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ABSTRACT
BACKGROUND: Hippocampal alterations are among the most replicated neuroimaging findings across the psy-
chosis spectrum. Moreover, there is strong translational evidence that preserving the maturation of hippocampal
networks in mice models prevents the progression of cognitive deficits. However, the developmental trajectory of
hippocampal functional connectivity (HFC) and its contribution to psychosis is not well characterized in the human
population. 22q11 deletion syndrome (22q11DS) offers a unique model for characterizing early neural correlates of
schizophrenia.
METHODS: We acquired resting-state functional magnetic resonance imaging in 242 longitudinally repeated scans
from 84 patients with 22q11DS (30 with moderate to severe positive psychotic symptoms) and 94 healthy control
subjects in the age span of 6 to 32 years. We obtained bilateral hippocampus to whole-brain functional
connectivity and employed a novel longitudinal multivariate approach by means of partial least squares correlation
to evaluate the developmental trajectory of HFC across groups.
RESULTS: Relative to control subjects, patients with 22q11DS failed to increase HFC with frontal regions such as the
dorsal part of the anterior cingulate cortex, prefrontal cortex, and supplementary motor area. Concurrently, carriers of
the deletion had abnormally higher HFC with subcortical dopaminergic areas. Remarkably, this aberrant maturation of
HFC was more prominent during midadolescence and was mainly driven by patients exhibiting subthreshold positive
psychotic symptoms.
CONCLUSIONS: Our findings suggest a critical period of prefrontal cortex–hippocampal–striatal circuit
dysmaturation, particularly during late adolescence, which in light of current translation evidence could be a target
for short-term interventions to potentially achieve long-lasting rescue of circuit dysfunctions associated with
psychosis.
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Schizophrenia is a severely disabling mental disorder for which
the complexity of the underlying mechanisms is still largely
unknown. Even though full-blown psychosis is typically diag-
nosed during early adulthood, the clinical course of the
symptoms can be traced back to a subclinical state that has
often already manifested during adolescence. Moreover, etio-
logical factors such as genetic predisposition and environ-
mental contributors may act even earlier, as suggested by
subtle neurodevelopmental abnormalities during childhood
(1,2). In fact, the psychotic phase of schizophrenia is now
believed to be the final consequence of an atypical ongoing
neural process during brain development (3). The notion of this
neurodevelopmental mechanism suggests that aside from the
type of treatment, early intervention is particularly important in
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improving treatment outcomes (4,5). Consequently, charac-
terizing the developmental course of schizophrenia would be
critical in identifying sensitive time windows for intervention. In
this sense, neuroimaging studies could help to identify de-
viations in brain development that precede the emergence of
clinical symptoms.

Among the neural biomarkers of schizophrenia, hippocam-
pal (HIP) alterations are among the most replicated findings.
Studies on patients with schizophrenia report HIP changes that
converge with morphologic anomalies such as reduction in
volume (6–9). Moreover, different techniques have provided
evidence of HIP functional hyperactivation (10–12). Both
functional and structural alterations in the hippocampus have
been further attributed to psychosis by the presence of a
icle under the
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dose–response relationship in patients who show attenuated
psychotic symptoms (13). However, it is well established that
psychosis is better described as a dysfunction of brain con-
nectivity rather than isolated regional malfunctions (14,15).
Correspondingly, disrupted structural connectivity between
the hippocampus and cortical regions has been frequently
proposed as a relevant marker in schizophrenia (16,17).
Moreover, deficits in functional coordination between the hip-
pocampus and various brain regions such as parahippocampal
gyri, the medial prefrontal cortex (PFC), and (more largely) the
default mode network have been documented (18–21). Similar
but less severe alterations in functional connectivity have been
reported in patients in the prodromal phase of the disease,
specifically in regard to the PFC and anterior cingulate (21–23).

Despite this well-established role for the hippocampus, the
developmental trajectory of this core biomarker in relation to
the onset of symptoms is not well understood. Unquestion-
ably, characterizing brain maturation during early premorbid
stages is extremely challenging, partly due to the low incidence
of psychosis in the general population. For that reason, the
study of populations who are at a higher risk for developing
psychosis could present a promising approach (24). Among
these, 22q11 deletion syndrome (22q11DS), by presenting a
40% risk of progression into psychosis (25), provides a unique
opportunity to investigate the earliest underlying neuropathol-
ogies of schizophrenia (26). In particular, recent evidence has
shown that a developmental shrinkage of the hippocampus
during adolescence is related to emergence of psychosis in
this population (27). Moreover, aside from morphological al-
terations, studies on mice models of 22q11DS have shown
that early HIP dysconnectivity may predict subsequent devel-
opmental deficits (28,29). Strikingly, both HIP dysconnectivity
and subsequent functional deficits could be rescued through
early treatment targeting a sensitive developmental time win-
dow during late adolescence of the mice models (28). Never-
theless, to date no study has longitudinally characterized the
maturation of hippocampal functional connectivity (HFC) in
individuals with 22q11DS, which is presumably relevant for
identifying sensitive windows for intervention.

Given these findings, the goal of the current study was to
characterize how maturation of HIP resting-state functional
connectivity in patients with 22q11DS differs from that in the
normal population using a multivariate approach. Further-
more, we sought to investigate whether abnormal HFC is
associated with the emergence of psychosis. We hypothe-
sized that in patients with 22q11DS, HFC with the prefrontal
regions would be disrupted. We further expected that HIP
dysconnectivity would emerge during adolescence and would
be more severe in participants who later develop positive
psychotic symptoms.

METHODS AND MATERIALS

Participants

A total of 84 participants with a diagnosis of 22q11DS (54.76%
female, age span 8–32 years) and 94 healthy control subjects
(HCs) (55.31% female, age span 6–32 years) underwent suc-
cessive magnetic resonance imaging (MRI) scans. HCs were
recruited from unaffected siblings of the patients or through an
open call to the Geneva State School system in Switzerland,
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after which they were controlled for any history of psychopa-
thology and developmental abnormalities and were matched
for age, sex, average number of scans, and average spacing
between visits. Participants with 22q11DS and their parents
were invited to participate in the study only if they had received
a confirmed genetic diagnosis of 22q11.2 deletion syndrome
from a local genetics department. The presence of a 22q11.2
deletion was then confirmed using quantitative fluorescent
polymerase chain reaction by the Department of Medical Ge-
netics in Geneva. In total, 46.7% of assessments were
accompanied by at least one other longitudinal assessment. A
detailed summary in regard to the number of repetitive as-
sessments is available in the Supplement.

In each visit, participants with 22q11DS underwent a
comprehensive clinical assessment with an expert psychiatrist
(author SE), including a semistructured clinical interview, to
assess the presence of comorbid psychiatric conditions
(30–32). In addition, the Structured Interview for Prodromal
Syndromes (33) was administered to a subgroup of partici-
pants to assess the presence of attenuated symptoms of
psychosis. Some participants were not assessed by the
Structured Interview for Prodromal Syndromes owing to their
young age (n = 4). In line with previous studies from our group
(27,34,35), we used the Structured Interview for Prodromal
Syndromes to constitute subgroups based on the participants’
clinical characteristics. Patients were considered PPS(1)
(positive psychotic symptoms; n = 30) if they scored equal to
or higher than 3 in at least one visit on any of the subscales for
positive psychotic symptoms (Unusual Thought Content,
Suspiciousness, Grandiosity, Hallucinations, and Disorganized
Communication) (36). The remaining participants were
considered PPS(2). Participants’ clinical characteristics are
further listed in Table 1.

