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ABSTRACT

BACKGROUND: Compared with conventional unimodal analysis, understanding how brain function and structure
relate to one another opens a new biologically relevant assessment of neural mechanisms. However, how function-
structure dependencies (FSDs) evolve throughout typical and abnormal neurodevelopment remains elusive. The
22g11.2 deletion syndrome (22q11.2DS) offers an important opportunity to study the development of FSDs and
their specific association with the pathophysiology of psychosis.

METHODS: Previously, we used graph signal processing to combine brain activity and structural connectivity
measures in adults, quantifying FSD. Here, we combined FSD with longitudinal multivariate partial least squares
correlation to evaluate FSD alterations across groups and among patients with and without mild to moderate positive
psychotic symptoms. We assessed 391 longitudinally repeated resting-state functional and diffusion-weighted
magnetic resonance images from 194 healthy control participants and 197 deletion carriers (ages 7-34 years, data
collected over a span of 12 years).

RESULTS: Compared with control participants, patients with 22q11.2DS showed a persistent developmental offset
from childhood, with regions of hyper- and hypocoupling across the brain. Additionally, a second deviating devel-
opmental pattern showed an exacerbation during adolescence, presenting hypocoupling in the frontal and cingulate
cortices and hypercoupling in temporal regions for patients with 22q11.2DS. Interestingly, the observed aggravation
during adolescence was strongly driven by the group with positive psychotic symptoms.

CONCLUSIONS: These results confirm a central role of altered FSD maturation in the emergence of psychotic
symptoms in 22q11.2DS during adolescence. The FSD deviations precede the onset of psychotic episodes and thus

offer a potential early indication for behavioral interventions in individuals at risk.

https://doi.org/10.1016/j.bpsc.2024.05.008

Cognitive processes are the result of dynamic interactions
between brain regions that communicate with each other via
structural pathways and neuronal activations (1,2). While brain
function is expressed on and constrained by the structural
white matter pathways (3), the degree to which the former is
bound by the underlying structure remains a topic of ongoing
research (4,5).

Recent studies showed that the coupling strength between
structure and function follows a macroscale spatial gradient
that spans from more strongly coupled in lower sensory re-
gions to more strongly decoupled in high-level cognitive ones
(6,7), which follows the concept of a sensorimotor-association
axis (8). Variations in coupling strength across different regions
of the brain’s macroscale gradient are rooted in regional dif-
ferences consistent with specific functions in those brain re-
gions (9). In particular, the increased coupling strength of
sensorimotor areas is consistent with rapid and reliable
neuronal responses to both external and internal stimuli. In
contrast, activity in regions involved in higher-order cognitive

processes such as episodic memory or self-referential
thoughts, which are more variable, exhibit greater decoupling
from the underlying structure (6). Therefore, the coupling
strength serves as an informative indicator regarding the pu-
tative function of the respective brain region. Insights gained
from the coupling strength are not only crucial for under-
standing the normative functioning of the brain but also hold
implications for investigating alterations due to neurological
disease and disorders, e.g., the emergence of psychotic
symptoms in schizophrenia (10). Abnormal integration be-
tween brain regions (i.e., dysconnectivity) on both a structural
and functional level is a consistently proposed key mechanism
in psychosis (11-15). Primary findings on the emergence of
psychotic symptoms in schizophrenia have revealed a reduc-
tion in both anatomical and functional connectivity that is
notably evident in frontotemporal connectivity (16-19).
However, considering functional and structural connectivity
separately ignores potentially relevant information about their
interaction (20,21). The investigation of the coupling strength
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between structure and function is a promising approach to
provide further insights into the neurobiological mechanisms
that underlie psychosis. In a smaller cross-sectional study (7),
we investigated functional-structural coupling in adults with
22q11.2 deletion syndrome (22g11.2DS) and its contribution to
positive psychotic symptoms (PPSs). 22q11.2DS is a neuro-
genetic disorder that is among the strongest genetic risk fac-
tors for developing psychosis (22). Approximately 30% to 40%
of deletion carriers are diagnosed with schizophrenia by
adulthood (23-25). Moreover, 22q11.2DS is usually diagnosed
at a young age due to frequently associated heart or cleft
palate malformations (26). Studies on this population consti-
tute a unique opportunity to map the early stages and the
progression of psychosis (27).

The results of our initial study in adults with 22q11.2DS
showed an association between the presentation of PPSs and
weaker coupling in the cingulate gyrus and the parietal lobule,
while stronger coupling was observed in the temporal gyrus
(7). This provided the first evidence regarding how altered
expression of brain function on the underlying structure could
be informative in identifying the neurobiological targets that
contribute to psychosis. However, there are no insights into
the developmental emergence of these alterations. Neverthe-
less, it is crucial to adopt a neurodevelopmental perspective
when investigating psychosis. Recent studies suggest that
prodromal symptoms of psychosis could emerge during early
adolescence, considering psychotic symptoms as a late,
potentially preventable stage of the illness (28-30). Therefore,
here we employed a developmental longitudinal study to
explore the neurodevelopmental trajectory of function-
structure coupling in both healthy control individuals and in-
dividuals with 22q11.2DS across a wide age range, spanning
from childhood to adulthood.

