q11DS) 

also increases liability to several other mental disorders, particularly autism spectrum 

disorders (ASD) and attention deficit hyperactivity disorder (ADHD) (8).

For over two decades, neuroimaging studies have characterized the 22q11DS 

neuroendophenotype, in search of genetically-mediated neural substrates of psychosis (9–

16). Prior studies have found relatively consistent reductions in cerebral, hippocampal, 

and subcortical brain volumes, as well as widespread reductions in cerebral surface area, 

increased cortical thickness, and disrupted cortico-cortical connectivity when compared 

to typically developing (TD) controls (11, 12, 14, 17–19). Several brain regions that are 

particularly impacted in 22q11DS (e.g. superior temporal gyrus, hippocampus) are also 

implicated in the pathophysiology of schizophrenia (16, 20, 21).

The cerebellum has historically been overlooked in neuropsychiatric studies, traditionally 

considered responsible only for the coordination of motor activity. However, there is 

emerging evidence that the cerebellum is critical to both cognition and affect (22–25). 

Mirroring the more well-established motor dysmetria associated with cerebellar injury, 

the cognitive symptoms associated with cerebellar injury have been termed “dysmetria of 

thought” – an inability to coordinate higher brain functions (23). Cerebellar anomalies have 
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been implicated in several psychiatric diseases, including schizophrenia, autism, and ADHD 

(26, 27).

Yet to our knowledge, there are only two prior studies that investigated regional cerebellar 

substructure in 22q11DS; both focused solely on mid-sagittal regions of interest (ROIs). 

Eliez et al. manually measured vermian area (3 ROIs: lobules I–V, VI–VII, and VIII–X) 

in 24 individuals with 22q11DS and 24 matched controls (28). They found a significant 

16.6% reduction in lobules VI-VII in subjects with 22q11DS, and nonsignificant decreases 

elsewhere (7.0% for lobules I-V, and 17.3% for VIII-X). Similarly, Bish et al. measured 

mid-sagittal area via analogous manual tracings in 31 participants with 22q11DS (29). 

Smaller vermian area was observed in 22q11DS relative to the TD group, including a 

statistically significant 15.7% reduction in lobules I-V (anterior lobe) after adjusting for total 

brain volume. Nonsignificant smaller volumes in 22q11DS were observed in both superior 

posterior (16.1%) and the inferior posterior (19.3%) vermian ROIs.

The principal aim of the current study was to perform a systematic survey of regional 

cerebellar volumes in 22q11DS using high field strength MRI, a large sample, and 

validated image processing algorithms. Based on prior work on vermis and the potential 

role of the superior posterior cerebellum in cognition (22), we hypothesized that in 

addition to global cerebellar reductions, we would observe disproportionate reductions 

in lobules within the superior posterior lobe(28). We also explored cerebello-cerebellar 

relationships using several different multivariate perspectives, namely hierarchical cluster 

analysis, principal components analysis, and graph theoretical models. Given prior evidence 

of disrupted structural connectivity in the cerebrum (11, 30, 31), we expected to observe 

weakened network cohesion in the cerebellum in 22q11DS. We additionally examined 

relationships between our novel cerebellar measures and the more well-established 22q11DS 

supratentorial endophenotype, via analyses of cerebro-cerebellar structural connectivity. 

Given the presence of well-established, regionally-specific cerebro-cerebellar pathways (32), 

we hypothesized that neuroanatomic variation in cerebellar architecture would be associated 

with those regions of the cerebral cortex that have already been implicated in 22q11DS 

(12, 15, 16). Finally, we performed exploratory analysis investigating associations between 

psychosis and cerebellar anatomy in 22q11DS.

Methods and Materials:

Sample and Data Acquisition:

Data were obtained via the prospective study Brain-Behavior and Genetic Studies of the 
22q11DS performed at the University of Pennsylvania and the Children’s Hospital of 

Philadelphia. This study has been described in detail elsewhere (16). Briefly, inclusion 

criteria were age >8 years, intelligence quotient (IQ) >70, and sufficient clinical stability to 

tolerate MRI (as determined by a multidisciplinary clinical research team); participants were 

excluded if they had IQ<70 or serious neurological disorders (e.g. uncontrolled seizures, 

head trauma). Deletion status was confirmed using multiplex ligation-dependent probe 

amplification (33); most subjects (91%) carried the common A-D deletion. Seventy-nine 

subjects with 22q11DS were included. Psychopathology was assessed with the Structured 

Interview for Prodromal Syndromes (SIPS) (34), the Schedule for Affective Disorders 
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and Schizophrenia for School Age Children (K-SADS) (35), and the psychotic and mood 

differential diagnosis modules of the Structured Clinical Interview for DSM-IV (SCID) (36); 

additional details on the behavioral assessment protocols can be found in Tang et al. (37).