Written informed consent was obtained from all partici-
pants or their parents under protocols approved by the Swiss
Ethical Committee (Commission Centrale d’Ethique de la
Recherche, Geneva Canton). A summary of criteria for the
exclusion of subjects from our initial scans is available in the
Supplement.
Image Acquisition and Preprocessing

Structural and functional MRI data were acquired at the Centre
d’Imagerie BioMédicale in Geneva on a Siemens Trio (n = 229)
and a Siemens Prisma Fit (MAGNETOM Trio upgrade) (n = 13)
3T scanner (Siemens Corp., Erlangen, Germany). Structural
image acquisition was conducted using a T1-weighted
sequence with 192 slices. The volumetric resolution was
0.86 3 0.86 3 1.1 mm3 (repetition time = 2500 ms, echo time =
3 ms, field of view = 23.5 cm2, flip angle = 8�, acquisition
matrix = 2563 256, slice thickness = 1.1mm, phase encoding
right . left, no fat suppression). Resting-state scans were
performed while the participants were instructed to fixate on a
white cross on the screen and stay awake. Functional MRI
scans were obtained with a T2-weighted sequence (200
frames, acquisition matrix = 943 128, field of view = 96 3 128,
voxel size = 1.84 3 1.84 3 3.2 mm3, 38 axial slices, slice
thickness =3.2mm, repetition time = 2400 ms, echo time = 30
ms, flip angle = 85�, phase encoding anterior . posterior,
descending sequential ordering, GRAPPA [generalized
gical Psychiatry July 1, 2021; 90:58–68 www.sobp.org/journal 59
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Table 1. Participant Characteristics

PPS(1) PPS(2) HC
p Value of PPS(1)

vs. PPS(2)
p Value of

22q11DS vs. HC

Number of Scans 45 68 124 NA NA

Average Time Between Longitudinal
Visits, Years, Mean (SD)a

3.98 (0.73) 4.12 (1.10) 4.04 (0.87) .71 .98

Number of Subjects (Female/Male) 30 (15/15) 50 (28/22) 94 (52/42) .60b .93b

Age, Years, Mean (SD)a 18.24 (6.0) 18.63 (5.2) 17.01 (5.7) .77 .20

IQ, Mean (SD)a 70.3 (13.7) 73.52 (14.0) 110.10 (14.4) .32 ,.001c

Framewise Displacement Before
Scrubbing, Mean (SD)a

0.19 (0.06) 0.21 (0.07) 0.16 (0.07) .13 ,.001c

Framewise Displacement After
Scrubbing, Mean (SD)a

0.16 (0.05) 0.17 (0.05) 0.14 (0.05) .27 ,.001c

PPS(1), n (%) PPS(2), n (%)
22q11DS,

n (%) HC, n
p Value of PPS(1) vs.

PPS(2)

Anxiety Disorderd 14 (46.7%) 12 (24.0%) 27 (32.1%) 0 .036c

Attention-Deficit/Hyperactivity
Disorderd

17 (56.7%) 16 (32.0%) 35 (41.7%) 0 .030c

Mood Disorderd 15 (40.5%) 8 (16.0%) 25 (29.8%) 0 .001c

Schizophrenia Spectrum Disordersd 10 (33.3%) 0 10 (11.9%) 0 NA

More Than One
Psychiatric Comorbidityd

20 (66.7%) 18 (36.0%) 38 (45.2%) 0 .008c

Anticonvulsantsd 1 (3.3%) 0 1 (1.2%) 0 NA

Antidepressantsd 9 (30.0%) 1 (2.0%) 10 (11.9%) 0 ,.001c

Neurolepticd 11 (36.7%) 3 (6.0%) 15 (17.9%) 0 ,.001c

Psychostimulantd 13 (43.3%) 12 (24.0%) 26 (30.9%) 0 .07

Anxiolyticd 6 (20.0%) 0 7 (8.3%) 0 NA

IQ measurement: Wechsler Intelligence Scale for Children-III (75) for children and Wechsler Adult Intelligence Scale-III (76) for adults. Presence of
psychiatric disorders: Clinical interview with patients using the Diagnostic Interview for Children and Adolescents–Revised (30), the psychosis
supplement from the Schedule for Affective Disorders and Schizophrenia for School-Age Children–Present and Lifetime version (31), and the
Structured Clinical Interview for DSM-IV Axis I Disorders (32).

HC, healthy control subjects; NA, not available; PPS(1), with positive psychotic symptoms; PPS(2), without positive psychotic symptoms;
22q11DS, 22q11 deletion syndrome.

aCalculated first-level average within subject measurements, and then second level across all subjects.
bSignificant at the level of p , .05 (c2 test).
cSignificant at the level of p , .05 (t test).
dPositive if present at any of the repetitive assessments.
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autocalibrating partially parallel acquisitions] acceleration
mode with factor for parallel imaging = 2) for 8 minutes (37).

Preprocessing of the functional images was conducted
using SPM12 (Wellcome Trust Centre for Neuroimaging, Lon-
don, UK; http://www.fil.ion.ucl.ac.uk/spm) and functions of the
DPARSF (38) and IBASPM (39) toolboxes. An explanation of
the resting-state functional MRI preprocessing pipeline is
provided in the Supplement.
HIP Connectivity

For HIP connectivity analysis, a mask of the bilateral hippo-
campus as the region of interest based on the AAL-90 (Auto-
mated Anatomical Labeling 90) (36,37) atlas (40) was selected
and spatially transformed into the individual subject space
through the study-specific DARTEL template (41). (Separate
analyses for the left and right HIP mask generated similar re-
sults and are available in the Supplement.) Seed functional
connectivity maps were obtained by computing the Pearson
correlation coefficient for each voxel’s time course with the
average time course inside the region of interest. Voxelwise
seed functional connectivity maps were then warped into
60 Biological Psychiatry July 1, 2021; 90:58–68 www.sobp.org/journa
DARTEL space and further into the Montreal Neurological
Institute space (42).
Partial Least Squares

To investigate the neurodevelopmental trajectory of HIP con-
nectivity patterns, we applied the partial least squares corre-
lation (PLS-C) (43,44) using the myPLS toolbox (45), for which
the implementation is publicly available (https://github.com/
danizoeller/myPLS). In short, a cross-covariance matrix (R) is
computed between the HIP connectivity maps per subject (X)
and a set of design variables (Y) that are chosen to encode
diagnosis, longitudinal and cross-sectional age, and their in-
teractions. Before entering the maps into PLS-C, sex and
motion (average framewise displacement after scrubbing) were
regressed out voxelwise. For the design variables, we start by
including a binary variable of diagnosis, which is (depending on
the analysis) either HCs versus patients with 22q11DS or
PPS(1) versus PPS(2). Given the presence of multiple time
points per subject, and to correctly capture the within- and
between-subject effect of age, we set up two age variables.
First, mean age assigns the average age of that subject across
l
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Figure 1. Analysis pipeline and longitudinal partial least squares correlation (PLS-C) analysis. LC, latent component; MNI, Montreal Neurological Institute;
ROI, region of interest; 22q11DS, 22q11 deletion syndrome.

