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Introduction

Chromosome 22q11.2 deletion syndrome (22q11.2DS), which 
occurs in 1–2 of every 4000 live births,1,2 is caused by a hemi-
zygous microdeletion within the long arm of chromosome 
22. The syndrome presents with a highly variable phenotype. 
Phenotypic variability germane to our study is the elevated 
prevalence of mood, attention and psychiatric disorders in 
children with 22q11.2DS.3,4 Notably, schizophrenia is re-
ported in approximately 30% of adults with 22q11.2DS, 
which makes 22q11.2DS the third highest genetic cause of 
schizophrenia behind having an identical twin (50%) or 
2 parents with schizophrenia (40%).5 22q11.2DS is unique in 
facilitating prospective developmental study of risk factors 
for schizophrenia because individuals carrying chromosome 
22q11.2 deletions are typically identified early in life, before 

psychosis symptoms emerge. Therefore, characterizing inter-
mediate phenotypes and potential biomarkers is critical to 
identify those at greater risk and which interventions may be 
effective in changing the course of development.

Idiopathic schizophrenia and 22q11.2DS have a number of 
phenotypes in common at varying rates.4,6,7 These include 
shared genetic (e.g., COMT genotypes8), neural (e.g., enlarged 
cavum septum pellucidum and lateral ventricles9,10) and cog-
nitive (e.g., impaired executive11–14 and attentional func-
tions15–18) traits. Major neuranatomical features of 22q11.2DS 
and schizophrenia centrally involve the hippocampus. In-
deed, evidence from mouse models of 22q11.2DS implicates 
altered cytoarchitecture, neurogenesis, neurophysiology and 
connectivity of the hippocampus.19–22 In human brain imaging 
studies, reduction in hippocampal volume is a replicated find-
ing in neuroimaging studies of schizophrenia23,24 and is 
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Background: Individuals with 22q11.2 deletion syndrome (22q11.2DS) have an elevated risk for schizophrenia, which increases with 
history of childhood anxiety. Altered hippocampal morphology is a common neuroanatomical feature of 22q11.2DS and idiopathic 
schizophrenia. Relating hippocampal structure in children with 22q11.2DS to anxiety and impaired cognitive ability could lead to 
 hippocampus-based characterization of psychosis-proneness in this at-risk population. Methods: We measured hippocampal volume 
using a semiautomated approach on MRIs collected from typically developing children and children with 22q11.2DS. We then analyzed 
hippocampal morphology with Localized Components Analysis. We tested the modulating roles of diagnostic group, hippocampal vol-
ume, sex and age on local hippocampal shape components. Lastly, volume and shape components were tested as covariates of IQ and 
anxiety. Results: We included 48 typically developing children and 69 children with 22q11.2DS in our study. Hippocampal volume was 
reduced bilaterally in children with 22q11.2DS, and these children showed greater variation in the shape of the anterior hippocampus than 
typically developing children. Children with 22q11.2DS had greater inward deformation of the anterior hippocampus than typically develop-
ing children. Greater inward deformation of the anterior hippocampus was associated with greater severity of anxiety, specifically fear of 
physical injury, within the 22q11.2DS group.  Limitations: Shape alterations are not specific to hippocampal subfields. Conclusion: Alter-
ations in the structure of the anterior hippocampus likely affect function and may impact limbic circuitry. We suggest these alterations 
potentially contribute to anxiety symptoms in individuals with 22q11.2DS through modulatory pathways. Altered hippocampal morphology 
may be uniquely linked to anxiety risk factors for schizophrenia, which could be a powerful neuroanatomical marker of schizophrenia risk 
and hence protection.
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thought to be a critical component of the neuropathological 
basis of the disorder.25 Reduced hippocampal volumes are 
also frequently reported in 22q11.2DS among other anomalies 
in a globally hypoplasic brain.26 Given these commonalities, it 
is reasonable to hypothesize that hippocampal analyses are 
critical to understanding the emergence of psychosis in 
22q11.2DS. To date, multiple groups have identified predic-
tive neuroanatomical markers of schizophrenia- related symp-
tomology in individuals with 22q11.2DS, such as reduced hip-
pocampal volume27–29 and declining prefrontal grey matter.30,31 
Thus, the characterization of hippocampal morphology asso-
ciated with elevated risk of schizophrenia development calls 
for more in-depth  investigation.