We employed the same methodology as outlined in Preti
and Van de Ville (6), utilizing resting-state functional and
diffusion magnetic resonance images (MRIs). This method in-
tegrates brain function and structure measures to explore the
degree to which brain activity in specific regions relies on un-
derlying white matter connections. We quantified regional
function-structure dependency (FSD) and examined its devel-
opmental trajectories and deviations in patients with
22911.2DS compared with healthy control participants (HCs)
using multivariate partial least squares correlation (PLS-C)
analysis. Given the absence of prior knowledge regarding
developmental deviations, our objective was to identify pat-
terns that underwent the most significant developmental
changes. To achieve this, we constructed the PLS behavior
side with regressors representing age and age X diagnosis
interactions. The PLS method was chosen for its capability to
uncover relationships between 2 data matrices (31). This
approach is particularly well suited for our study, which in-
volves longitudinal analysis in which we utilized age alongside
measures of brain activity. This approach allowed us to discern
whether changes in FSD were an early manifestation or a
consequence of neurodevelopmental processes. We aimed to
identify critical time windows in development during which
significant FSD changes occurred between patients and con-
trol participants. Moreover, we investigated how FSD matu-
ration patterns differed across deletion carriers with and
without mild to moderate PPSs.

Building on previous research in psychosis and 22g11.2DS,
which accentuate consistent involvement of the frontal-
cingulate, parietal, and temporal cortices (32,33), and based
on the findings of our initial study on FSD in adults with
22q11.2DS (7), we hypothesized that patients with 22q11.2DS
would exhibit increased FSD in temporal regions and
decreased FSD in frontal-cingulate regions and the parietal
lobule. We expected these changes to emerge prominently
during adolescence because it has been repeatedly docu-
mented that adolescence is a critical period for brain devel-
opment and further the peak age of onset in psychiatric
disorders (30,33). Furthermore, we expected to see higher FSD
deviations in participants who later develop PPSs, which may
serve as a biomarker to aid the development of interventions in
the early stages of psychosis.

METHODS AND MATERIALS

Participants

The dataset comprised multimodal imaging and behavioral
data from 233 participants, including 108 participants with a
genetically confirmed diagnosis of 22g11.2DS (50 females, age
range: 7.3-34.0 years) and 125 HCs (68 females, age range:
7.4-33.2 years). The number of longitudinal assessments var-
ied between 1 and 5, resulting in 391 longitudinal assessments
(197 for 22q11.2DS carriers and 194 for HCs, collected over a
span of 12 years) overall. Participants’ demographic and clin-
ical characteristics are summarized in Table 1. A detailed
overview of medication use within patients is summarized in
Table 2. Written informed consent was obtained from partici-
pants and/or their parents. The study was approved by the
cantonal ethics committee and was conducted according to
the Declaration of Helsinki.

MRI Acquisition and Processing

Structural and functional MRI data, including T1, resting-state
functional MRI (rs-fMRI), and diffusion MRI (dMRI) were ac-
quired using a 3T Siemens Trio (n = 265) and a 3T Siemens
Prisma-fit (MAGNETOM Trio Upgrade) (n = 126) scanner. See
Supplemental Methods for details about used sequence pa-
rameters. rs-fMRI data were processed using SPM12 (http://
www.fil.ion.ucl.ac.uk/spm/) and the Data Processing Assis-
tant for rs-fMRI. Voxels were averaged using 200 cortical (34)
and 32 subcortical (35) regions of interest (ROIs). A bandpass
filter (0.01-0.1 Hz) was applied, resulting in resting-state
functional time courses for each ROI. An explanation of the
rs-fMRI processing pipeline is provided in Supplemental
Methods.

dMRI and T1 images were processed with an in-house
pipeline using a combination of Mrtrix3 (http://www.mrtrix.
org/) (86) and FSL (37). Processing included the following
steps: 1) extraction of the brain based on T1 images, 2)
warping of the parcellated ROIs from Montreal Neurological
Institute to T1 subject space, 3) transforming T1 and ROls to
dMRI subject space, 4) fiber tracking with the probabilistic
tractography method, and 5) generation of the parcellated
connectome (232 ROIls). An explanation of the diffusion-
weighted MRI processing pipeline is provided in the
Supplemental Methods.

Biological Psychiatry: Cognitive Neuroscience and Neuroimaging September 2024; 9:882-895 www.sobp.org/BPCNNI 883


http://www.fil.ion.ucl.ac.uk/spm/
http://www.fil.ion.ucl.ac.uk/spm/
http://www.mrtrix.org/
http://www.mrtrix.org/
http://www.sobp.org/BPCNNI

Biological
Psychiatry:
CNNI

Neurodevelopmental Trajectories Disturbed in 22q11.2DS

Table 1. Participant Characteristics

Demographic Variable 22g11.2DS Group, n = 108 Healthy Control Group n = 125 p Value
Sex (Female/Male) 108 (50/58) 125 (68/57) 227
No. of Scans (Female/Male) 197 (97/100) 194 (90/104) .397
Participants With 1 Scan 52 70 NA
Participants With 2 Scans 31 41 NA
Participants With 3 Scans 18 14 NA
Participants With 4 Scans 6 0 NA
Participants With 5 Scans 1 0 NA
Average Time Between Longitudinal Visits, Years 4.10 (1.44) 4.01 (1.18) .68°
PPS(+) Participants (Female/Male) 52 (23/29) 0 717
PPS(—) Participants (Female/Male) 48 (23/25) 0

