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Abstract

Chromosome 22q11.2 deletion syndrome (22q11DS) is a neurodevelopmental disorder associated with a broad phenotype
of clinical, cognitive and psychiatric features. Due to the very high prevalence of schizophrenia (30-40 %), the investigation
of psychotic symptoms in the syndrome is promising to reveal biomarkers for the development of psychosis, also in the
general population. Since schizophrenia is seen as a disorder of the dynamic interactions between brain networks, we
here investigated brain dynamics, assessed by the variability of blood oxygenation level dependent (BOLD) signals,
in patients with psychotic symptoms. We included 28 patients with 22q11DS presenting higher positive psychotic
symptoms, 29 patients with lower positive psychotic symptoms and 69 healthy controls between 10 and 30 years old.
To overcome limitations of mass-univariate approaches, we employed multivariate analysis, namely partial least squares
correlation, combined with proper statistical testing, to analyze resting-state BOLD signal variability and its age-
relationship in patients with positive psychotic symptoms. Our results revealed a missing positive age-relationship in
the dorsal anterior cingulate cortex (dACC) in patients with higher positive psychotic symptoms, leading to globally
lower variability in the dACC in those patients. Patients without positive psychotic symptoms and healthy controls
had the same developmental trajectory in this region. Alterations of brain structure and function in the ACC have
been previously reported in 22q11DS and linked to psychotic symptoms. The present results support the implication of
this region in the development of psychotic symptoms and suggest aberrant BOLD signal variability development as a
potential biomarker for psychosis.
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1. Introduction

Chromosome 22q11.2 deletion syndrome (22q11DS) is a
neurodevelopmental disorder that comes with a vast cog-
nitive and clinical phenotype (Oskarsdóttir et al., 2004;
Maeder et al., 2016; Karayiorgou et al., 2010; McDonald-
McGinn et al., 2015). The prevalence of schizophrenia
in adult patients with the disorder is estimated at 30 %
to 40 % (Murphy et al., 1999; Lewandowski et al., 2007;
Schneider et al., 2014), which makes the deletion syndrome
a model for the study of neurodevelopmental markers of
psychosis and schizophrenia (Bassett & Chow, 1999).

Even though the exact neural mechanisms that may un-
derlay the pathophysiology of psychosis and schizophrenia
remain uncertain, schizophrenia is commonly seen as a dis-
order of functional network dysconnectivity rather than re-
gionally specific pathophysiology (Friston et al., 1996; Fris-
ton, 1998). The recently proposed triple network model
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(Menon, 2011) sees mental disorders as a disruption of
the interaction between three large scale brain networks in
particular, namely the default mode network (DMN), the
central executive network (CEN) and the salience network
(SN). Findings in schizophrenia confirm and emphasize
this hypothesis as a model for the disorder (Nekovarova
et al., 2014). More precisely, structural and functional
findings in the anterior cingulate cortex and the insula, two
main regions of the SN (Nekovarova et al., 2014), suggest
that disruptions in the SN mediate the altered relationship
between DMN and CEN.

Since alterations in schizophrenia are obviously complex
and more and more research confirms the impairment of
brain dynamics in the disorder (Van Den Heuvel & For-
nito, 2014), the investigation of brain dynamics in psy-
chosis seems a promising approach when searching for neu-
ral correlates of its development. One simple approach to
probe into dynamic brain function is moment-to-moment
blood oxygenation level dependent (BOLD) signal vari-
ability (Garrett et al., 2013b). Even though it is not com-
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monly considered in resting-state functional magnetic res-
onance imaging (fMRI) studies, its implication in develop-
ment and cognitive performance suggests its importance
for healthy brain function (Grady & Garrett, 2014). In-
deed, higher temporal signal variability reflects a higher
dynamic range and network complexity, which is crucial
for the function of neural systems (Deco et al., 2009, 2011;
Garrett et al., 2013b; McIntosh et al., 2010). Findings in
electroencephalography (EEG), magnetoencephalography
(MEG) and fMRI suggest that brain variability increases
from child- to adulthood (McIntosh et al., 2008; Lippé
et al., 2009; Misić et al., 2010; Miskovic et al., 2016; Zöller
et al., 2017) and is reduced under anesthesia (Huang et al.,
2016). Furthermore higher variability has been linked to
better cognitive performance (Garrett et al., 2013a, 2014),
cognitive flexibility (Armbruster-Genc et al., 2016) and
better pain coping (Rogachov et al., 2016).

While there are several studies relating psychosis in
22q11DS to altered brain morphology and structural con-
nectivity (Scariati et al., 2016a), only few investigated
brain function in relationship to psychosis (Debbané et al.,
2012; Mattiaccio et al., 2016; Scariati et al., 2014; Padula
et al., 2017; Tomescu et al., 2014). Two resting-state fMRI
studies on whole brain functional connectivity linked in-
creased DMN activity in 22q11DS to psychotic symptoms
(Debbané et al., 2012; Mattiaccio et al., 2016). Padula
et al., 2017 investigated functional connectivity within and
between DMN, CEN and SN in 22q11DS, but did not find
any significant relationship with psychotic symptoms. Us-
ing a multivariate approach, another resting-state fMRI
study revealed a connectivity pattern that discriminated
patients presenting prodromal positive symptoms (Scariati
et al., 2014). The pattern included the anterior cingulate,
right inferior frontal and left superior temporal cortices.
Furthermore, an EEG study in patients with 22q11DS has
linked altered SN function (i.e. the over-representation
of EEG microstate C) to the presence of hallucinations
(Tomescu et al., 2014; Britz et al., 2010).