1YT (the transposed matrix of Y) multiplied by X equals R; U is the
matrix containing left singular vectors; S is the matrix contain-
ing singular values; and V is the matrix containing right singular
vectors.

Hippocampal Connectivity Trajectories in Psychosis
Biological
Psychiatry
all visits for each time point. Next, delta age corresponds to the
difference between the actual age of a subject at a time point
and the subject’s mean age. It is worth noting that, by con-
struction, mean age and delta age are orthogonalized and can
be interpreted as the cross-sectional and longitudinal effect of
age, respectively. We then defined inter age as the interaction
between mean age and delta age, which enables the capture
of concave or convex (i.e., U-shaped) neurodevelopmental
trajectories. To allow the model to capture the difference of the
developmental trajectories within the two groups, we also
provided the interaction of the diagnosis variable with each of
the three age-related variables (35), adding a further three
Biolo
variables to the design matrix. Finally, a total of seven variables
were included and were z scored across all subjects. The
matrix R is then computed as R = YTX and subjected to the
singular value decomposition (R = USVT)1, which in turn leads
to latent components (LCs) (Figure 1).

To test the significance of the correlation explained, we
applied permutation testing with 1000 permutations and
gical Psychiatry July 1, 2021; 90:58–68 www.sobp.org/journal 61
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applied a Bonferroni correction for multiple comparisons while
testing for the seven components. The LC was considered
significant if the p value was less than .007.

For those LCs found to be significant, the stability of the
results was tested using a bootstrap of 500 random samples
with replacement. Given the longitudinal construction of our
data set, we made the random selection of samples across
subjects and not scans. In this way, all intrasubject de-
pendencies were respected across the bootstrap samples. The
bootstrap score was calculated as the mean of distribution of
all brain saliences for each voxel divided by their standard
deviation. This in turn provides a measure of stability of a
particular voxel in its contribution to the detected correlation.
In this study’s brain pattern visualization, bootstrap ratio
scores were thresholded at an absolute value greater than 2.3,
which corresponds to a 99% confidence interval not crossing
zero and indicates a stable contribution from this variable to
the LC (44).

Maturation Pattern

To be able to more easily interpret the age relationship that
was revealed in a latent variable, we built the scatterplot be-
tween actual age and the maturation score that contains only
the age-related contributions of the behavioral score, as
shown in Figure 2. This offers a better insight into the effect of
aging alone (disregarding the group difference) on HFC
maturation captured by PLS. In participants with 22q11DS, the
failure to normally develop HFC is already present at the
beginning of our age span (Figure 2A). However, the drop in
HFC maturation is mostly observed as a longitudinal change
Figure 2. Maturation patterns. Maturation scores were calculated as the project
and their interaction with the grouping variable) into the respective behavioral var
reveals the effect of aging captured by the partial least squares correlation. (A)
control subjects reveals that the age score increases with age in healthy control s
age is already present at the beginning of the studied age span (6 years). Howeve
as 15 years. (B) Comparing patients with and without positive psychotic sympt
becomes more severe in PPS(1) patients during midadolescence.
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regarding baseline connectivity in patients. Furthermore, the
longitudinal dysmaturation could be detected as early as the
beginning of adolescence (before 15 years of age).

Furthermore, to have a measure of how well each subject’s
data are explained by the correlation of brain values observed
in a certain LC, we compute brain scores (Lx) as the projection
of the original brain value for all subjects (X) in the brain
salience (V), thereby calculating (Lx = XV). We fitted a poly-
nomial curve using the linear least squares to visualize the
relationship of brain scores with age and age2 (as indicated by
the effect of inter age) in Figures 3C and 4C.

To offer complementary insight into the original baseline
HFC values, Figure 5 shows regions that functionally connect
positively (red) or negatively (blue) with the hippocampus in the
4 separate groups: HCs and patients younger than 12 years
(21 HCs and 16 patients with 22q11DS) and HCs and patients
older than 22 years (15 HCs and 17 patients with 22q11DS).
These age bins were chosen as a post hoc analysis to the PLS-
C because we observed that the age effect captured by PLS-C
was more dynamic between 15 and 20 years of age (see
maturation patterns in Figure 2).
RESULTS

Comparing Patients With 22q11DS Against HCs

PLS-C analysis on longitudinal data of seed-to-voxel HFC
resulted in one significant component (LCs; p , .001)
(Figure 3), which captured both overall differences in HFC
across cohorts, as revealed by a stable diagnosis effect, and
ion of the 6 age-related design saliences (mean age, delta age, and quad age
iable of each subject and plotted against actual age. Therefore, this pattern
Comparing patients with 22q11 deletion syndrome (22q11DS) with healthy
ubjects but longitudinally decreases in patients. The cross-sectional effect of
r, the abnormal longitudinal decrease in age scores of patients starts as early
oms [PPS(1) vs. PPS(2)] revealed that the longitudinal drop in age scores

l
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Figure 3. Comparing maturation of hippocampal functional connectivity in patients with 22q11 deletion syndrome (22q11DS) and healthy controls subjects.
The one significant latent component resulted from the partial least squares correlation analysis. (A) The pattern of brain saliences can be interpreted as areas
of lower and developmental failure to increase hippocampal connectivity (blue) and higher and developmental failure to decrease hippocampal connectivity
(red) in patients with 22q11DS. (B) Design salience of the latent component reveals the negative effect of diagnosis as well as a negative effect of age–
diagnosis interaction. (C) The distribution of brain scores across age in each group provides an alternative view on those partial least squares correlation
results: Brain scores are lower in patients with 22q11DS (negative diagnosis effect). In addition, brain scores are less affected by aging (negative interaction
effect) in patients, which points toward a dysmaturation. Fitted line and 95% confidence interval are plotted to visualize the age and diagnosis interaction effect
captured by partial least squares correlation in the bar plot in (B). CAU, caudate nucleus; dACC, dorsal part of anterior cingulate cortex; dlPFC, dorsolateral
prefrontal cortex; PHIP, parahippocampal cortex; SMA, supplementary motor area.
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differences in HFC maturation, as revealed by a stable age by
diagnosis interaction.