In children and adolescents with 22q11.2DS, rates of true 
psychotic disorders are very low (i.e., below 10%).3,4 However, 
prodromal, attenuated, or subclinical symptoms of psychosis 
are highly prevalent in adolescents with 22q11.2DS, with rates 
of 45%–90% depending on the criteria used.32–34 This further 
indicates how enriched this population is for what is now 
 referred to as “psychosis-proneness.” However, the factors 
that mediate the likelihood of conversion from psychosis- 
proneness to full psychotic disorder remain unclear and are a 
major focus of current research. Several recent longitudinal 
studies have shown that, aside from declines in verbal IQ and 
attention disorders,6,34,35 one of the strongest predictors of 
 future psychosis in individuals with 22q11.2DS is the pres-
ence of a pre-existing anxiety disorder in childhood.34,36 Im-
portantly, Angkustsiri and colleagues37 have demonstrated 
that greater anxiety, but not lower IQ, levels strongly pre-
dicted lower adaptive function in children with 22q11.2DS. Of 
interest is whether the hippocampus may be a component of 
the neural circuitry contributing to anxiety and the associated 
risk of schizophrenia. In the present study, we investigated 
potential associations between hippocampal anatomy, anxiety 
and IQ in children and adolescents with 22q11.2DS.

Thus far, volumetric and voxel-based morphology image 
analyses have primarily been used to detect anomalies in 
human hippocampal size in individuals with 22q11.2DS.38 
When represented in 3-dimensional space, hippocampal 
volume and shape can be assessed at high resolution using 
a variety of methods. One validated method is localized 
components analysis (LoCA), which is a dimension reduc-
tion approach to shape analysis that outputs concise and 
spatially cohesive representations of the variance in struc-
ture across a sample.39 The results of LoCA may reflect lo-
calized reductions or expansions in volume or dysmorphic 
features since the hippocampi have been globally scaled to a 
common graph space. In the context of the hippocampus, 
results may represent abnormal hippocampal subfields, 
malrotation, altered folding of the hippocampal head, or de-
viated position of the hippocampal tail. Shape variation 
may reflect differences in the neuroanatomical organization 
of the hippocampus caused by developmental course, post-
natal synaptic plasticity, or integrity of long and short path-
ways.40 Such analyses are critically important in 22q11.2DS 
since, to our knowledge, there has been no significant study 
to date of postmortem brain tissue that would allow testing 
of such hypotheses. Therefore, we propose that subregions 

of the hippocampus already identified as a major neuroana-
tomical feature of idiopathic schizophrenia, such as the CA1 
subfield,7,41 may also be altered in children who have 
22q11.2DS and, thus, an elevated risk of schizophrenia and 
persistent anxiety.

Given the absence of available postmortem tissue of 
22q11.2DS brains, in vivo MRI may be the best tool with 
which to visualize the local hippocampal anatomy. Thus, 
 using a semiautomated segmentation method, we measured 
hippocampal volume in children with 22q11.2DS and typ-
ically developing children and adolescents. We then used 
LoCA to identify where the hippocampus is disproportion-
ately affected by the disorder. Finally, we investigated the as-
sociations between these shape metrics and both anxiety and 
IQ scores in children with 22q11.2DS.

Methods

Participants

We recruited children and adolescents with 22q11.2DS as well 
as typically developing controls to participate in the study. 
We obtained informed assent and consent was obtained from 
all participants and their guardians before enrolling the chil-
dren in the study. Diagnosis of chromosome 22q11.2 deletion 
was confirmed using fluorescent in situ hybridization (FISH) 
or a similar genetic test. Parents provided all genetic test data 
as part of the screening process. The Institutional Review 
Board of University of California Davis Medical Center ap-
proved all protocols.

Behavioural assessments

Standardized intelligence assessments were conducted for 
both the typically developing children and those with 
22q11.2DS. Most individuals were evaluated using the 
Wechsler Intelligence Scale for Children, Fourth Edition 
(WISC-IV) and the remainder were evaluated using the 
Wechsler Abbreviated Scale of Intelligence (WASI), Leiter-R  
or Kaufman Assessment Battery for Children, Second Edition 
(KABC-II). For the WISC-IV, index scores (verbal comprehen-
sion, processing speed, working memory, and perceptual 
reasoning) were also provided.