Seventy non-deleted, typically developing (TD) control subjects were obtained from 

the Philadelphia Neurodevelopmental Cohort (PNC), a large prospective study using 

the identical scanner and imaging protocols (38). Table 1 summarizes the demographic 

characteristics of the samples. There was a statistically significant group difference in scan 

age, driven by a few outliers in the 22q11DS group; group differences in scan age were 

therefore partially corrected statistically. We also repeated our analyses with a more closely 

age-matched subset of the data (Supplementary Data), with similar results to those presented 

here.

Image Acquisition/Processing:

High-resolution MRI was acquired using a 3T scanner (TIM Trio; Siemens, Erlangen, 

Germany) and 32-channel head coil. T1-weighted magnetization prepared rapid acquisition 

gradient echo (MP-RAGE) data was acquired with the following parameters; TR/TE 

1810/3.51ms; inversion time 1100ms; FOV=180×240mm; effective resolution 1mm3. 

Images were imported into the CIVET pipeline (v2–1-1) for automated skull stripping, non-

uniformity correction, and to estimate total brain volume (39–41). After visual inspection, 

cerebellar segmentation was performed using Multiple Automatically Generated Templates 

(MAGeT), an automated, multi-atlas cerebellar parcellation algorithm (42, 43). MAGeT 

estimates cerebellar volumes based on five high-resolution MRI atlases (3 female, 2 male), 

with each atlas defined by 2 trained anatomists blinded to each other’s work. The algorithm 

first transforms each atlas to a subset of the sample (21 randomly selected subjects) via 

nonlinear registration in order to generate a template library (5×21 = 105 templates). 

This step is advantageous in that it helps account for individual variation in cerebellar 

morphology, and subsequently improves image registration. A second nonlinear registration 

step was then performed to propagate ROIs between templates and individual subjects. 

Lobule-level ROIs for each subject were then automatically generated by assigning each 

voxel to the ROI that was most frequently observed at that voxel location (i.e. “majority 

vote”). This automated image processing pipeline was successful for all subjects. Final 

ROIs were visually inspected by a board-certified neuroradiologist (JES). Cerebellar lobular 

volumes were subsequently estimated, resulting in 13 ROIs for each hemisphere (Figure 1). 

MAGeT-derived cerebellar volumes have high agreement compared to gold-standard manual 

tracings (total k =0.93, individual lobule k=0.73) (42).

Statistical Analyses:

Data was then imported into the R statistical environment (44). Volumetric measurements 

were first visually inspected and assessed for normality via histograms and quantile-quantile 

plots. ROI measurements approximated normality for all ROIs, although there were a few 

outliers for smaller ROIs (e.g. lobule I/II). ROIs were also aggregated to obtain derived 

estimates of cerebellar lobar volumes (anterior lobe, AL: lobules I-V; superior posterior 

lobe, SPL: lobules VI, Crus I-II, lobule VIIB; inferior posterior lobe, IPL: lobules VIIIA, 
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VIIIB, IX), based on definitions outlined by Mankiw et al. (43). Total cerebellum was 

calculated as the sum of all ROIs for both hemispheres.

Group differences in cerebellar volumes were visualized graphically and subsequently 

assessed statistically using ANOVA after adjusting for age, sex, and race. Relative group 

differences were also assessed by repeating the analysis and including total brain volume 

(TBV) as an additional covariate. Effect sizes for lobar and lobular ROI group differences 

were estimated by calculating Cohen’s d (45). Group differences in absolute and relative 

lobular cerebellar volumes were assessed with MANCOVA, also including age, sex, and 

race as covariates. Because it is considered robust to potential violations of the assumptions 

of MANOVA, we used the Pillai trace as the test statistic (46). Specific lobule-level group 

differences were further assessed with post-hoc ANOVA corrected for multiple testing with 

the False Discovery Rate (FDR) (47).