Scanner Type, Prisma-Fit/Trio 71/126 55/139 .10
Average Age, Years 18.65 (5.66) 17.70 (5.79) .10
Average 1Q 71.96 (12.56) 112.15 (13.51) <.001°¢
Motion: Average FD After Scrubbing 0.17 (0.05) 0.13 (0.04) <.001¢
Anxiety Disorder” 56 (51.9%) 0 NA
Attention-Deficit/Hyperactivity Disorder” 57 (52.8%) 0 NA
Mood Disorder” 25 (23.2%) 0 NA
Schizophrenia Spectrum Disorders? 10 (9.3%) 0 NA
More Than 1 Psychiatric Comorbidity” 48 (44.4%) 0 NA
Anticonvulsants® 4 (3.7%) 0 NA
Antidepressants® 27 (25.0%) 0 NA
Neuroleptic® 17 (15.7%) 0 NA
Psychostimulant” 41 (38.0%) 0 NA
Anxiolytic? 5 (4.6%) 0 NA
Antiepileptic® 3 (2.8%) 0 NA

Values are presented as n, n (%), or mean (SD). IQ was measured using the Wechsler Intelligence Scale for Children-IIl (94) and Wechsler Adult Intelligence Scale-Ill (95)
for adults. Presence of psychiatric disorders was assessed through clinical interview with patients using the Diagnostic Interview for Children and Adolescents-Revised
(96), the psychosis supplement from the Schedule for Affective Disorders and Schizophrenia for School-Age Children-Present and Lifetime version (97), and the

Structured Clinical Interview for DSM-IV Axis | disorders (98).

22q11.2DS, 22q11 deletion syndrome; FD, framewise displacement; NA, not available; PPS, positive psychotic symptom.
@Calculated first-level average within-participant measurements, and then second level across all participants.

bsignificant at p < .05 (%2 test).
°Significant at p < .05 (t test).
9Positive if present at any of the assessments.

Function-Structure Dependency

As illustrated in Figure 1A-D, for each participant visit, we
computed the structural decoupling index (SDI) for each ROI,
which indicates the degree of functional signal alignment with
underlying brain structure. Using graph signal processing

Table 2. Overview of Medication Intake Between PPS(+)
and PPS(—) Patients

Demographic Variable PPS(+) PPS(-) p Value
Anticonvulsants® 3 (5.77%) 1 (2.08%) .347
Antidepressants® 19 (36.54%) 8 (16.67%) .025°
Neuroleptic® 14 (26.92%) 3 (6.25%) .006°
Psychostimulant” 23 (44.23%) 18 (37.50%) 494
Anxiolytic? 4 (7.69%) 1 (2.08%) .200
Antiepileptic® 2 (3.85%) 1 (2.08%) .606
At Least 1 Type of Medication 34 (65.38%) 19 (39.58%) .010°

Values are presented as n (%).

PPS, positive psychotic symptom.

2Positive if present at any of the assessments.
bsignificant at p < .05 (%2 test).

methods [detailed in (6) and in the Supplement], we obtained
structural patterns known as structural harmonics. These were
used to project fMRI activity onto structural patterns, thereby
expressing the functional signal as a weighted sum of the
structural patterns. Next, we split functional activity into
components coupled and decoupled from structure based on
structural harmonic frequency. The log, of their ratio (decou-
pled over coupled) yielded the FSD, with negative FSD for SDI
< 1 and positive FSD for SDI > 1.

Clinical Assessment

To investigate the significance of individual developmental
trajectories of FSD for proneness to psychosis, we created
PPS(+) and PPS(—) subgroups using the Structured Interview
for Prodromal Syndromes, an adapted and validated instru-
ment in 22q11.2DS (38,39). This clinical tool was used to
assess the presence and the severity of PPSs at each time
point. The positive subscale includes the following 5 symp-
toms: unusual thought content, suspiciousness, grandiose
ideas, hallucinations, and disorganized communication. Eight

884 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging September 2024; 9:882-895 www.sobp.org/BPCNNI


http://www.sobp.org/BPCNNI

Biological
Psychiatry:
CNNI

Neurodevelopmental Trajectories Disturbed in 22g11.2DS

§(1) &
§,(1)

85(1)

Low frequency

1

Time

Enorgy Spootral Donaity

Decoupling

Brain activity decomposition

(SDIy
HHWN =1 x € [0,N]
L+ SN=-1) y = log,x

BN &

= Structural-decoupling index (SDI)

(D Structural-decoupling index

Functional-Structural dependency
(FSD)

» 154

High frequency

y €[-N,N]
l g for each parcel
el for each subject
J 5
=)
«Q
Time

(E Brain data matrix Behaviour variable matrix

+—— Regions N

Participants K ———»

Grouping
Mean age
Delta age
Inter age (Mean age * Delta age)
Mean age * Grouping

values

N

Hp Significant latent components (LC)