Ratings of anxiety symptoms were determined using the 
Spence Children’s Anxiety Scale Parent Version. Scores per 
subscale were converted to t-scores and log-transformed be-
fore performing statistical analyses to achieve normal distribu-
tion for linear models. Subscales were fear of physical injury, 
separation anxiety, social phobia, panic and agoraphobia, 
obsession–compulsion and generalized anxiety. 

MRI acquisition protocol

All participants were scanned at the Imaging Research Cen-
ter at the University of California at Davis Medical Center on 
a 3 T Siemens MAGNETOM Trio scanner with A Tim oper-
ating system. A 32-channel head coil was used to acquire T1-
weighted, diffusion weighted and echo planar blood oxygen 
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level–dependent (BOLD) images. In this experiment, only 
the  T1-weighted images were used. The 3-dimensional 
 magnetization-prepared rapid gradient-echo T1-weighted 
sequence with isotropic voxel dimensions parameters were 
as follows: sagittal plane of acquisition, 192 slices, slice 
thickness  0.9 mm, number of excitations = 1, repetition time 
2200  ms, echo time 4.37  ms, inversion time 1100  ms, flip 
 angle 7°, field of view 230 × 230 mm, matrix 256 × 256, band-
width  260 Hz/pixel.

Hippocampus segmentation

The hippocampus was defined along its central axis, from 
the anterior head to the posterior tail, and included the hip-
pocampus proper and hippocampal complex subregions ex-
tending to the medial surface of the cortex.42 All hippo-
campi were segmented using a semiautomated method 
previously validated on rhesus monkey brains.43 Briefly, 
landmarks were placed at regular locations on the partici-
pant image. Then the pediatric template was diffeomorph-
ically registered to each participant image, which also had 
the landmarks and a complete manual segmentation of the 
hippocampus. The hippocampus label was applied to each 
participant image as an approximation of the hippocampus 
segmentation. Then a learning-based segmentation correc-
tion method compared the approximate segmentation to a 
set of manual segmentations to adjust the label. The mean 
DICE coefficients between the manual and SegAdapter hip-
pocampal segmentations were 0.8352 ± 0.089. The detailed 
protocol is described in Appendix 1, available at jpn.ca. The 
brain masks generated in this image-processing pipeline 
were used to calculate total brain volume.

Localized components analysis

The LoCA methodology used in the present study was vali-
dated and applied in previous work39,44,45 (Fig. 1). Parameters 
were optimized for the characteristics of the data set and are 
detailed in Appendix 1. Briefly, radial meshes were gener-
ated from each participant’s volumetric segmentations and 
aligned to each other after linear scaling so that the radial dis-
tance at each vector could be compared among participants 
and to remove global differences in volume. We analyzed the 
variance of radial distance using principal components analy-
sis, which generates basis vectors and individual participant 
coefficients for each basis vector. The normalized mean co-
efficient for each participant was input for statistical analyses. 
We conducted LoCA processing independently for the 
22q11.2DS and typically developing groups (22q11.2DS–TD) 
combined and for and the 22q11.2DS group alone.

Statistical analysis

Analysis of vector-wise variance, normalization and mesh 
visualization was conducted in RStudio software version 
0.98.501. All other statistical analyses were carried out in 
SPSS version 21 (IBM). We corrected the significance of each 
model for multiple comparisons using false discovery rate 
(FDR) correction.46 First, we tested the effects of total brain 
volume (TBV), sex, diagnostic group and age on right and 
left hippocampal volume with univariate analyses of vari-
ance (ANOVA) in each subset of participants (22q11.2DS–TD 
and 22q11.2DS group alone).

Next, we analyzed the first 5 basis vectors in each LoCA 
result (right and left 22q11.2DS–TD and 22q11.2DS group 

Fig. 1: Localized components analysis (LoCA) processing steps. Each hippocampus volumetric segmentation in a sample 
(n) is converted to a radial mesh and oriented along the central axis. Then the meshes are registered to a common graph 
space where a mean mesh is created for 1:1 correspondence of vectors. Principal components analysis of the radial dis-
tances produces the basis vectors, which are then normalized by the maximum radial distance. The other output of LoCA 
is the individual participant coefficients for each basis vector. Only the first 5 basis vectors were used as variables for 
analyses of variance and general linear models.
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alone). These were selected based on reconstruction error 
rank and a 5% threshold for proportion of variance ex-
plained. Individually, the analyzed basis vectors explained 
5%–14% of the variance in radial distance. In total, the first 
5  basis vectors accounted for 35%–45% of the variance in 
each analysis. In each multivariate ANOVA for normalized 
mean coefficients of the basis vectors, we tested for the 
modu lating roles of diagnostic group and hippocampal vol-
ume, controlling for age and sex in each test.