Multivariate Relationships:

High collinearity was observed among cerebellar ROIs. Therefore, a series of additional 

analyses were performed to characterize inter-cerebellar relationships. Because different 

multivariate methods each carry their own strengths, biases, and limitations, we applied 

several different approaches. First, lobule-level cerebellar correlations were compared 

between groups via the Mantel test, a common global test of the element-by-element 

correlations between two matrices of equal dimensions (48). Statistical significance was 

obtained via permutation, using 5000 replicates to estimate the null. This test is constrained 

to linear effects, and does not provide insight on why two matrices are similar. Therefore, 

hierarchical clustering using Euclidean distances was then applied to each group separately, 

after adjusting for TBV and demographic covariates (49). As an alternative method of data 

reduction, multigroup principal component analysis (PCA) was subsequently performed 

on demographic and TBV-residualized data. The optimal number of components was 

determined via scree plot; a three-component solution explained 60% of the total variance 

in the TD group and 65% of the variance in 22q11DS. Common factor loadings from 

multigroup PCA were calculated (50, 51); this method is conceptually similar to traditional 

PCA, but accounts for known group structure in the data.

Prior studies have found aberrant structural connectivity in the supratentorial brain of 

subjects with 22q11DS (11, 30, 31). In order to investigate inter-cerebellar connectivity, 

undirected binary structural connectivity graphs (52) were then constructed using the iGraph 
and BrainGraph packages in R (53–55) for 22q11DS and TD groups separately. Given that 

the density of a network can influence many network statistics (56), the network properties 

were calculated using a range of graph connection density thresholds ranging from 10% to 

40%. Several common graph-level network statistics (clustering coefficient, characteristic 

path length, global transitivity, Louvain modularity, and degree assortativity) were calculated 

across all network densities (11, 55). Three brain-specific measures were assessed, namely 

lobar assortativity (number of interlobar connections versus intra-lobar connections), lobe-

hemisphere assortativity (similar to lobar assortativity, but with each lobe hemisphere 

considered a different region), and hemispheric asymmetry index (the difference in the 

number of left and right intra-hemispheric connections relative to the average connections of 
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both hemisphere, conceptually similar to laterality index) (55). Group differences in network 

statistics were assessed by calculating a standardized difference score (TD–22q11DS) for 

each statistic and graph density, and comparing to null distributions via permutation with 

5000 replicates each.

Cerebro-Cerebellar Connectivity:

In order to examine how cerebellar morphology relates to the more well-established 

22q11DS supratentorial endophenotype, MAGeT-derived lobar ROIs were compared 

to vertex-level measures of cerebral cortical thickness (CT) obtained via the CIVET 

pipeline(57). In order to calculate CT, differences in gray and white matter surfaces were 

fitted using deformable surface-mesh models and nonlinearly aligned toward a template 

surface (58–60). The gray and white matter surfaces were resampled into native space. CT 

was measured in native-space using the linked distance between the white and pial surfaces 

(59, 61). Linear regression models were then used to assess cerebellar ROI x diagnosis 

interactions on vertex-level measures of CT, after adjusting for age, sex, race, TBV, and 

main effects. Multiple testing was controlled using FDR (47).

Brain-Behavior Relationships:

Finally, exploratory brain-behavior analyses were performed, examining within-group 

associations between DSM axis I psychiatric disorders and relative cerebellar volumes in 

22q11DS. Because the sample was underpowered, cerebellar lobe volumes were combined 

(left + right, i.e. 3 ROIs total) to compare with four clinically-assessed aggregate categories 

of psychiatric disease (psychosis, anxiety, attention, and major depression). Participants 

were considered part of the psychosis group if an individual had been diagnosed with 

schizophrenia, schizoaffective disorder, or psychosis not otherwise specified. Cohen’s d 

based on diagnoses were calculated for each lobe. As an alternative exploratory method, we 

also constructed a continuous measure of psychosis (root-transformed SIPS sum score) for 

all 22q11DS subjects, and compared this measure to cerebellar lobule volumes via multiple 

regression. In addition to including cerebellar lobules as predictors, our demographic 

variables and TBV were also included as covariates in this analysis.