Brain salience Behaviour loadings

» R
EL s

DOBOO O

Delta age * Grouping
Inter age * Grouping

S~ N

«— Participants K—»
m
(92}
O

P e
T
o e k4
Brain scores

Development scores

Partial least

N

—» | squares (PLS)
Correlation

I by

Figure 1. Method pipeline. (A) SC in 232 atlas regions. (B) SC eigendecomposition led to structural harmonics with increasing spatial frequency k. (C) Brain
activity at every time point t(s;) was written as a linear combination of harmonics [by using coefficients s(t)]. The median-split criterion on the activity energy
spectral density ¢ (inset) was used to split the spectrum and decompose brain activity into coupled/decoupled portions stc and s? (using low/high-frequency
harmonics, respectively; A = harmonic frequency). The ratio between decoupled/coupled signal norms is defined as the SDI. (D) A binary logarithm was applied
on structural decoupling indices to obtain FSD values; negative FSD for SDI < 1 and positive FSD for SDI > 1. (E) Design of longitudinal PLS correlation
analysis. (F) Output of PLS correlation for each significant LC. FSD, function-structure dependency; LC, latent component; PLS, partial least squares; SC,

structural connectome; SDI, structural decoupling index.

participants were excluded because they were too young for
clinical assessment or had missing data points. For the rest of
the 100 participants with the deletion, patients were consid-
ered PPS(+) (n = 52) if they scored =3 during at least 1 visit on
any of the subscales for PPSs. The remaining participants
were considered PPS(—) (n = 48). With this clinical cutoff, we
wanted to focus on which patients reach the intensity of mild to
moderate psychotic symptoms. This criterion was chosen in
line with studies that have shown the clinical value of this
threshold for determining psychosis high-risk state (40-42).
Given that the frequency and intensity of PPSs is known to
fluctuate considerably across time, to characterize atypical
neurodevelopmental mechanisms that may contribute vulner-
ability to their emergence, a score =3 represents a more liberal
threshold, which would essentially separate individuals who
endorsed psychotic symptoms at some point from those who
did not.

PLS-C With Longitudinal Regressors

As illustrated in Figure 1E, F, to explore longitudinal changes in
FSD maturation, we utilized PLS-C (31,43) using the myPLS
toolbox (https://github.com/MIPLabCH/myPLS). Behavioral

Biological Psychiatry: Cognitive Neuroscience and Neuroimaging September 2024; 9:882-895 www.sobp.org/BPCNNI

variables, including diagnosis and age regressors, were
incorporated to capture brain maturation over time. Mean age,
delta age, and interage constructs were defined to reflect
cross-sectional, longitudinal, and interaction effects, respec-
tively. PLS-C was applied to FSD values and age longitudinal
regressors for all participants. The significance of latent com-
ponents (LCs) was determined via permutation testing fol-
lowed by bootstrap analysis for stability assessment. Sex and
motion estimates during rs-fMRI were regressed out prior to
PLS-C. Brain and development scores were derived for each
participant to complement brain and behavioral saliency in-
sights. A detailed explanation of the inputs and the procedure
of the PLS-C is provided in Supplemental Methods.

RESULTS

To assess the difference between FSD development in pa-
tients with 22q11.2DS and HCs, we applied a longitudinal PLS-
C analysis, which resulted in 4 significant LCs (LC1: p < .001,
LC2: p < .001, LC3: p < .002, LC4: p < .004) that explained
90% of the cross-covariance. Below, we describe LCs 1 to 3 in
terms of their developmental trajectories and the associated
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brain regions. LC4 is discussed in the Supplement because its
explained cross-covariance was <9%.

A second PLS-C analysis was conducted to compare dif-
ferences among patients with and without PPSs. This
assessment of FSD on PPSs resulted in 2 significant compo-
nents (PPS-LCs) (PPS-LC1: p < .001, PPS-LC2: p < .001) that
explained 59% of the 22g11.2DS data. Subsequently, we
describe how PPS-LC1 and PPS-LC2 captured different
developmental trajectories with their associated brain pattern
in the 2 subgroups in the deletion carriers.

LC1: Divergence of Developmental Trajectory of
FSD in 22q11.2DS

LC1 (p = .001) accounted for 37.76% of FSD-behavior cross-
covariance (Figure S4), with a strong post hoc correlation
(r = 0.46) between FSD values and behavioral scores
(Figure 1A, B). Given the consistent increasing expression of
this component in HCs, it can be interpreted as the FSD
maturation pattern that patients with 22q11.2DS failed to
follow. HCs showed steady maturation with age, whereas
participants with 22911.2DS expressed almost no develop-
mental increase. Furthermore, the FSD developmental trajec-
tory started to decrease its expression around adolescence
(Figure 1C, D).

The brain pattern (Figure 1E) was characterized by 2 sets of
regions that showed opposite developmental FSD alterations.
The first set, displayed in blue, consisted of regions with pro-
gressive coupling in HCs but failure to increase coupling in
participants with 22g11.2DS, which developed a larger gap
during adolescence. Such progressive hypocoupling included
regions of the frontoparietal network (left posterior parts of the
temporal gyrus, left inferior parietal gyrus, medial cingulate
cortex, and lateral prefrontal cortex [PFC]), the salience/ventral
attention network (frontomedial lobule, inferior parietal lobule,
and left insula), the default mode network (DMN) (posterior
cingulate cortex, left precuneus, medial PFC), and supple-
mentary motor regions, as well as the subcortical ventro- and
dorsoposterior thalamus, right dorsoanterior thalamus, nu-
cleus accumbens shell, left anterior caudate, and left medial
amygdala. Conversely, the regions displayed in red presented
a developmental excessive coupling in participants with
22g11.2DS. Such developmental hypercoupling included re-
gions of the DMN-medial temporal lobe network (parts of the
right temporal gyrus, right temporal poles, right superioparietal
lobule, left fusiform, and right lateral amygdala), as well as the
subcortical right anterior globus pallidus.