We used general linear models to test for nonimaging out-
come variables; hippocampal volume and basis vector normal-
ized mean coefficients were tested as predictors of IQ scores 
and Spence Anxiety Scale scores in children with 22q11.2DS.

Results

Participants

A total of 117 children aged 7–15 years participated in the 
study: 69 with 22q11.2DS and 48 typically developing chil-
dren. The demographic and clinical characteristics of partici-
pants are shown in Table 1. Of the standardized intelligence 
assessments conducted, 82 children were evaluated using the 
WISC-IV, 33 using the WASI, 1 using the Leiter-R and 1  using 
the KABC-II. On all scales, IQ was significantly lower in chil-
dren with 22q11.2DS than in typically developing children 
(p < 0.001; Table 1). Children with 22q11.2DS had higher total 
Spence scores than typically developing children (p < 0.001).

Hippocampal volume reduced in 22q11.2DS compared with 
typical development

We tested for covariates of hippocampal volume across all 
children and found that right and left hippocampal volume 
was lower in children with 22q11.2DS (p < 0.001) by approxi-
mately 355 mm3 (Fig. 2) after controlling for sex, age and TBV. 
We found that 39% of the right and 23% of the left hippocam-
pal volume in children with 22q11.2DS was below 2 standard 
deviations of the mean hippocampal volume in typically de-
veloping children. While sex and age were not significant pre-
dictors in the model, hippocampal volume positively covaried 
with TBV (p < 0.001). In follow-up tests within each diagnostic 
group, hippocampal volume was significantly associated with 

TBV on the left (p = 0.002) and right (p < 0.001) in the 
22q11.2DS group and on the right (p < 0.001) in the typically 
developing group. Furthermore, TBV was significantly lower 
in children with 22q11.2DS than in typically developing chil-
dren (p < 0.001) by approximately 84 cm3.

Next, we tested hippocampal volume as a predictor of 
full scale IQ and subscales across the entire sample in a lin-
ear regression model (Fig. 3). Right and left hippocampal 
volumes significantly predicted full-scale IQ when all chil-
dren were analyzed (left: R2 = 0.300, p < 0.001; right: R2 = 0.337, 
p < 0.001). When controlling for sex, age, type of IQ test 
(p < 0.001, WASI > WISC-IV) and TBV, hippocampal volume 
still significantly covaried with full-scale IQ (left: p < 0.001; 
right: p < 0.001). Although TBV was significantly lower in 
children with 22q11.2DS than in typically developing chil-
dren, TBV was not a significant parameter in the multipre-
dictor model. Left and right hippocampal volumes signifi-
cantly predicted scores on all subscales (all p < 0.05), 
although these were available only for a subset of partici-
pants (Table 1). Although IQ was positively associated with 
hippocampal volume (left: R2 = 0.299; right: R2 = 0.346), this 
may have been confounded by diagnosis, as children with 
22q11.2DS on average had lower IQ and smaller hippo-
campi than typically developing children. Therefore, we 
tested the association within each diagnostic group. Neither 
the left nor the right hippocampal volume significantly co-
varied with full-scale IQ in typically developing children 
(Fig. 3). In children with 22q11.2DS, hippocampal volume 
tended to covary with IQ (right: p = 0.05; left: p = 0.033), but 
this effect did not survive in multipredictor models.

We tested whether left or right hippocampal volume co-
varied with anxiety in children with 22q11.2DS and found 
that hemispheric hippocampal volume predicted total Spence 
Anxiety Scale score, such that a smaller volume was associ-
ated with a higher score (left: p = 0.041; right: p = 0.045). Hip-
pocampal volume did not significantly covary with any of 
the Spence Anxiety Scale subscales.