Results:

Total brain volumes in 22q11DS were lower by 11.3% relative to TD controls (999.5cm3 

versus 1126.6cm3). On average, cerebellar volumes were 17.3% smaller in the 22q11DS 

group (115.8cm3 versus 137.2cm3), a statistically significant difference (F144
1 =101.35, p-

value < 0.0001). There was a strong correlation between total brain and total cerebellar 

volumes (r=0.74, p-value< 0.0001). Nevertheless, group differences in relative cerebellar 

volume remained statistically significant even after adjusting for TBV (F143
1 =51.0, p-

value<0.0001). Figure 2 summarizes these findings.

Table 2 and Figure 3 summarize group differences in cerebellar lobar and lobular 

volumes. Absolute cerebellar lobular volumes in the 22q11DS group were significantly 

different compared to TD controls (Pillai=0.6215, p-value<0.0001). Post-hoc ANOVA found 

significantly smaller volumes for all cerebellar ROIs (FDR-corrected p-values all <0.0001). 
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Regions of interest in the posterior lobes generally had larger group differences relative 

to the anterior lobe. Areas with the largest differences included Crus I, Crus II, lobule 

VIIB, lobule VIIIA, and cerebellar white matter. After adjusting for total brain volumes, 

relative cerebellar volumes remained significantly reduced in 22q11DS (Pillai=0.7169, p-

value<0.0001), with all post-hoc FDR- corrected p-values <0.0002.

Figure S1 summaries the intra-regional relationships among cerebellar ROIs. Global 

correlational patterns were similar between TD and 22q11DS groups (Mantel test p-value 

= 0.0002). The strongest correlations were observed between contralateral homologues 

(e.g. left and right lobule V) and with other measures in the same cerebellar lobe (e.g. 

anterior lobe). Similarly, hierarchical clustering (Figure S1B) showed tight coupling between 

contralateral homologues, and generally replicated cerebellar lobar anatomy in both groups. 

Lobar-specific clustering was somewhat less pronounced in 22q11DS relative to controls. 

PCA suggested that three factors explained the majority of the variance for all 26 cerebellar 

ROIs (Figure S1C). Multigroup PCA found >96% similarity in TD, 22q11DS, and common 

(TD + 22q11DS) factor loadings for all components; we therefore only report common 

loadings. The dominant component (PC1) explained over a third of the variance and loaded 

on all ROIs similarly, i.e. a “global cerebellar” factor. PC2 identified a superior-inferior 

gradient in the cerebellum, with relatively symmetric loadings on contralateral homologues. 

PC3 identified associations between the flocculonodular lobe (lobule X) with lobules IV, V, 

and VIIIB, again with highly symmetric factor loadings.

Graph-level network statistics of the structural connectivity of the cerebellum are provided 

in Figure 4. Based on common graph-level statistics, the connectivity of the cerebellum 

was similar between groups. The TD group had somewhat higher modularity (a measure 

of community structure in networks), over all network densities (62). Lobe assortativity 

(a preference for nodes to assort by cerebellar lobe), also was higher in the TD group. 

Permutation tests found that for most measures (Figure 4C), group differences were not 

statistically significant. The exception was for lobe and lobe-hemisphere assortativity, which 

were significantly higher in the TD group over most network densities.

Cerebro-cerebellar interactions are provided in Figure 5. Significant total cerebellum x 

group interactions were most pronounced in the bilateral frontal cortex, cingulate cortex, and 

occipitotemporal cortex. For both AL and IPL seeds, only a few vertices reached statistical 

significance, and these tended to be in inferior occipitotemporal and orbitofrontal regions. 

In contrast, there were substantially more widespread, statistically significant SPL x group 

interactions that involved large regions of the right greater than left frontal lobe, temporal 

lobe, and bilateral cingulate cortex. These areas were associated with negative beta weights, 

indicative of disproportionately thicker cortex in the 22q11DS group with increasing SPL 

volume relative to TD controls. Post-hoc analyses demonstrated that the effects in SPL were 

primarily being driven by cerebro-cerebellar relationships involving Crus I, and to a lesser 

extent lobule VI (Figure S2).