Figure 3 shows the brain and behavioral saliences for the
significant component. The age-related loadings in Figure 3B
are reflected as the aberrant developmental trajectory visual-
ized in Figure 3C as a fitted curve to the brain scores. This
trajectory shows an abnormal maturation for HFC that is
mostly detected by the effect of age (stable age loadings).
Moreover, the prominent deviation from a normal trajectory is
particularly present during midadolescence (stable inter age 3

diagnosis loading).
Our multivariate approach revealed a brain pattern that was

characterized by two sets of regions showing opposite
developmental alterations of HFC. Specifically, a first set of
regions, displayed in blue in Figure 3A, presented a develop-
mental failure to increase HFC in 22q11DS. Such develop-
mental failure affected clusters in the dorsal part of the anterior
cingulate cortex (dACC) as well as the precentral, postcentral,
and supplementary motor areas. As a consequence of such
developmental alteration, by adulthood HFC at the level of the
dACC and supplementary motor cortex had an opposite di-
rection across the two samples (positive in HCs and negative
in patients with 22q11DS), as indicated by the presence of the
Biolo
blue clusters in Figure 5D that are, however, absent in
Figure 5B. Thus, it can be interpreted that patients (unlike HCs)
fail to develop a positive HFC with dACC and supplementary
motor areas, and the HFC remains negative within these re-
gions. A second set of brain regions, displayed in red in
Figure 3A, showed an opposite failure to decrease HFC in
22q11DS and included the bilateral caudate nucleus and par-
ahippocampal gyri.
Comparing PPS(1) Against PPS(2)

On the second PLS-C analysis, the significant component (p,

.001) (Figure 4) revealed regions for which the HFC strongly
and longitudinally is altered with age in PPS(1) patients but not
as strongly in PPS(2) patients (Figure 4B). As visualized by the
diverging developmental trajectory in Figure 4C, the major
difference in HFC dysmaturation emerges only during
midadolescence.

In PPS(1) patients, clusters in the dACC and dorsal PFC
became more sharply dysconnected from the hippocampus as
well as regions in the pre- and postcentral and supplementary
motor areas, middle orbitofrontal gyrus, and clusters in the
posterior inferior temporal gyrus. The regions with steeper
gical Psychiatry July 1, 2021; 90:58–68 www.sobp.org/journal 63
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Figure 4. Comparing maturation of hippocampal functional connectivity (HFC) in patients with and without mild to moderate positive psychotic symptoms
[PPS(1) and PPS(–), respectively]. (A) The pattern of brain salience shows areas with more severe decrease of HFC (blue) and increase of HFC (red) over the
age span. (B) Design salience of the latent component reveals the negative effect of group as well as a negative effect of age–group interaction. Remarkably,
the most prominent effect of age is captured within the longitudinal assessments (negative delta age and inter age effect). (C) The distribution of brain scores
across age in each group shows that HFC maturation in PPS(1) patients deviates further from that in PPS(–) patients during adolescence. Fitted line and 95%
confidence interval are plotted to visualize the age and diagnosis interaction effect captured by partial least squares correlation in the bar plot in (B). dACC,
dorsal part of anterior cingulate cortex; dlPFC, dorsolateral prefrontal cortex; iTEMP, inferior temporal gyrus; PHIP, parahippocampal cortex; PUT, putamen;
SMA, supplementary motor area; THA, thalamus.
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developmental increases of HFC in symptomatic patients
include the temporal pole, bilateral dorsal insula, and clusters
in the anterior thalamus and bilateral putamen. This would
suggest that PPS(1) patients drive the failure to decrease in
HIP–striatum connectivity as well as the longitudinal decrease
of HFC observed in PFC/dACC and supplementary motor area
that is observed in the first diagnosis component (Figure 3A).
DISCUSSION

In this study, we used a multivariate longitudinal analysis to
investigate hippocampus to whole-brain resting-state func-
tional connectivity in a large cohort of patients with 22q11DS.
We provide evidence on the aberrant development of HFC in
individuals with 22q11DS and its contribution to psychosis
pathophysiology.

Our results in the 22q11DS population revealed a pattern
of HFC dysmaturation that was further aggravated during
midadolescence. In particular, HFC dysmaturation was char-
acterized by a failure to increase HFC with the PFC and
dACC. To the extent of our knowledge, only one previous
cross-sectional study has investigated whole-brain resting-
state HIP connectivity in patients with 22q11DS and reported
(in line with our findings) a disrupted HFC with sensory-motor
64 Biological Psychiatry July 1, 2021; 90:58–68 www.sobp.org/journa
regions (46). Moreover, our findings further confirm the state
of dACC/PFC negative functional connectivity with the hip-
pocampus, which was observed in a recent study of dynamic
functional connectivity with a partially overlapping sample
(47). Developmentally, it is established that functional con-
nectivity between the PFC and hippocampus consistently
increases with age (48). The behavioral aspect of HIP–PFC/
dACC maturation further reflects the gain of emotional
regulation and cognitive development observed during
adolescence (48–50). Therefore, cognitive and emotional
deficits observed in 22q11DS could be, in part, attributed to
the dysmaturation of this circuit.

In addition, we show that HIP–PFC/dACC developmental
dysmaturation is driven mostly by patients at higher risk for
emergence of psychosis. As such, PPS(1) patients experience
a more steep longitudinal drop in their baseline HIP–PFC
connectivity. In line with our findings, abnormal ACC resting-
state connectivity in patients with 22q11DS has been previ-
ously implicated as one of the main discriminative patterns in
the presence of psychotic symptoms (35,51). Moreover, pre-
vious research has already suggested aberrant HIP connec-
tivity with PFC in schizophrenia and similarly in nonsyndromic
individuals at a higher risk for psychosis (21,52–56). In partic-
ular, our longitudinal approach demonstrated that deficits in
l
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Figure 5. Averages of original hippocampal connectivity values. (A) Average across 21 healthy control subjects younger than 12 years. (B) Average across
15 healthy control subjects older than 22 years. (C) Average across 16 patients with 22q11 deletion syndrome younger than 12 years. (D) Average across 17
patients with 22q11 deletion syndrome older than 22 years.
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HIP–PFC connectivity in PPS(1) patients emerge from a
developmental drop during adolescence, which in turn is
known as a critical period for the emergence of subthreshold
psychotic symptoms both in patients with 22q11DS and in the
general population (57).

The association between the HIP–PFC dysconnectivity and
positive psychotic symptoms has been previously discussed in
patients with schizophrenia in a framework of reduced top-
down control over the hippocampus (18,23,58). Mainly, the
deficit in functional coordination of HIP–PFC is suggested to
be directed by insufficient fast-spiking parvalbumin (PV)
GABAergic (gamma-aminobutyric acidergic) interneurons. The
consequent decrease in GABAergic signaling has been
Biolo
accounted for overactivation of the hippocampus (59–62),
which in turn has been largely associated with the presence of
positive psychotic symptoms (63–66). Moreover, HIP hyper-
activity has been shown to precede the HIP atrophy that is well
documented in psychosis (13,67). Similarly, a recent investi-
gation on a partially overlapping sample with the current study
revealed a HIP volumetric decline during adolescence in
PPS(1) patients (27). Of note, morphological deficits occurred
at a later age compared with the HIP dysconnectivity detected
in our study. Hence, HIP connectivity dysmaturation could
potentially constitute an early biomarker of psychosis, pre-
disposing to subsequent deleterious neurodevelopmental and
clinical outcomes.
gical Psychiatry July 1, 2021; 90:58–68 www.sobp.org/journal 65
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Remarkably, the multivariate nature of this study allowed
us to reveal a HIP hyperconnectivity to subcortical dopami-
nergic regions that is present alongside the hypoconnectivity
to the PFC. Notably, it has been suggested that PFC inter-
neuron dysmaturation during adolescence could be directed
by aberrant dopaminergic signaling (68). Here we show that
patients with 22q11DS fail to decrease functional connec-
tivity between the hippocampus and clusters in the dorsal
striatum, which is further enforced toward adolescence. Once
again, this developmental pattern appeared to be driven by
PPS(1) patients, who displayed a steeper developmental
increase of baseline HFC with the dorsal striatum compared
with PPS(2) patients. Indeed, a major hypothesis regarding
schizophrenia pathophysiology revolves around excess
subcortical dopamine united with deficits in cortical dopa-
mine signaling. It has been further hypothesized that the
hippocampus may drive dopamine dysregulation in psycho-
sis (69). In support of this hypothesis, it has been shown that
the reduction in HIP PV expression and the consequent HIP
hyperactivity could drive an overactivation in the ventral
tegmental area (VTA) (10). Because midbrain regions are not
included in our analysis, we do not know whether the same
developmental pattern of HIP–VTA could be detected.
However, the dorsal striatum is well connected to the
midbrain (70), and HIP–VTA hyperconnectivity has been re-
ported in the 22q11DS population (71). Therefore, our results
regarding the co-occurrence of HIP-PFC dysconnectivity, on
the one side, and HIP–striatal hyperconnectivity, on the other
side, further confirm the hippocampus as a critical hub in this
aberrant network (72).