Anterior hippocampal shape altered in 22q11.2DS 
 compared with typical development

In the analysis of 22q11.2DS and typically developing groups 
combined, LoCA output resulted in consistent alterations in 
the anterior hippocampus (defined by uncal apex landmark; 
Fig. 4). In both hemispheres, basis vectors V.1 and V.2 were 
adjacent to each other with peak localizations in the anterior 
hippocampus near the transition to the posterior hippocam-
pus. On the right, vector V.3 was medial to V.1 at the transi-
tion between the head and body. The peak localization of the 
right vector V.4 covered the hippocampal tail. The right vec-
tor V.5 had 2 peak localizations. One ran along the inferior 
surface of the anterior hippocampus and the most anterior as-
pect of the posterior hippocampus. The other region centred 
over the superior-lateral aspect of the anterior hippocampus. 
On the left, vectors V.3 and V.5 were distributed over the 
whole hippocampal surface without clear localizations. In 
contrast, on the left V.4 appeared as a patchy band around the 
anterior to posterior transition of the hippocampus.

Table 1: Participant demographic and clinical characteristics

Group; mean ± SD (n)*

Characteristic TD 22q11.2DS

Sex, male:female 24:24 37:32

Age, yr 10.65 ± 2.36 (48) 11.32 ± 2.58 (69)

Full-scale IQ† 113.8 ± 13.3 (47) 74.9 ± 13.1 (66)

Verbal comprehension 117.7 ± 14.5 (47) 80.2 ± 13.6 (66)

Perceptual memory 99.8 ± 11.7 (19) 78.0 ± 13.5 (63)

Working memory 99.8 ± 11.6 (17) 81.6 ± 14.3 (63)

Processing speed 107.7 ± 11.7 (19) 78.5 ± 13.7 (63)

SD = standard deviation; TD = typically developing children.  
*Unless indicated otherwise.
†IQ score significantly lower in the 22q11.2DS group (p < 0.001).
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We compared the normalized mean coefficients for each 
basis vector between the groups, controlling for age and sex 
(Fig. 5). Children with 22q11.2DS showed greater inward de-
formation than typically developing children at vectors V.1 
(partial variance explained [PVE] = 13.76%, p < 0.001) and V.3 
on the right (PVE = 8.76%, p = 0.037) and V.1 (PVE = 12.26%, 
p < 0.001) and V.2 on the left (PVE = 6.27%, p = 0.021). Age 
and sex did not have a significant effect on any of the  basis 
vector coefficients. In multivariate analyses with multiple 
comparison correction, only the right and left vector V.1 asso-
ciation with diagnostic group remained significant.

Right hippocampal volume did not significantly covary 
with mean coefficients for any of the right basis vectors. 
When age and sex were included in the left hippocampal 
models, hippocampal volume significantly covaried with 
vectors V.1 (p = 0.033) and V.5 (p = 0.022), but this did not 
survive multiple comparison correction. As the left vector V.5 
covered the entire hippocampal surface, the positive effect of 
volume suggested that greater volume was predictive of 
larger radial distances globally. For the left vector V.1, lesser 
hippocampal volume predicted shorter radial distances over 
the focal regions of the anterior hippocampus.

Fig. 2: Hippocampus volume was smaller in male (dark grey) and female (light grey) 22q11.2DS (22Q) groups than in the typ-
ically developing (TD) group on the left (p < 0.05) and right (p < 0.01). Male hippocampi were larger than female hippocampi in 
the 22Q (p < 0.001) and TD (p < 0.001) groups. *Outlier data points.
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Fig. 3: Full-scale IQ was predicted by left or right hippocampal volume across all children with a wide range of scores. Plots 
show linear regressions for all children (left: R2 = 0.346; right: R2 = 0.299) and within diagnostic groups (typically developing chil-
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Anterior hippocampal shape predicts fear of physical injury 
score in children with 22q11.2DS

We analyzed the LoCA output from the 22q11.2DS group 
alone to identify where hippocampal shape differed within 
the population. Strikingly, the regions of greatest variance lo-
calized to the anterior hippocampus (right V.1: p < 0.001; left 
V.1: p < 0.001; Fig. 6). This corresponded with the localization 
of the basis vectors showing an effect of diagnostic group in 
the combined LoCA result. The right vector V.2 was posi-
tioned over the medial-anterior aspect of the anterior hippo-
campus and was not associated with age, sex or hippocampal 
volume. The right and left basis vectors 3–5 did not have pre-
cise spatial localization to the anterior hippocampus; rather, 
they spread over much of the hippocampal surface.

Hippocampal volume was positively associated with all 
5 basis vectors on the left (p < 0.05) and all except V.3 on the 
right (p < 0.05). This pattern suggests that smaller hippo-
campi show greater hippocampal shape alterations. Finally, 
we tested the predictive value of within-group 22q11.2DS 
 basis vector coefficients for anxiety symptomology and IQ. 
Models for full-scale IQ and subscales did not show a signifi-
cant effect of hippocampal shape. On the other hand, right 

and left basis vector coefficients of the anterior hippocampus 
did covary with Spence Anxiety Scale scores.