Figure S3 summarizes relationships between cerebellar lobar volumes and categories of 

psychiatric disease in 22q11DS. Exploratory brain-behavioral analyses found a statistical 

trend towards different lobar cerebellar volumes in individuals with psychosis relative to 
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the subgroup without psychosis (Pillai=0.1007, p-value=0.0526). Post hoc tests suggested 

that the anterior lobe was relatively larger in individuals with a psychotic disorder 

(uncorrected p-value= 0.0129, corrected p-value=0.038), and that the superior posterior lobe 

was relatively smaller (uncorrected p-value=0.0530, corrected p-value=0.1078). Although 

the estimated effect sizes for psychosis were reasonably large (Cohen’s d=0.81 and −0.77, 

respectively), the precision of these estimates was limited by the small sample size of the 

psychotic subgroup (n=9). Lobar associations with other psychiatric disease categories (e.g. 

depression) were not statistically significant. In contrast, multiple regression found that 

when predicting SIPS sum score in 22q11DS subjects, a model including cerebellar lobules 

as predictors had a significantly better fit than one that only included demographic variables 

and TBV (df=13, p-value = 0.0126); this association was largely driven by the predictive 

power of Crus I volumes (FDR corrected p-value=0.0136). Table S3 and Figures S4 and S5 

summarize these findings.

Discussion:

While traditionally considered a motor structure, the cerebellum is increasingly recognized 

as having a role in cognition, affect, and the development of neuropsychiatric disorders (22, 

23, 63, 64). For example, individuals with cerebellar atrophy (e.g. olivo-ponto-cerebellar 

atrophy) demonstrate deficits in language, executive function, and visuospatial abilities (65). 

The cerebellum demonstrates an extraordinarily complex functional topography based on 

regional differences in cerebrocerebellar connectivity, with the vast majority of connections 

made to association areas (32, 66, 67). Both connectivity and lesion studies suggest that the 

motor functions traditionally ascribed to the cerebellum are largely confined to the anterior 

lobe (68). In contrast, fibers from the posterior lobe preferentially connect to parietal and 

premotor cortex (69) and are correlated with measures of cognition, affect, and emotion (65, 

67, 70, 71).

The current study provides the first comprehensive, systematic analysis of cerebellar 

volumetry in 22q11DS at multiple levels of spatial resolution. We found statistically 

significant and near-universally decreased cerebellar volumes in 22q11DS at global, 

lobar, and lobular scales, with some evidence that posterior lobules are disproportionately 

influenced. Our global cerebellar findings are concordant with prior neuroimaging studies 

that have similarly reported smaller cerebellar volumes in 22q11DS (9, 20, 72–78). For 

example, a meta-analysis on 141 subjects with 22q11DS found substantially smaller mean 

global cerebellar volumes compared to 106 TD controls (Hedges’ g = −1.25 ± 95% CI 

[−1.56, −0.95]) (79); this effect size is comparable to a similar calculation based on current 

study data (Hedges’ g = −1.69 ± 95% CI [−2.07, −1.31]).

Many of our lobule-level cerebellar ROIs had moderate (0.8<|d|>0.5) or large (|d|>0.8) 

TBV-adjusted group differences, with mean |d| of 0.64 and a range of −0.96 – −0.29. 

Group effects for many regions were comparable to the most impacted ICV-adjusted 

subcortical ROIs in 22q11DS, for example as estimated by the ENIGMA-22 consortium 

(e.g. hippocampus d ~ −0.90, lateral ventricle d ~ 0.90) (80). Group differences in cerebellar 

volume were also comparable to those cortical thickness ROIs with the strongest effects 

of the 22q11DS deletion, which have estimates ranging up to 0.87 (mean |d| = 0.39, 

Schmitt et al. Page 8

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



range −0.59 – 0.87) (12). The group effects we observe in the cerebellum were somewhat 

smaller in magnitude compared to those observed for the most impacted ICV-adjusted 

cortical surface area ROIs (mean |d| = 0.56, range −1.53 – 0.50) (12). Nevertheless when 

these findings are considered in aggregate, the cerebellum ranks among the most impacted 

neuroanatomic regions in 22q11DS, paralleling observations from the Df16A+/− mouse 

model of 22q11DS (81).

Despite regional differences in cerebellar volumes in 22q11DS, we observed that patterns 

of inter-cerebellar relationships were generally similar between 22q11DS and TD groups 

regardless of multivariate approach. Our observations of 1) a dominant global factor 

influencing all cerebellar ROIs and 2) strong inter-hemispheric correlations between 

homologous regions are both properties that have been described for numerous cerebral 

and subcortical ROIs; there is evidence that these patterns are largely genetically-mediated 

(82–84). PCA also identified a strong gradient along the superior-inferior cerebellar axis, 

paralleling the principal functional neuroanatomy of the cerebellum (63). The third principal 

component involved the larger ROIs of the anterior lobe, flocculonodular lobe, and lobule 

VIII, all regions associated with motor functions (85). These findings suggest that much 

of the variance in cerebellar volume can be explained by a few shared global factors 

influencing multiple ROIs simultaneously.