LC2: Early Hit in 22q11.2DS

LC2 (p = .001) accounted for 25.71% of FSD-behavior cross-
covariance (Figure S4), with a strong post hoc correlation (r =
0.65) between FSD values and behavioral scores (Figure 2A).

This component was mainly characterized by a similar
maturation trajectory accompanied by a negative offset, which
persisted into adulthood (Figure 2C, D).

The brain pattern (Figure 2E) regions displayed in blue had
generally lower coupling in 22q11.2DS, although increasing
coupling with age was found in both groups. Hypocoupling in
229g11.2DS largely affected regions involved in the DMN
(precuneus, parahippocampus, retrosplenial cortex,

superioparietal cortex, and temporal lobe), dorsal and lateral
PFC, visual cortex, and subcortical anterior putamen. Regions
displayed in red consisted of regions with general hyper-
coupling in patients with 22g11.2DS and decreasing coupling
with age in both groups. Such hypercoupling in 22911.2DS
included regions in the primary and secondary somatomotor
network (motor, premotor, sensorimotor, auditory), temporal
lobes, right temporal poles, orbitofrontal cortex, subcortical
nucleus accumbens, and left ventroposterior thalamus.

LC3: Potential Compensation in 22q11.2DS

LC3 (p = .002) accounted for 18.70% of FSD-behavior
cross-covariance (Figure S4), with a strong post hoc correla-
tion (r = 0.52) between FSD values and behavioral scores
(Figure 3A).

This component can be interpreted as one that is exclu-
sively expressed in 22q11.2DS and reflected an overshoot as
age increased. LC3 was scarcely expressed in HCs (as
demonstrated by the development score remaining steadily
around 0), whereas patients with 22g11.2DS showed a
developmental decreasing trajectory that was largely driven by
the delta age loading (Figure 3C, D).

The brain pattern (Figure 1E) regions displayed in blue were
characterized by initial hypercoupling that turned into hypo-
coupling in 22q11.2DS. These regions are part of the left
salience—-ventral attention network (left inferior frontal opercu-
lum, left ventrolateral PFC, inferior parietal lobule, frontal-
parietal midline regions) and the dorsal attention network
(frontal eye field and posterior parietal cortex). Regions dis-
played in red represented an initial hypocoupling that eventu-
ally developed into a hypercoupling in 22g11.2DS. Such
developmental hypercoupling mainly affected regions in the
inferior temporal lobes and temporal poles, left para-
hippocampus, right primary and secondary somatomotor and
central visual regions, auditory cortex, and insula as well as the
subcortical left lateral amygdala, right anterior globus pallidus,
right anterior caudate, right dorsoposterior thalamus, and
ventroposterior thalamus.

Longitudinal PLS Revealed 2 Robust LCs Linking
FSD With PPSs

PPS-LC1: Strong Developmental Contrast in PPS(+/-)
in 22q11SD. PPS-LC1 (p = .001) accounted for 36.32% of
FSD-behavior cross-covariance (Figure S6), with a strong post
hoc correlation (r = 0.50) between FSD values and behavioral
scores (Figure 4A).

This brain component can be interpreted as one that mainly
showed an FSD developmental distinction between patients
with and without PPSs. Both psychopathology and aging had
a considerable effect on this component (Figure 4B), as
expressed by a clear decrease in FSD maturation starting
around adolescence for patients with PPSs (Figure 4C, D).

The brain pattern (Figure 4E) encompassed regions in blue
with higher coupling in patients without PPSs and abnormally
low coupling in patients with PPSs, which became most severe
during adolescence. Such progressive hypocoupling largely
included the inferior frontal gyrus, supplementary motor areas,
the control network (lateral PFC and medial cingulate cortex),
the salience/ventral attention network (left insula and left
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Behavior loadings

Figure 2. Latent component 1 (LC1) showed
developmental divergence in 22q11.2DS. LC1
reflected typical development and its deviation in

22q11.2DS. (A) Correlation between individual-
specific FSD values and behavioral scores of
healthy control participants (green) and patients
with 22q11.2DS (purplish-red). (B) The design
salience of LC1 revealed a negative diagnosis
effect, a positive mean age effect, and a negative
effect of the age X diagnosis interaction. (C)
Comparing development scores of patients with
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22911.2DS with those of healthy control partici-
pants revealed that age scores increased with
@%& age in healthy control participants but failed to
follow the development pace and even start to
decrease at age 15 for patients. (D) BSs were
lower in patients with 22911.2DS (negative
diagnosis effect). In addition, BSs were less
. affected by aging (negative interaction effect) in
patients, which points toward dysmaturation.
Fitted line and 95% Cls are plotted to visualize
the age X diagnosis interaction effect captured
by partial least squares correlation in the bar plot
in (B). (E) The pattern of brain salience can be
interpreted as areas of developmental too low
coupling (blue) and developmental too high
2 coupling (red) in patients with 22911.2DS. Slice
direction from top left to bottom right: from the
right to the left side of the brain. 22911.2DS,
22q11.2 deletion syndrome; BS, brain score;
FSD, function-structure dependency.