One unique advantage of studying patients with 22q11DS is
the availability of an exact translational model for the disorder
(73). Undeniably, animal models are essential in shedding light
on the underlying circuit dysfunction and in developing effec-
tive treatment strategies (3). Aptly, recent findings in mice
models for 22q11DS point toward the importance of the hip-
pocampus (28,29). The ventral hippocampus is accordingly the
first region expressing PV interneuron hypoexcitability in the
mouse brain, which further progresses to a state of brainwide
PV recruitment deficit. Furthermore, both the ventral hippo-
campus and medial PFC become responsive to treatment
during late adolescence. Remarkably, short-term administra-
tion of a D2R antagonist during a critical period at the end of
adolescence resulted in long-term rescue of PV neuron
recruitment that was dependent on HIP–PFC circuitry. The
rescue of HIP–PFC PV neuron maturation was associated with
long-lasting prevention of chronic cognitive and behavioral
deficits in adult mice. Overall, our evidence fits particularly well
with this translational evidence. Here we found a comparable
pattern of HFC developmental trajectory, suggesting a
matching critical role for HIP–PFC connectivity during
adolescence. In addition, we show a concurrent increased
HIP–caudate connectivity that has been previously linked to an
increase in HIP D2R availability (74). Therefore, our findings
regarding the surge of HIP–caudate connectivity during early
adolescence could partly explain the window of D2R antago-
nist sensitivity during adolescence (28). Consequently, our
findings could be fitted into the framework of a positive feed-
back loop, where an excess in subcortical dopamine is driven
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by HIP overdrive, which in turn is caused by HIP–PFC dys-
connectivity. Our longitudinal approach allowed us to observe
a critical period of PFC–HIP–striatal circuit dysmaturation
during late adolescence. In light of translational findings, our
results suggest that late adolescence might also represent a
window of opportunity where short-term interventions could
potentially achieve long-lasting rescue of circuit dysfunction
associated with psychosis.
Considerations and Further Perspectives

Our results must be reflected upon within the framework of
several methodological considerations. While the multivariate
approach allowed us to detect significant patterns of devel-
opmental alterations, the pattern should be interpreted only as
a whole and allows only limited conclusions about individual
regions independent from the rest of the brain. Our longitudinal
multivariate approach allowed us to assess developmental
brain alterations alongside alterations within diagnostic
groups; however, the interpretation of brain correlation with
multiple diagnostic and age-related variables is challenging in
itself. We made a particular effort to overcome this challenge
by creating maturation scores and visualizing developmental
trajectories.

Furthermore, within-scanner motion was significantly higher
in patients with 22q11DS but did not differ within the psy-
chopathology groups. Therefore, we regressed out motion as a
nuisance variable from the connectivity matrix. Moreover, post
hoc analysis revealed no association between movement and
brain scores. A more detailed investigation regarding motion
analysis and possible confounding factors is available in the
Supplement.

The PPS(1) patients inevitably had more frequent psycho-
logical comorbidities and were using medication to a higher
extent when compared with the PPS(–) patients (Table 1).
Future extensive studies with bigger sample sizes are needed
to investigate the role of each class of medication in HFC
aberrant maturation. A more detailed investigation regarding
the effect of medication and psychopathology is available in
the Supplement.

Lastly, unaffected siblings were not systematically screened
to confirm that they are not deletion carriers. However, par-
ticipants with prematurity or a history of neurologic, develop-
mental, or psychiatric difficulties were excluded, reducing the
chance of including deletion carriers in the control sample.

In short, we demonstrate that patients with 22q11DS pre-
sent an atypical trajectory of HFC. Here we observed that HFC
dysmaturation was already partially present in patients with
22q11DS at 6 years of age, which may hint toward an earlier hit
before the scope of our age span. Characterizing these earlier
stages of HFC longitudinal maturation could be addressed in
future studies investigating younger age groups. Notably,
despite an early deficit, HFC dysmaturation longitudinally
progressed during adolescence. For this reason, the diverging
trajectory contributing to emergence of positive psychotic
symptoms emerges during adolescence. In light of trans-
lational findings, future studies should elaborate whether this
biomarker is indeed a potential treatment target for preventive
interventions for psychosis.
l

http://www.sobp.org/journal


Hippocampal Connectivity Trajectories in Psychosis
Biological
Psychiatry
ACKNOWLEDGMENTS AND DISCLOSURES
This work was supported by the Swiss National Science Foundation (Grant
Nos. 324730_121996 and 324730_144260 [to SE]) and a National Centre of
Competence in Research Synapsy grant (Grant No. 51NF40-158776 [to
SE]), in addition to a personal grant from the Swiss National Science
Foundation (Grant No. PZ00P1_174206 [to MS]).

We are grateful to all the families who participated in our study and ex-
press our special thanks to Eva Micol for coordinating the project and to the
MRI operators at the Centre d’Imagerie BioMédicale, Francois Lazeyras, Lea
Moreau, and Fiona Journal, for their kind help during data collection.

The authors report no biomedical financial interests or potential conflicts
of interest.

ARTICLE INFORMATION
From the Developmental Imaging and Psychopathology Laboratory (FD, CS,
DZ, VM, KB, MS, SE) and Department of Genetic Medicine and Develop-
ment (SE), University of Geneva School of Medicine, Geneva; Department of
Radiology and Medical Informatics (DVDV), University of Geneva, Geneva;
and Medical Image Processing Laboratory (FD, DZ, KB, DVDV), Institute of
Bioengineering, École Polytechnique Fédérale de Lausanne, Lausanne,
Switzerland; and Department of Neuroscience (MS), Center for Contextual
Psychiatry, Research Group Psychiatry, KU Leuven, Leuven, Belgium.

Address correspondence to Farnaz Delavari, M.D., at farnaz.delavari@
unige.ch.