In each hemispheric model, vector V.1 mean normalized 
coefficients trended toward covariance with the Spence Anx-
iety Scale total score (right: p = 0.06; left: p = 0.05). Of the sub-
scales, only fear of physical injury was significantly associ-
ated with vector V.1 mean normalized coefficients after 
controlling for sex and age (right: p = 0.035; left: p < 0.001; 
Fig. 7); however, only the left vector V.1 survived correction 
for multiple comparisons. Fear of physical injury was the 
highest subscale score in this sample and in a previous re-
port.37 Since vector V.1 coefficients were associated with hip-
pocampal volume, we tested multipredictor models for fear 
of physical injury score that included both hippocampal vol-
ume and vector V.1 with age and sex. In these models, only 
the left vector V.1 (p = 0.029) and age (p = 0.005) retained sig-
nificant negative effects on the fear of physical injury score 
after multiple comparison correction. This result supported 
the expected age-related decline of anxiety symptoms. The 
association between this subscale and hippocampal shape 
 indicated that higher scores were associated with greater in-
ward distortion of the uncal region of the anterior hippocam-
pus (Fig. 6).

In addition, the left vector V.4 coefficients negatively co-
varied with the total anxiety score (p = 0.025) and the separa-
tion anxiety subscale score (p = 0.002), the second highest 
subscale score reported here and in a previous past study.37 
The peak deformation of this basis vector was adjacent to the 
left vector V.1 in the inferomedial and superolateral aspects 
of the anterior hippocampus. The areal spread of this basis 
vector extended posteriorly into the body of the hippocam-
pus. We tested multipredictor models controlling for age, sex 
and hippocampal volume. In this model, the left vector V.4 or 
any other independent variable did not significantly covary 
with total anxiety score. In the multipredictor model for sepa-
ration anxiety, the left vector V.4 did not survive as a signifi-
cant covariate (p = 0.06). Rather, age showed a significant 
negative effect on the score, similar to the effect of age on fear 
of physical injury score (p = 0.002).

Discussion

The present study dissociated global hypoplasia of the hip-
pocampus from regional distortions found in children and 
adolescents with 22q11.2DS. Reduced hippocampal volume 
covaried with broad regions along the hippocampal anterior–
posterior axis. More importantly, inward deformations local-
ized to the anterior hippocampus distinguished the hippo-
campi of children with 22q11.2DS from those of typically 
developing children. Further, hippocampal volume predicted 
variation in the shape of the anterior hippocampus in chil-
dren with 22q11.2DS. Our results suggest that children with 
22q11.2DS who have small hippocampi are more likely to 
have altered morphology of the anterior hippocampus. This 
particular variation in hippocampal shape predicted fear of 
physical injury anxiety score, which is 1 of the 2 strongest 
anxiety subtypes found in individuals with 22q11.2DS37 and 
is related to the anxiety disorders that appear to increase 

Fig. 4: Basis vectors localized to the anterior hippocampus in the 
analysis of 22q11.2DS and typically developing groups. These re-
gions demonstrated the greatest localized variation in radial distance 
in the sample. The right side shows the average right hippocampal 
mesh with superior and inferior views with overlaid basis vectors at a 
threshold of 50%. The left side shows the respective views for the left 
hippocampus. The vectors (V) are shown in the following colours: 
V.1 = dark blue, V.2 = light blue, V.3 = green, V.5 = red.
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 psychosis-proneness.4,34,36 Therefore, anterior hippocampus 
morphology may potentially serve as a sensitive neuroana-
tomical marker for conditions associated with greater schizo-
phrenia risk.

Connectivity of the anterior hippocampus

Previous work has linked variance in anterior and posterior 
hippocampal shape and proportion to specialized function or 
impairments in other populations.47–49 Our understanding of 
the differential connectivity along the anterior–posterior axis 
of the hippocampus may inform how altered anterior hippo-
campal anatomy in individuals with 22q11.2DS may relate to 
anxiety symptoms. Though connectivity patterns indicate a 
gradient mapping, some projections are heavily weighted to 
the anterior regions.50 Unique to the anterior hippocampus 
are direct connections with the amygdala, ventromedial pre-
frontal cortex (vmPFC), anterior temporal lobe, insula and 

fusi form gyrus, which may subserve a modulatory role in the 
processing of emotionally salient inputs.51,52 In particular, pri-
mate uncal CA1 and prosubicular regions have direct con-
nections to the amygdala.53 The basis vectors associated with 
22q11.2DS and anxiety severity were localized to the homolo-
gous regions of the human brain.