Red: higher coupling in 22q11.2DS, decreasing developmental trajectory

inferior parietal lobule), and the DMN (right anterior and pos-
terior cingulate cortices, precuneus, and right medial PFC). The
regions presented in red showed developmental excessive
coupling in patients with PPSs. Such developmental hyper-
coupling largely included regions of the inferior temporal gyrus,
temporal poles, right insula, left orbitofrontal cortex, and
exclusively right subcortical structures (ventroanterior thal-
amus, nucleus accumbens core, anterior globus pallidus, and
anterior caudate).

PPS-LC2: Maturation of 22q11.2DS Carriers. PPS-
LC2 (p = .001) accounted for 22.62% of FSD-behavior cross-
covariance (Figure S6), with a large post hoc correlation (r =
0.64) between FSD values and behavioral scores (Figure 5A).
This component mainly captured the effect of maturation as
indicated by an effect for diagnosis and a stronger effect for aging
as indicated by a large stable mean age loading (Figure 5C, D).

The brain pattern (Figure 5E) regions displayed in blue
showed higher coupling in patients with PPSs and increasing
coupling with age in both groups. Developmental hyper-
coupling affected parts of the superior parietal lobule, insula,
lateral PFC, and right precuneus. Regions in red had lower
coupling in patients with PPSs and decreasing coupling with
age in both groups. Such hypocoupling was present in regions
of the visual network (striate and extrastriate), paracentral
lobule, medial cingulate, subcortical bilateral nucleus accum-
bens shell, anterior caudate, and left posterior hippocampus.

DISCUSSION

We employed a multivariate longitudinal analysis to explore
FSD across the brain in a substantial cohort of individuals with
22911.2DS and provided robust evidence of abnormal FSD
development. Two distinct developmental patterns emerged:
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Figure 3. Latent component 2 (LC2) showed
early offset in 22q11.2DS. LC2 reflected an early
hit. (A) Correlation between individual-specific
FSD values and behavioral scores of healthy
control participants (green) and patients with
22g11.2DS  (purplish-red). (B) The design
salience of LC2 revealed a large negative diag-
nosis and a negative mean age effect. (C)
Comparing developmental scores of patients
e with 22g11.2DS with those of healthy control
participants revealed a negative offset that was
R already present at the beginning of the age span
o W S T (7 years) and persisted throughout development.
(D) BSs were lower in patients with 22911.2DS
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(negative diagnosis effect), but both patients with
22g11.2DS and healthy control participants
showed a developmental decrease with
increasing age. Fitted line and 95% Cls are
plotted to visualize the age X diagnosis inter-

. action effect captured by partial least squares

correlation in the bar plot in (B). (E) The pattern of
brain salience can be interpreted as areas of
developmental too low coupling (blue) and
developmental too high coupling (red) in patients
with 22g11.2DS. However, the negative slope
has to be interpreted as an increase in coupling
strength. 22g11.2DS, 22qg11.2 deletion syn-
20 % % i drome; BS, brain score; FSD, function-structure
Age dependency; LC, latent component.

Blue: hypo-coupling in 22q11.2DS, increasing during development
Red: hyper-coupling in 22q11.2DS, decreasing developmental trajectory

an early hit, manifested by a shift in FSD that persisted
throughout development, and an exacerbation of FSD devia-
tion that occurred during adolescence and was associated
with the emergence of PPSs.

Early Hit Persisted Throughout Development:
Implication for Overall Deficits in 22q11.2DS

LC2 (Figure 2C) shows participants with 22q11.2DS displaying
an early FSD developmental offset that persisted throughout
their development. This offset implies an equivalent 5- to 7-
year delay in brain development between HCs and in-
dividuals with 22g11.2DS, which suggests the possibility of a
developmental FSD deviation in 22g11.2DS that begins early in
life. Looking at the brain pattern of LC2 (Figure 2E), this delay

affected regions involved in higher-order cognitive, behavioral,
and motor coordination—related regions—all categories well
known as difficulties in participants with 22q11.2DS (44-46).
Notably, PPS-LC2 exhibited a similar age pattern as LC2
(Figure 6B-D), which indicates that the sustained deviation in
LC2 is not only a distinguishing factor between HCs and in-
dividuals with 22q11.2DS but also contains information related
to PPSs, which is represented as a slight gradient among
PPS(+/-) patients (Figure 6A, C, D). Surprisingly, patients with
PPS(+) demonstrated a brain pattern slightly more closely
aligned with HCs than PPS(—) patients, indicating that other
factors such as neurobiological or environmental influences
play a more substantial role in the emergence of PPSs than the
FSD deviations captured in PPS-LC2. Furthermore, this may
reveal a compensatory brain development mechanism in
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22911.2DS. Such compensatory mechanisms have been
documented in schizophrenia, where changes in brain struc-
ture and function appear as deviations from healthy norms but
are associated with less severe symptoms and better
cognitive profiles (47,48). In this situation, genetically sus-
ceptible regions may have potentially localized compensa-
tory changes to escape the negative influence of the disease
risk on its structure and function. Thus, increased local de-
viations of regions visible in Figure 6 (PPS-LC2) may be
interpreted as compensatory processes that lead to less
severe psychotic symptoms in patients with 22q11.2DS. This
tentative explanation should be taken with caution, and more
investigation is needed to elucidate the impact of the early hit
on compensatory mechanisms in psychotic symptoms. In
conclusion, the early hit comes with a persistent offset that
does not appear to cause the occurrence of PPSs but may
contribute to day-to-day difficulties experienced by deletion
carriers.
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Abnormal FSD Was Aggravated During
Adolescence: A Central Feature in 22¢q11.2DS and
Psychotic Symptoms