Received Sep 3, 2020; revised Dec 3, 2020; accepted Dec 21, 2020.
Supplementary material cited in this article is available online at https://

doi.org/10.1016/j.biopsych.2020.12.033.
REFERENCES
1. Harrison PJ (2015): Recent genetic findings in schizophrenia and their

therapeutic relevance. J Psychopharmacol 29:85–96.
2. Kendler KS (2013): What psychiatric genetics has taught us about the

nature of psychiatric illness and what is left to learn. Mol Psychiatry
18:1058–1066.

3. Insel TR (2010): Rethinking schizophrenia. Nature 468:187–193.
4. Marín O (2016): Developmental timing and critical windows for the

treatment of psychiatric disorders. Nat Med 22:1229–1238.
5. Lieberman J, Jody D, Geisler S, Alvir J, Loebel A, Szymanski S, et al.

(1993): Time course and biologic correlates of treatment response in
first-episode schizophrenia. Arch Gen Psychiatry 50:369–376.

6. Ho NF, Iglesias JE, Sum MY, Kuswanto CN, Sitoh YY, De Souza J,
et al. (2017): Progression from selective to general involvement of
hippocampal subfields in schizophrenia. Mol Psychiatry 22:142–152.

7. Narr KL, Thompson PM, Szeszko P, Robinson D, Jang S, Woods RP,
et al. (2004): Regional specificity of hippocampal volume reductions in
first-episode schizophrenia. NeuroImage 21:1563–1575.

8. Harrison PJ (2004): The hippocampus in schizophrenia: A review of the
neuropathological evidence and its pathophysiological implications.
Psychopharmacology 174:151–162.

9. Honea R, Crow TJ, Passingham D, Mackay CE (2005): Regional defi-
cits in brain volume in schizophrenia: A meta-analysis of voxel-based
morphometry studies. Am J Psychiatry 162:2233–2245.

10. Boley AM, Perez SM, Lodge DJ (2014): A fundamental role for hip-
pocampal parvalbumin in the dopamine hyperfunction associated with
schizophrenia. Schizophr Res 157:238–243.

11. Heckers S, Konradi C (2015): GABAergic mechanisms of hippocampal
hyperactivity in schizophrenia. Schizophr Res 167:4–11.

12. Small SA (2014): Isolating pathogenic mechanisms embedded within
the hippocampal circuit through regional vulnerability. Neuron
84:32–39.

13. Lieberman JA, Girgis RR, Brucato G, Moore H, Provenzano F,
Kegeles L, et al. (2018): Hippocampal dysfunction in the pathophysi-
ology of schizophrenia: A selective review and hypothesis for early
detection and intervention. Mol Psychiatry 23:1764–1772.

14. Van Den Heuvel MP, Fornito A (2014): Brain networks in schizophrenia.
Neuropsychol Rev 24:32–48.
Biolo
15. Friston KJ (1998): The disconnection hypothesis. Schizophr Res
30:115–125.

16. Qiu A, Tuan TA, Woon PS, Abdul-Rahman MF, Graham S, Sim K
(2010): Hippocampal-cortical structural connectivity disruptions in
schizophrenia: An integrated perspective from hippocampal shape,
cortical thickness, and integrity of white matter bundles. NeuroImage
52:1181–1189.

17. Addington A, Gornick M, Shaw P, Seal J, Gogtay N, Greenstein D,
et al. (2007): Neuregulin 1 (8p12) and childhood-onset schizophrenia:
Susceptibility haplotypes for diagnosis and brain developmental tra-
jectories. Mol Psychiatry 12:195–205.

18. Zhou Y, Shu N, Liu Y, Song M, Hao Y, Liu H, et al. (2008): Altered
resting-state functional connectivity and anatomical connectivity of
hippocampus in schizophrenia. Schizophr Res 100:120–132.

19. Meyer-Lindenberg AS, Olsen RK, Kohn PD, Brown T, Egan MF,
Weinberger DR, Berman KF (2005): Regionally specific disturbance of
dorsolateral prefrontal–hippocampal functional connectivity in
schizophrenia. Arch Gen Psychiatry 62:379–386.

20. Sun Y, Dai Z, Li J, Collinson SL, Sim K (2017): Modular-level alterations
of structure–function coupling in schizophrenia connectome. Hum
Brain Mapp 38:2008–2025.

21. Edmiston EK, Song Y, Chang M, Yin Z, Zhou Q, Zhou Y, et al. (2020):
Hippocampal resting state functional connectivity in patients with
schizophrenia and unaffected family members. Front Psychiatry 11:278.

22. Xi YB, Li C, Cui LB, Liu J, Guo F, Li L, et al. (2016): Anterior cingulate
cortico-hippocampal dysconnectivity in unaffected relatives of
schizophrenia patients: A stochastic dynamic causal modeling study.
Front Hum Neurosci 10:383.

23. Benetti S, Mechelli A, Picchioni M, Broome M, Williams S, McGuire P
(2009): Functional integration between the posterior hippocampus and
prefrontal cortex is impaired in both first episode schizophrenia and
the at risk mental state. Brain 132:2426–2436.

24. Millar JK, Wilson-Annan JC, Anderson S, Christie S, Taylor MS,
SempleCA, et al. (2000): Disruption of two novel genes by a translocation
co-segregating with schizophrenia. Hum Mol Genet 9:1415–1423.

25. Schneider M, Debbané M, Bassett AS, Chow EW, Fung WLA, Van Den
Bree MB, et al. (2014): Psychiatric disorders from childhood to adult-
hood in 22q11.2 deletion syndrome: Results from the International
Consortium on Brain and Behavior in 22q11.2 deletion syndrome. Am
J Psychiatry 171:627–639.

26. Drew LJ, Crabtree GW, Markx S, Stark KL, Chaverneff F, Xu B, et al.
(2011): The 22q11.2 microdeletion: Fifteen years of insights into the
genetic and neural complexity of psychiatric disorders. Int J Dev
Neurosci 29:259–281.

27. Mancini V, Sandini C, Padula MC, Zöller D, Schneider M, Schaer M,
Eliez S (2020): Positive psychotic symptoms are associated with
divergent developmental trajectories of hippocampal volume during late
adolescence in patients with 22q11DS. Mol Psychiatry 25:2844–2859.

28. Mukherjee A, Carvalho F, Eliez S, Caroni P (2019): Long-lasting rescue
of network and cognitive dysfunction in a genetic schizophrenia
model. Cell 178:1387–1402.e14.

29. Marissal T, Salazar RF, Bertollini C, Mutel S, De Roo M, Rodriguez I,
et al. (2018): Restoring wild-type-like CA1 network dynamics and
behavior during adulthood in a mouse model of schizophrenia. Nat
Neurosci 21:1412–1420.

30. Reich W (2000): Diagnostic Interview for Children and Adolescents
(DICA). J Am Acad Child Adolesc Psychiatry 39:59–66.

31. Kaufman J, Birmaher B, Brent D, Rao U, Flynn C, Moreci P, et al. (1997):
Schedule for Affective Disorders and Schizophrenia for School-Age
Children–Present and Lifetime version (K-SADS-PL): Initial reliability
and validity data. J Am Acad Child Adolesc Psychiatry 36:980–988.

32. First MB, Spitzer RL, Gibbon M, Williams JB (2005): Structured Clinical
Interview for DSM-IV-TR Axis I Disorders, Patient Edition New York:
Department of Biometrics Research, Columbia University.