Although patterns of cerebello-cerebellar connectivity were similar between groups, our 

graph theoretical analyses did identify evidence of reduced network cohesion in 22q11DS 

relative to TD controls, as evidenced by reduced modularity, lobe assortativity, and 

lobe-hemisphere assortativity. Assortativity is a measure of the resilience of a network 

due to interconnected hubs, while modularity is a measure of the strength of the 

community structure in a network (62, 86). We have previously reported disrupted structural 

connectivity in the cerebrum in 22q11DS (11); disrupted structural connectivity in the 

supratentorial brain has also been associated with the emergence of psychosis in 22q11DS 

(30, 31). Although there are no prior studies on cerebellar dysconnectivity in 22q11DS, 

decreased cerebello-cerebellar connectivity has been reported in schizophrenia (87).

We found aberrant cerebro-cerebellar associations in 22q11DS, primarily with the SPL, and 

with post hoc analysis suggesting these findings were largely driven by Crus I and lobule 

VI. To our knowledge, this is the first study to examine these relationships directly. Prior 

work has shown that there are widespread anomalies in CT in 22q11DS (12, 15, 19, 88). CT 

is generally thicker in 22q11DS relative to TD controls, with widespread differences in the 

bilateral frontal lobes and parasagittal medial cerebrum. In contrast, both superior temporal 

gyrus and cingulate cortex are significantly thinner in 22q11DS. We found significant SPL 

x group interactions associated with all of these cortical regions. These analyses provide 

evidence that our novel cerebellar findings are probably related to the more well-established 

morphological differences that have been observed in the supratentorial brain in 22q11DS, 

although the causal relationships remain unknown.

There is growing evidence that both aberrant cerebellar structure and cerebro-cerebellar 

connectivity contribute to the pathophysiology of schizophrenia; clinical, cognitive, 

structural, and functional neuroimaging studies all point towards the cerebellum as a likely 
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contributor to the schizophrenia endophenotype (26, 89, 98, 90–97). For example, in a large 

meta-analysis, Moberget et al. found that the cerebellar gray matter was reduced in 983 

subjects with schizophrenia compared to 1349 healthy controls, with a pooled Cohen’s 

d=−0.35 (95). Regions of the cerebellum with strong fronto-parietal connectivity have 

particular volumetric reductions in schizophrenia, with effect sizes comparable to many 

regions of the brain with much more well-established associations with schizophrenia, 

e.g. the hippocampus (95). Although there are no prior studies examining the associations 

between cerebellar substructure and psychosis in 22q11DS specifically, Kates et al. reported 

that longitudinal decreases in total cerebellar volumes are predictive of prodromal psychosis 

in children and adolescents with 22q11DS (20).

Our within-group exploratory brain-behavior analysis found relatively weak evidence that 

that individuals with both 22q11DS and psychosis have disproportionately smaller superior 

posterior cerebellums. Prior studies have suggested that the superior posterior lobules VI, 

Crus I, and Crus II are particularly associated with psychosis in non-deleted populations 

(99, 100). Thus, disproportionate volume loss in the posterior cerebellum may increase 

liability to psychosis in 22q11DS via a similar mechanism. Although it is tempting to 

hypothesize that cerebellar anomalies along an anterior-posterior gradient may be related to 

psychopathology in 22q11DS, it is noteworthy that SPL volumes also dominate the lateral 

cerebellum (e.g. Figure 3), and neurodevelopmental anomalies along the medial-lateral axis 

are also possible (32). These findings warrant further investigation.