Anterior hippocampus contribution to anxiety

Human neuroimaging studies demonstrate that the anterior 
hippocampus is preferentially involved in unconditioned 
fear, state anxiety and safety threat conditions.54 This is in 
contrast to the posterior hippocampus, which plays a role in 
fear memory55,56 and possibly trait anxiety.57

The proposed function of the anterior hippocampus in 
 anxiety-like behaviours is to modulate input to the amygdala, 
which is a central component of emotionally coded memory.54 
The pathway of tracts to the amygdala passes along the uncus, 

Fig. 5: The mean coefficient for the first 3 basis vectors show the effect of diagnostic group (males = dark grey, females = light grey). The mean 
coefficients were smaller in the 22q11.2DS (22Q) group at vectors V.1 (p < 0.001) and V.2 (p < 0.05) on the left and vectors V.1 (p < 0.001) and 
V.3 (p < 0.05) on the right. None of the basis vectors were associated with age or sex. TD = typically developing group. *Outlier data points 
(> 1.5 × the interquartile range).
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sharply over the region represented in vector V.1 in the pre-
sent study. Parallel to this, the rodent ventral hippocampus 
(equivalent to the human anterior hippocampus) has disynap-

tic connections to the prelimbic cortex (PL, equivalent to 
mPFC in humans), which has reciprocal connections to the 
amygdala. The ventral hippocampus in rodents may modu-
late the input to the PL that promotes discrimination of threat 
via the amygdala.54,58 The smaller size of the hippocampus 
and altered morphology of the anterior hippocampus in hu-
mans may contribute to the neuroanatomical basis of anxiety 
in individuals with 22q11.2DS, particularly specific phobias.

In adults with generalized anxiety disorder or specific pho-
bias (encompassed within the Spence fear of physical injury 
subscale), the amygdala and insula show an amplified coacti-
vation under anxiety-provoking conditions.51,59 Human func-
tional connectivity studies support the notion that the hippo-
campus and insula act as modulators of activity in the 
amygdala.51 Though functional MRI studies like these have 
not been conducted in children with 22q11.2DS, their results 
suggest that a hyperactive or dysregulated amygdala may be 
an element of anxiety or phobias in this population. For chil-
dren with 22q11.2DS, anxiety symptoms may in part be a re-
sult of abnormal modulation by the anterior hippocampus 
via direct pathways and indirectly via the vmPFC. This may 
be additive to abnormal anatomy38,60 and hyperactivity of the 
amygdala. Further study of the amygdala and prefrontal 
structure and connectivity in the present data set would bet-
ter inform this hypothesis.

Because anxiety in childhood is a strong predictor of daily 
living skills and functional abilities,4,37 the link we found be-
tween altered anterior hippocampus morphology and anx-
iety symptoms may help identify children who struggle later 
in development. In particular, specific phobia presents more 
frequently in individuals with 22q11.2DS (22% of children 
and 17% of adolescents) than with other types of anxiety.4 
Similar rates have been reported by Antshel and colleagues,6 
who found that anxiety and IQ in children independently 

Fig. 6: Medial and lateral views of vector V.1 on the 22q11.2DS 
group mean hippocampal mesh. The region along the ventral sur-
face of the anterior hippocampus was positively associated with 
hippocampal volume (i.e., more positive mean coefficient covaried 
with greater volume; right V.1: p < 0.001; left V.1: p < 0.001).
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Fig. 7: Vector V.1 on the left and right is negatively associated with the fear of physical injury subscale score on the Spence Anxiety Scale 
(left: p = 0.005; right: p = 0.035). The plots show linear regressions with 95% confidence intervals. Males = dark grey, females = light grey.
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predicted prodromal psychosis symptoms at 3-year follow-
up assessment. In our sample of children aged 7–15 years, the 
highest Spence subscale rating was for fear of physical injury, 
which is consistent with both studies described. Therefore, a 
population with childhood anxiety will be critical for future 
prospective study of schizophrenia risk and protection.