Both LC1 (Figure 1C) and LC3 (Figure 3C) revealed a devel-
opmental exacerbation of abnormal FSD during adolescence
in 22911.2DS. LC1 demonstrated less coupling, primarily in
the frontal and cingulate cortices, while LC3 exhibited
increased coupling in the temporal cortices, regions well
known for their involvement in higher-order cognitive functions
(49-52). This relationship was recently further confirmed in a
study investigating individual cognition and SDI. The authors
showed that better cognition prediction was achieved by using
high-level hierarchical SDI brain regions such as the PFC (53).
Interestingly, executive function has been associated with
lower prefrontal SDI (54). These findings suggest that although
hierarchically higher SDI brain regions are significantly involved
in cognition, optimal cognitive performance does not
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. . Figure 5. The fourth latent component (PPS-
B Behavior loadings

A Correlation between scores LC1) showed developmental divergence in

PPS(+). PPS-LC1 reflected a FSD development
distinction in PPS(+) and PPS(-) patients. (A)
Correlation between individual-specific FSD
values and behavioral scores of PPS(—) (blue)
and PPS(+) participants (orange). (B) Design
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the age X diagnosis interaction effect captured
by partial least squares correlation in the bar plot
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necessarily correlate with an increasing degree of decoupling.
Our findings in LC1, showing abnormally lower coupling
(higher SDI) in frontal regions in patients, suggest that too low
coupling (too high SDI) may also not be conducive to optimal
cognitive function. This implies the existence of a locally
nuanced FSD bandwidth within which healthy brain perfor-
mance thrives. Notably, LC1 mirrors results from a previous
cross-sectional study that compared coupling strength in
adults with and without 22q11.2DS (7) (see Figure S11 for
quantification of the similarity of whole-brain FSD values).
Therefore, LC1 may present the developmental pathway that
leads to the impairment found in adults. Moreover, LC1 is
primarily driven by normal maturation of the healthy population
(see Figures S13 and S16 for separate group PLS-C). This may
lend evidence to previous conjecture (7) that optimal frontal
FSD is partially a result of the pruning process of structural

890

connections that occur in typical development. We observed
patients with 22q11.2DS exhibiting abnormally lower coupling
in frontal regions. Increasing evidence suggests abnormal
pruning processes that contribute to an immature frontal cor-
tex struggling to establish optimal connections to support
complex executive functions (30,55). Structural impairments in
the PFC and abnormal pruning have been documented in
22911.2DS (56,57). A recent mouse study documented the
crucial role of glutamate in synaptic pruning, where glutamate
binds to NMDA receptors and thereby protects dendrites from
being pruned (58). Interestingly, the very recent study
mentioned above (53) reported a significant relationship be-
tween higher SDI and higher glutamate (mGIuR5) receptors/
transporters predominantly in frontal regions. Elevated gluta-
matergic levels in the PFC, including the anterior cingulate
cortex, were observed in unmedicated patients with
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Figure 6. PPS-LC2 showed the maturation of
deletion carriers. The fifth latent component
02 (PPS-LC2) reflected a gradient PPS(+) and
PPS(-) patients. (A) Correlation between
individual-specific FSD values and behavioral
02 scores of PPS(—) (blue) and PPS(+) (orange)
participants. (B) The design salience of LC2
revealed a positive diagnosis and a large nega-
tive mean age effect. (C) Comparing develop-
08 mental scores of PPS(+) patients to those of
PPS(—) patients revealed a negative develop-
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schizophrenia (59-61) and in patients with 22911.2DS (62).
Although our results do not present any direct link to gluta-
matergic levels or pruning processes, our findings and the
literature support the link between abnormal FSD development
and abnormal pruning processes possibly caused by disturbed
glutamatergic signaling in patients with 22g11.2DS. However,
the underlying mechanism behind the abnormal high coupling
in temporal regions is not clear and requires further
investigation.

Interestingly, our findings in patients with and without mild
to moderate PPSs revealed a similar onset of alterations during
adolescence and brain pattern (Figure 4D, E) as LC1. Notably,
the alteration was predominantly driven by patients with PPSs.
The parallel contrasts observed in both HCs/22q11.2DS (LC1)
and PPS(+/-) (PPS-LC1) patients underscore the docu-
mented notion of psychosis as a consequence of atypical