Limitations:

There are important limitations that must be considered when interpreting our findings. First, 

our sample was limited to relatively higher-functioning subjects; this decision was made 

to ensure high-quality neurocognitive, clinical, and neuroimaging data. However, this likely 

underestimates the morphological group differences in 22q11DS, and also likely reduces the 

prevalence of psychosis in our sample. Second, although the TD and 22q11DS groups were 

matched demographically, the 22q11DS group remained significantly older. Age effects 

were therefore partially controlled statistically in our analysis. Repeat analyses with more 

comparable age ranges produced similar results, which is reassuring. Finally, results from 

our exploratory brain-behavior analyses should be interpreted with caution, in part because 

our psychosis+ group is confounded with the use of antipsychotic medications. Our findings 

were also statistically weak and driven by a relatively small number of subjects with a 

clinical diagnosis of a psychotic disorder, although we did identify more robust associations 

when treating psychosis as a continuous variable. Nevertheless, further research on larger 

samples will be critical in order to better characterize the effect of aberrant cerebellar 

morphology on the 22q11DS neuropsychiatric phenotype.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Examples of MAGeT parcellations for lobule-level cerebellar regions of interest in four 

representative subjects with 22q11DS. Left and right cerebellar hemispheres are measured 

separately (legend is for left hemisphere ROIs only, labeled in a counter-clockwise order).
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Figure 2: 
Decreased cerebellar volumes in 22q11DS. Panel A reports raw volumetric group 

differences in total cerebellar volumes between subjects with 22q11DS and a TD control 

group. Panel B is a scatterplot demonstrating the correlation between total brain volume and 

total cerebellar volumes. Panel C also quantifies group differences, but after adjusting for 

age, sex, race, and total brain volumes.
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Figure 3: 
Effect sizes (Cohen’s d) for group differences in cerebellar lobes and lobules. Negative 

values indicate that TD volumes are greater than 22q11DS. Cohen’s d without adjustment 

for TBV (purple circles) are shown, as well as TBV-adjusted values (orange squares). Error 

bars represent 95% confidence intervals. Lobar ROI definitions are shown both on cross-

sectional images (top center) and a 3D surface (top right). Lobular-level ROI parcellations 

were provided in Figure 1.

Schmitt et al. Page 19

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: 
Results from graph theoretical models. At left (Panel A), the centroid for each ROI is 

projected on a coronal slice, as well as a left posterior lateral oblique surface projection; 

each node is color coded based on lobe. At center (B), global network statistics for a 

range of graph densities are plotted for each group separately. Panel C displays results of 

permutation tests, with standardized TD - 22q11DS difference scores at each graph density; 

these plots are overlaid on null distributions, with gray lines indicating 5th, 50th, and 95th 

quantiles. Finally, panel D provides representative structural covariance graphs (density = 

0.1) for each group.
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Figure 5: 
Group differences in cerebro-cerebellar associations for cerebellar lobes. FDR-corrected 

probability maps (top) show statistically significant total and lobar cerebellum x group 

interactions on vertex-level measures of cortical thickness. The color maps (bottom) display 

the standardized b-weights for the ROI x diagnosis interaction (TD dummy coded 1, 

22q11DS 0). Red indicates thicker cortex in the TD group with increasing volumes (relative 

to 22q11DS), with areas in blue having relatively thicker cortex in 22q11DS.
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Table 1:

Demographic Characteristics of the Sample

22q11DS TH p-value

N 79 70

Age(years) 22.1 (8.8) 18.9 (3.5) 0.0046

range 10.2 – 52.3 range: 10.2 – 25.1

Sex 42 Male (53%) 38 Male (54%) 0.8910

37 Female (46%) 32 Female (46%)

Race 65 White (82%) 50 White (71%) 0.2318

9 AA (11%) 15 AA (21%)

5 Other (6%) 5 Other (7%)

Deletion Length 

 A-D 72 (91%)

 A-B 3 (4%)

 A-C 2 (3%)

 C-D 1 (1%)

 FISH only 1 (1%)

Psychiatric Diagnoses 

 Psychosis: 9 (11%)

  Schizophrenia 5 (6%)

  Schizoaffective Disorder 3 (4%)

  Psychotic Disorder NOS 1 (1%)

Attention Deficit: 32 (40%)

Anxiety Disorder: 43 (54%)

 Generalized Anxiety Disorder 17 (22%)

 Other anxiety disorders 26 (33%)

Major Depressive Disorder: 22 (28%)

Psychotropic Medications 44 (44%)

 SSRI 24 (30%)

 Antipsychotic 8 (10%)

 Stimulant 8 (10%)

 Antiepileptic 8 (10%)

 Unknown 4 (6%)
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Table 2:

Summary of group differences in cerebellar volumes (mm3). Hypothesis tests assess mean group differences 

after adjusting for age, sex, race, and total brain volumes and after correcting for multiple testing. ROI-specific 

effect sizes (Cohen’s d) are provided in Figure 3 and Table S1.