33. Miller TJ, McGlashan TH, Rosen JL, Cadenhead K, Ventura J,
McFarlane W, et al. (2003): Prodromal assessment with the Structured
Interview for Prodromal Syndromes and the Scale of Prodromal
Symptoms: Predictive validity, interrater reliability, and training to
reliability. Schizophr Bull 29:703–715.
gical Psychiatry July 1, 2021; 90:58–68 www.sobp.org/journal 67

mailto:farnaz.delavari@unige.ch
mailto:farnaz.delavari@unige.ch
https://doi.org/10.1016/j.biopsych.2020.12.033
https://doi.org/10.1016/j.biopsych.2020.12.033
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref1
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref1
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref2
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref2
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref2
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref3
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref4
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref4
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref5
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref5
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref5
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref6
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref6
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref6
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref7
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref7
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref7
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref8
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref8
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref8
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref9
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref9
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref9
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref10
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref10
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref10
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref11
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref11
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref12
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref12
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref12
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref13
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref13
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref13
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref13
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref14
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref14
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref15
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref15
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref16
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref16
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref16
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref16
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref16
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref17
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref17
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref17
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref17
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref18
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref18
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref18
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref19
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref19
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref19
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref19
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref20
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref20
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref20
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref21
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref21
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref21
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref22
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref22
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref22
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref22
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref23
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref23
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref23
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref23
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref24
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref24
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref24
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref25
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref25
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref25
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref25
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref25
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref26
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref26
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref26
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref26
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref27
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref27
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref27
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref27
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref28
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref28
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref28
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref29
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref29
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref29
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref29
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref30
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref30
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref31
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref31
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref31
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref31
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref32
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref32
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref32
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref33
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref33
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref33
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref33
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref33
http://www.sobp.org/journal


Hippocampal Connectivity Trajectories in Psychosis
Biological
Psychiatry
34. Scariati E, Schaer M, Richiardi J, Schneider M, Debbané M, Van De
Ville D, Eliez S (2014): Identifying 22q11.2 deletion syndrome and
psychosis using resting-state connectivity patterns. Brain Topogr
27:808–821.

35. Zöller D, Padula MC, Sandini C, Schneider M, Scariati E, Van De
Ville D, et al. (2018): Psychotic symptoms influence the development of
anterior cingulate BOLD variability in 22q11.2 deletion syndrome.
Schizophr Res 193:319–328.

36. Fusar-Poli P, Borgwardt S, Bechdolf A, Addington J, Riecher-Rössler A,
Schultze-Lutter F, et al. (2013): The psychosis high-risk state: A
comprehensive state-of-the-art review. JAMA Psychiatry 70:107–120.

37. Nichols TE, Das S, Eickhoff SB, Evans AC, Glatard T, Hanke M, et al.
(2017): Best practices in data analysis and sharing in neuroimaging
using MRI. Nat Neurosci 20:299–303.

38. Yan C, Zang Y (2010): DPARSF: A MATLAB toolbox for “pipeline” data
analysis of resting-state fMRI. Front Syst Neurosci 4:13.

39. Aleman-Gomez Y (2006): IBASPM: Toolbox for automatic parcellation
of brain structures. In: 12th Annual Meeting of the Organization for
Human Brain Mapping, June 11–15, Florence, Italy.

40. Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O,
Delcroix N, et al. (2002): Automated anatomical labeling of activations
in SPM using a macroscopic anatomical parcellation of the MNI MRI
single-subject brain. NeuroImage 15:273–289.

41. Ashburner J (2007): A fast diffeomorphic image registration algorithm.
NeuroImage 38:95–113.

42. Collins DL, Zijdenbos AP, Kollokian V, Sled JG, Kabani NJ, Holmes CJ,
Evans AC (1998): Design and construction of a realistic digital brain
phantom. IEEE Trans Med Imaging 17:463–468.

43. McIntosh AR, Lobaugh NJ (2004): Partial least squares analysis of
neuroimaging data: Applications and advances. NeuroImage 23:S250–
S263.

44. Krishnan A, Williams LJ, McIntosh AR, Abdi H (2011): Partial least
squares (PLS): Methods for neuroimaging: A tutorial and review.
NeuroImage 56:455–475.

45. Kebets V, Holmes AJ, Orban C, Tang S, Li J, Sun N, et al. (2019):
Somatosensory-motor dysconnectivity spans multiple transdiagnostic
dimensions of psychopathology. Biol Psychiatry 86:779–791.

46. Schleifer C, Lin A, Kushan L, Ji JL, Yang G, Bearden CE, Anticevic A
(2019): Dissociable disruptions in thalamic and hippocampal resting-
state functional connectivity in youth with 22q11.2 deletions.
J Neurosci 39:1301–1319.

47. Zöller D, Sandini C, Karahano�glu FI, Padula MC, Schaer M, Eliez S,
Van De Ville D (2019): Large-scale brain network dynamics provide a
measure of psychosis and anxiety in 22q11.2 deletion syndrome. Biol
Psychiatry Cogn Neurosci Neuroimaging 4:881–892.

48. Calabro FJ, Murty VP, Jalbrzikowski M, Tervo-Clemmens B, Luna B
(2019): Development of hippocampal–prefrontal cortex interactions
through adolescence. Cereb Cortex 30:1548–1558.

49. Woodcock EA, White R, Diwadkar VA (2015): The dorsal prefrontal and
dorsal anterior cingulate cortices exert complementary network sig-
natures during encoding and retrieval in associative memory. Behav
Brain Res 290:152–160.

50. Woodcock EA, Wadehra S, Diwadkar VA (2016): Network profiles of
the dorsal anterior cingulate and dorsal prefrontal cortex in schizo-
phrenia during hippocampal-based associative memory. Front Syst
Neurosci 10:32.

51. Scariati E, Schaer M, Karahanoglu I, Schneider M, Richiardi J,
Debbané M, et al. (2016): Large-scale functional network reorganiza-
tion in 22q11.2 deletion syndrome revealed by modularity analysis.
Cortex 82:86–99.

52. Kraguljac NV, White DM, Hadley N, Hadley JA, ver Hoef L, Davis E,
Lahti AC (2016): Aberrant hippocampal connectivity in unmedicated
patients with schizophrenia and effects of antipsychotic medication: A
longitudinal resting state functional MRI study. Schizophr Bull
42:1046–1055.

53. Samudra N, Ivleva EI, Hubbard NA, Rypma B, Sweeney JA,
Clementz BA, et al. (2015): Alterations in hippocampal connectivity
across the psychosis dimension. Psychiatry Res 233:148–157.
68 Biological Psychiatry July 1, 2021; 90:58–68 www.sobp.org/journa
54. Anteraper SA, Collin G, Guell X, Scheinert T, Molokotos E,
Henriksen MT, et al. (2020): Altered resting-state functional connec-
tivity in young children at familial high risk for psychotic illness: A
preliminary study. Schizophr Res 216:496–503.