Comparison to structural neuroimaging studies

The specificity of inward deformation of the anterior hippo-
campus, which was primarily positioned over the uncal, sub-
licular and CA1 field subregions, was strikingly similar to 
hippocampal shape analyses of adults with schizophrenia. In 
contrast, a single study that directly assessed hippocampal 
malrotation in adults with 22q11.2DS showed very different 
patterns than those identified by LoCA.61 If we were to ob-
serve malrotation, or incomplete infolding of the hippocam-
pus, we would have found differences around the lateral sur-
faces of the body of the hippocampus due to the narrowed 
morphology of a malrotated hippocampus. Rather, we found 
that the difference in hippocampal shape was isolated to the 
anterior hippocampus. Previous studies of individuals with 
idiopathic schizophrenia identified focal inward deforma-
tions in the anterior hippocampus bilaterally even when 
overall hippocampal volume was not reduced.48,62 Addition-
ally, volumetric studies reported selective decreases in the 
anterior hippocampus in patients with schizophrenia.63–65 Qiu 
and colleagues62 took a multimodal approach and linked al-
tered anterior hippocampus shape to reduced fornix and cin-
gulum integrity as well as reduced functional connectivity 
between the anterior hippocampus and frontal regions. These 
complementary findings in patients with idiopathic schizo-
phrenia and anxious youth with 22q11.2DS highlight the rel-
evance of the hippocampus as a critical component detecting 
psychosis-proneness.

Two recent neuroimaging studies of 22q11.2DS that investi-
gated associations between local anatomy and psychosis risk 
are relevant to the discussion of a hippocampal neuroanatom-
ical correlate. First, a recent longitudinal study reported that 
greater hippocampal head volumes predicted the emergence 
of positive psychosis symptoms 3 years later.29 Our rather dif-
ferent finding showed that inward deformations localized to 
the inferior lateral aspects of the anterior hippocampus were 
predictive of anxiety severity, a risk factor for future psycho-
sis. The divergent results between  these 2  studies may be a 
consequence of different analytical methods and cohort char-
acteristics. Another recent report on brain morphology in ado-
lescents with 22q11.2DS described increased grey matter vol-
ume in the hippocampal complex, which did not predict any 
outcome variables.31 Rather, declining grey matter volume in 
the prefrontal cortex, which is another vulnerable cortical re-
gion in 22q11.2DS, predicted increased psychosis risk.66

Generally, our findings are consistent with those of struc-
tural brain image analyses in individuals with 22q11.2DS. 
First, we observed a mean bilateral decrease in hippocampal 
volume in children and adolescents with 22q11.2DS that was 
relatively greater than total brain volume reduction.26 Second, 
we found a positive association between full-scale IQ and hip-

pocampus volume across diagnoses, yet full-scale IQ did not 
relate to the local anatomy of the hippocampus. Previous 
 studies demonstrated a positive association between hippo-
campal volume and IQ in typically developing children67 and 
children with 22q11.2DS;38 however, we have not replicated 
such an association. The specificity of the association between 
the hippocampus and IQ would be better evaluated in a more 
comprehensive study of total and regional brain volumes as 
well as white matter microstructure.

Limitations

The primary limitation of our study is that we cannot discern 
the directionality of the association between hippocampal 
morphology and severity of anxiety in the children with 
22q11.2DS. For example, alterations in the hippocampus may 
result from a common etiology influencing both anxiety risk 
and structural brain development. Second, our finding of a 
significant correlation between IQ and hippocampal volume 
would be strengthened by demonstrating the effect with a 
consistent measure of IQ across the sample, which was not 
possible in this study.

Conclusion

Collectively, our findings suggest that the anterior hippocam-
pus may play a significant role in the etiology of anxiety and 
possibly schizophrenia risk in individuals with 22q11.2DS. The 
altered morphology of the anterior hippocampus in children 
with 22q11.2DS parallels findings in schizophrenia popula-
tions, while also predicting the most common anxiety symp-
toms in childhood. Additionally, IQ did not relate to the shape 
of the anterior hippocampus, but rather to the volume of the 
whole hippocampus, which helps to distinguish subtle associ-
ations of hippocampal subregions in psychological or cogni-
tive traits. In conjunction with other known neuroanatomical 
correlates, the dystrophic characteristics of the hippocampus 
may help to elucidate subgroups within 22q11.2DS related to 
anxiety. This knowledge could enhance monitoring of children 
for the assessment of schizophrenia risk and  protection.
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