Left ROI TD 22q11DS F p-value Right ROI TD 22q11DS F p-value

Anterior Anterior

Lobe Mean 8823.83 7833.12 47.463 <0.0001 Lobe 8275.75 7057.69 88.27 <0.0001

SD 1028.41 1025.85 995.72 866.06

SEM 15.12 12.99 14.64 10.96

SPL Mean 33278.83 27674.26 134.31 <0.0001 SPL 37834.73 31552.03 150.20 <0.0001

SD 3177.50 3642.61 3594.83 4096.93

SEM 46.73 46.11 52.87 51.86

IPL Mean 14883.77 12303.44 139.67 <0.0001 IPL 12857.11 10860.98 95.66 <0.0001

SD 1725.89 1594.72 1545.03 1316.93

SEM 25.38 20.19 22.72 16.67

Lobules I/II Mean 73.88 61.78 14.89 0.0002 Lobules I/II 96.80 81.02 22.07 <0.0001

SD 20.39 15.84 24.38 17.19

SEM 0.30 0.20 0.36 0.22

Lobule III Mean 953.60 805.01 55.42 <0.0001 Lobule III 1060.04 866.00 73.60 <0.0001

SD 129.32 132.98 145.54 136.99

SEM 1.90 1.68 2.14 1.73

Lobule IV Mean 2983.07 2681.60 19.54 <0.0001 Lobule IV 2312.40 2018.44 33.04 <0.0001

SD 459.30 430.14 376.73 320.11

SEM 6.75 5.44 5.54 4.05

Lobule V Mean 4887.16 4346.51 47.49 <0.0001 Lobule V 4903.31 4173.26 83.10 <0.0001

SD 569.39 577.23 613.63 524.09

SEM 8.37 7.31 9.02 6.63

Lobule VI Mean 9273.15 7864.90 88.07 <0.0001 Lobule VI 10135.19 8548.65 85.99 <0.0001

SD 1079.80 1118.60 1240.64 1184.91

SEM 15.88 14.16 18.24 15.00

Crus I Mean 11725.35 9730.58 73.69 <0.0001 Crus I 12697.33 10847.62 66.11 <0.0001

SD 1343.88 1597.03 1442.56 1622.81

SEM 19.76 20.22 21.21 20.54

Crus II Mean 8149.74 6718.33 84.46 <0.0001 Crus II 9519.20 7713.11 138.43 <0.0001

SD 999.71 1025.15 1014.38 1191.68

SEM 14.70 12.98 14.92 15.08

Lobule VIIB Mean 4130.60 3360.46 93.16 <0.0001 Lobule VIIB 5483.02 4442.65 116.28 <0.0001

SD 531.21 516.93 695.57 645.78

SEM 7.81 6.54 10.23 8.17

Lobule VIIIA Mean 6672.00 5429.93 139.43 <0.0001 Lobule VIIIA 5044.03 4134.08 94.93 <0.0001

SD 815.62 799.24 692.73 639.38
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Left ROI TD 22q11DS F p-value Right ROI TD 22q11DS F p-value

SEM 11.99 10.12 10.19 8.09

Lobule VIIIB Mean 4136.13 3480.32 70.56 <0.0001 Lobule VIIIB 3833.13 3393.11 44.53 <0.0001

SD 645.78 520.76 525.55 422.18

SEM 9.50 6.59 7.73 5.34

Lobule IX Mean 4075.64 3393.19 47.82 <0.0001 Lobule IX 3979.95 3333.79 48.84 <0.0001

SD 662.45 508.75 618.76 465.23

SEM 9.74 6.44 9.10 5.89

Lobule X Mean 709.48 640.93 25.25 <0.0001 Lobule X 701.01 632.27 22.59 <0.0001

SD 91.76 83.05 101.85 83.89

SEM 1.35 1.05 1.50 1.06

White Matter Mean 10133.51 8581.70 137.89 <0.0001 White Matter 9605.41 8114.96 132.90 <0.0001

SD 878.02 1060.71 867.91 998.13

SEM 12.91 13.43 12.76 12.63
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