55. Schmitt A, Hasan A, Gruber O, Falkai P (2011): Schizophrenia as a
disorder of disconnectivity. Eur Arch Psychiatry Clin Neurosci
261(suppl 2):S150–S154.

56. Zemánková P, Lo�sák J, Czekóová K, Lungu O, Jáni M, Ka�spárek T,
Bare�s M (2018): Theory of mind skills are related to resting-state
frontolimbic connectivity in schizophrenia. Brain Connect 8:350–
361.

57. Weisman O, Guri Y, Gur RE, McDonald-McGinn DM, Calkins ME,
Tang SX, et al. (2017): Subthreshold psychosis in 22q11.2 deletion
syndrome: Multisite naturalistic study. Schizophr Bull 43:1079–1089.

58. Sigurdsson T, Duvarci S (2016): Hippocampal-prefrontal interactions in
cognition, behavior and psychiatric disease. Front Syst Neurosci 9:190.

59. Dienel SJ, Lewis DA (2019): Alterations in cortical interneurons and
cognitive function in schizophrenia. Neurobiol Dis 131:104208.

60. Hamm JP, Peterka DS, Gogos JA, Yuste R (2017): Altered cortical
ensembles in mouse models of schizophrenia. Neuron 94:153–167.e8.

61. Glausier JR, Lewis DA (2018): Mapping pathologic circuitry in
schizophrenia. Handb Clin Neurol 150:389–417.

62. Spellman TJ, Gordon JA (2015): Synchrony in schizophrenia: A win-
dow into circuit-level pathophysiology. Curr Opin Neurobiol 30:17–23.

63. Jardri R, Pouchet A, Pins D, Thomas P (2011): Cortical activations
during auditory verbal hallucinations in schizophrenia: A coordinate-
based meta-analysis. Am J Psychiatry 168:73–81.

64. Hare SM, Law AS, Ford JM, Mathalon DH, Ahmadi A, Damaraju E,
et al. (2018): Disrupted network cross talk, hippocampal dysfunction
and hallucinations in schizophrenia. Schizophr Res 199:226–234.

65. Behrendt R-P (2016): Hallucinatory experience as aberrant event
memory formation: Implications for the pathophysiology of schizo-
phrenia. Prog Neuropsychopharmacol Biol Psychiatry 71:203–209.

66. Lefebvre S, Demeulemeester M, Leroy A, Delmaire C, Lopes R, Pins D,
et al. (2016): Network dynamics during the different stages of hallu-
cinations in schizophrenia. Hum Brain Mapp 37:2571–2586.

67. Kraguljac NV, White DM, Reid MA, Lahti AC (2013): Increased hippo-
campal glutamate and volumetric deficits in unmedicated patients with
schizophrenia. JAMA Psychiatry 70:1294–1302.

68. Tseng K-Y, O’Donnell P (2006): Dopamine modulation of prefrontal
cortical interneurons changes during adolescence. Cereb Cortex
17:1235–1240.

69. Lodge DJ, Grace AA (2007): Aberrant hippocampal activity underlies
the dopamine dysregulation in an animal model of schizophrenia.
J Neurosci 27:11424–11430.

70. Lerner TN, Shilyansky C, Davidson TJ, Evans KE, Beier KT,
Zalocusky KA, et al. (2015): Intact-brain analyses reveal distinct in-
formation carried by SNc dopamine subcircuits. Cell 162:635–647.

71. Mancini V, Zöller D, Schneider M, Schaer M, Eliez S (2020): Abnormal
development and dysconnectivity of distinct thalamic nuclei in patients
with 22q11.2 deletion syndrome experiencing auditory hallucinations.
Biol Psychiatry Cogn Neurosci Neuroimaging 5:875–890.

72. Nakamura Y, Okada N, Koshiyama D, Kamiya K, Abe O, Kunimatsu A,
et al. (2020): Differences in functional connectivity networks related to
the midbrain dopaminergic system-related area in various psychiatric
disorders. Schizophr Bull 46:1239–1248.

73. Meechan DW, Maynard TM, Tucker ES, Fernandez A, Karpinski B,
Rothblat LA, LaMantia AS (2015): Modeling a model: Mouse genetics,
22q11.2 deletion syndrome, and disorders of cortical circuit devel-
opment. Prog Neurobiol 130:1–28.

74. Nyberg L, Karalija N, Salami A, Andersson M, Wåhlin A, Kaboovand N,
et al. (2016): Dopamine D2 receptor availability is linked to
hippocampal–caudate functional connectivity and episodic memory.
Proc Natl Acad Sci U S A 113:7918–7923.

75. Wechsler D, Kodama H (1949): Wechsler intelligence scale for children
(Vol. 1). New York: Psychological Corporation.

76. Wechsler D (1955): Wechsler adult intelligence scale. New York:
Psychological Corporation.
l

http://refhub.elsevier.com/S0006-3223(21)00045-7/sref34
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref34
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref34
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref34
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref35
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref35
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref35
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref35
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref36
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref36
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref36
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref37
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref37
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref37
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref38
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref38
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref39
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref39
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref39
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref40
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref40
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref40
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref40
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref41
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref41
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref42
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref42
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref42
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref43
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref43
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref43
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref44
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref44
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref44
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref45
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref45
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref45
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref46
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref46
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref46
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref46
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref47
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref47
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref47
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref47
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref47
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref48
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref48
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref48
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref49
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref49
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref49
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref49
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref50
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref50
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref50
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref50
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref51
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref51
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref51
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref51
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref52
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref52
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref52
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref52
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref52
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref53
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref53
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref53
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref54
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref54
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref54
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref54
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref55
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref55
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref55
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref56
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref56
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref56
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref56
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref56
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref56
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref56
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref57
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref57
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref57
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref58
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref58
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref59
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref59
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref60
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref60
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref61
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref61
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref62
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref62
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref63
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref63
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref63
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref64
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref64
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref64
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref65
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref65
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref65
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref66
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref66
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref66
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref67
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref67
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref67
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref68
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref68
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref68
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref69
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref69
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref69
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref70
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref70
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref70
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref71
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref71
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref71
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref71
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref72
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref72
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref72
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref72
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref73
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref73
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref73
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref73
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref74
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref74
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref74
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref74
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref75
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref75
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref76
http://refhub.elsevier.com/S0006-3223(21)00045-7/sref76
http://www.sobp.org/journal

	Dysmaturation Observed as Altered Hippocampal Functional Connectivity at Rest Is Associated With the Emergence of Positive  ...
	Methods and Materials
	Participants
	Image Acquisition and Preprocessing
	HIP Connectivity
	Partial Least Squares
	Maturation Pattern

	Results
	Comparing Patients With 22q11DS Against HCs
	Comparing PPS(+) Against PPS(−)

	Discussion
	Considerations and Further Perspectives

	References