adolescent brain maturation (63-65). Hypocoupling was
observed in core regions of the DMN (precuneus—posterior
cingulate cortex, anterior cingulate cortex-medial PFC) and
in task-positive regions (lateral PFC, supplementary motor re-
gion, right inferior parietal lobule, left insula, and left auditory
cortex). With respect to hypercoupling, only the inferior tem-
poral gyrus, temporal poles [as sensory-associated nodes of
the DMN (66-68)], and parts of the striatum were revealed.
DMN-related functions appear to be altered in patients
expressing PPSs (69-73), with recent studies on psychotic
symptoms demonstrating that patients with schizophrenia fail
to reduce DMN activity during task performance (74-76). This
suggests that efficient DMN suppression during externally
goal-directed cognitive tasks is crucial for adaptive disen-
gagement from internal information processing (77). Impaired
DMN suppression may hinder individuals from focusing on
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ongoing tasks (78,79). The presence of abnormally low
coupling in core DMN nodes and task-positive regions may
indicate a deficit in functional segregation between these
networks (80,81). This deficit may result from insufficient dif-
ferentiation of functional processes despite underlying struc-
tural connections (82). On the other hand, previous studies
have linked increased coupling to more direct control of
cortical regions by sensory inputs (83,84). Therefore, excessive
coupling in sensory-associated DMN nodes and in the striatum
may reflect overengagement in activation. This overactivation
may result in simultaneous activation of the DMN and task-
related networks even when one should be deactivated,
which causes a blending of intrinsic and extrinsic information
processing. In fact, abnormal coactivation of the DMN with
sensory thalamic loops has been documented in patients with
22911.2DS and proposed as a mechanism of sensory hallu-
cinations (85,86). Moreover, studies have shown that altered
dynamics of activation and deactivation between the DMN and
task-positive networks leads to concurrent activation, thereby
attenuating the intended brain signals (87,88). Therefore,
excessive coupling of sensory DMN and striatum may lead to
misattributed salience, potentially blurring the distinction be-
tween one’s internal mental and external reality and thus
contributing to the manifestation of abnormal perceptions and
delusional experiences (89).

Conclusion and Future Perspectives

We examined healthy and abnormal maturation of whole-brain
FSD in neurotypical control individuals and patients with
22011.2DS using FSD in a multivariate longitudinal analysis.
This study provides the first evidence of altered developmental
trajectories in 22q11.2DS across a whole-brain FSD pattern.
However, the findings of this study prompt some methodo-
logical considerations. While multivariate longitudinal analysis
is a powerful tool for detecting abnormal patterns undergoing
development, these patterns must be considered as a whole,
and no strict conclusions can be drawn for the individual
nodes. The studied population is a mixture of longitudinal and
cross-sectional samples. Acquiring high-quality longitudinal
data from patients with a rare deletion is extremely challenging,
and this cohort is unique in this regard. In this respect, the
flexibility of the longitudinal PLS-C to adapt the number of
visits for each participant makes it particularly well equipped to
consider the combination of longitudinal and cross-sectional
data. Furthermore, tractography reconstruction was applied
on diffusion tensors obtained from single-shell dMRI images
acquired along 30 directions using a b value of 1000 s/mm,
which are the minimal technical requirements for optimal
tensor estimation (90). To compensate for that, anatomically
constrained tractography and spherical deconvolution—
informed filtering of tractograms algorithms were adopted in
the tractographic reconstruction of the structural connectome.
These methods have been shown to produce more biologically
realistic connectomes (91,92), leading to more interpretable
results. Nonetheless, this correction is not perfect, and brain
network metrics computed on structural connectome were
previously shown to be affected by the methods used to
perform tractogram bias correction (93). The effect of different

structural connectome processing choices may need evalua-
tion in future work. Additionally, considering medication and its
potential confounding effects was difficult because this large,
long-term ongoing cohort accepts participants treated by
multiple physicians. Therefore, obtaining a comprehensive
history of medication input along with dosage and control of
the adherence to the treatment is difficult. The same is also
valid for the information of the deletion breakpoint subtypes.
There was not precise enough information from deletion car-
riers to consider it in our analysis. For a thorough evaluation of
the effect of medication or deletion breakpoint subtypes on
FSD alterations, a more controlled setting is needed.

This is the first study to assess longitudinal FSD alterations
and their contribution to psychopathology in 22q11.2DS. Our
work has identified 2 distinct FSD development patterns in this
population. The first pattern indicated an early onset alteration,
reflecting a persistent gap between HCs and individuals with
22g11.2DS and signifying a delay in brain development. The
brain regions affected by this early hit match the wide range of
behavioral and cognitive deficits that have been reported in the
literature on 229g11.2DS. The second pattern showed a clear
developmental deviation that is exacerbated during adoles-
cence, which affects brain regions with both hyper- and
hypocoupling compared with HCs. This FSD deviation severity
appears to be linked to a higher risk of developing psychotic
symptoms.

These findings confirm that the analysis of longitudinal
FSD data can pinpoint neural substrates despite the broad
variability in behavior and psychopathological development
seen in 22q11.2DS. Due to the still sparse literature on FSD
and particularly its biological underpinning, future studies are
needed to provide further insight into the biological corre-
lates of FSD, such as microstructural changes (e.g., multi-
shell diffusion), further investigation of neurotransmitter
concentrations like dopamine or glutamate (e.g., magnetic
resonance spectroscopy), the dynamics between and within
brain networks (e.g., coactivation pattern analysis), or even
translational studies (e.g., in mice) that combine fMRI with
invasive measures of brain structure. These additional mea-
sures may help us understand the mechanisms that underlie
developmental FSD changes.
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