While we already investigated BOLD signal variabil-
ity alterations and development in 22q11DS (Zöller et al.,
2017), to date no study has revealed its relationship to psy-
chotic symptoms in 22q11DS. Here, we employed partial
least squares correlation (PLSC; Krishnan et al., 2011) as
a powerful multivariate approach to reveal alterations and
age-relationship of BOLD variability related to psychotic
symptoms in 22q11DS. We furthermore compared BOLD
variability in patients with and without psychotic symp-
toms to healthy controls (HCs) to evaluate alterations in-
trinsic to the presence of psychotic symptoms.

2. Methods

2.1. Participants

In the present study, we included 57 patients with
22q11DS aged between 10 and 30 years and 69 HCs in
the same age range. HCs were recruited amongst siblings

of the patients and through the Geneva state school sys-
tem. Within the group of patients with the microdeletion,
psychotic symptoms were assessed using the Structured
Interview of Prodromal Symptoms (SIPS; Miller et al.,
1995). Patients with a score of >= 3 in at least one of
the positive SIPS sub-scales (i.e. Unusual Thought Con-
tent, Suspiciousness, Grandiosity, Hallucinations, and Dis-
organised Communication) were considered as having at-
tenuated positive symptoms aside the criteria of frequency
and duration (Fusar-Poli et al., 2013). Amongst the pa-
tients with 22q11DS, 28 patients were diagnosed with at
least attenuated positive symptoms (PS+), while the re-
maining 29 had low positive symptoms scores (<= 2) and
were included in the PS- group. In the PS+ group, five pa-
tients were diagnosed with a psychotic disorder according
to DSM-IV-TR criteria (see Supplementary Table S1). For
more detailed demographic information, see table 1. Writ-
ten informed consent was received from participants and
their parents (for subjects younger than 18 years old). The
research protocols were approved by the Institutional Re-
view Board of Geneva University School of Medicine. For a
summary on criteria for the exclusion of subjects from our
initial cohort and information on subjects included in our
previous fMRI studies refer to Supplementary Materials.

2.2. Image acquisition

All MRI brain scans were acquired at the Centre
d’Imagerie BioMédicale (CIBM) in Geneva on a Siemens
Trio (N = 86: 53 HCs, 18 PS+, 15 PS-) and a Siemens
Prisma (N = 40: 16 HCs, 10 PS+, 14 PS-) 3 Tesla scan-
ner. Structural images were obtained with a T1-weighted
sequence of 0.86×0.86×1.1 mm3 volumetric resolution (192
slices, TR = 2500 ms, TE = 3 ms, acquisition matrix = 224
× 256, field of view = 22 cm2, flip angle = 8◦). Resting-
state fMRI data were recorded with a T2-weighted se-
quence of 8 minutes (voxel size = 1.84×1.84×3.2 mm, 38
slices, TR = 2400 ms, TE = 30 ms, flip angle = 85◦). Dur-
ing the resting-state session, participants were instructed
to let their minds wander and not to think of anything in
particular, while fixing a cross on the screen, and not to
fall asleep.

2.3. Preprocessing

In the present study, data were processed simi-
larly as in our previous paper on BOLD variabil-
ity in 22q11DS (Zöller et al., 2017). MRI prepro-
cessing was done using Statistical Parametric Mapping
(SPM12, Wellcome Trust Centre for Neuroimaging, Lon-
don, UK: http://www.fil.ion.ucl.ac.uk/spm/) and func-
tions of the Data Processing Assistant for Resting-State
fMRI (DPARSF; Yan, 2010) and Individual Brain Atlases
using Statistical Parametric Mapping (IBASPM; Aleman-
Gomez et al., 2006) toolboxes. After realignment of
functional scans, we applied spatial smoothing with an
isotropic Gaussian kernel of 6 mm full width half maxi-
mum (FWHM) and coregistered structural scans to the
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Table 1: Demographic information.

PS+ PS- HC p-value p-value p-value

PS+ vs. PS- PS+ vs. HC PS- vs. HC

Number of subjects (M/F) 28 (12/16) 29 (14/15) 69 (30/39) 0.6813 0.9554 0.6629

Age mean±SD 17.93±4.50 17.44±4.54 17.60±5.22 0.6846 0.7651 0.8918

(range) (10.3-27.9) (11.1-28.4) (10.0-29.6)

Right handed* 60.71 % 96.55%̇ 78.79 % <0.001 0.0697 0.0288

IQ** 67.25±9.82 70.21±13.71 108.86±13.47 0.3563 <0.001 <0.001

N. subjects meeting criteria 20 14 N/A

for psychiatric diagnosis***

Anxiety disorder 5 4 N/A

Attention deficit 1 1 N/A

hyperactivity disorder N/A

Mood disorder 2 3 N/A

Schizophrenia spectrum disorders 2 0 N/A

More than one 10 6 N/A

psychiatric disorder

N. subjects medicated

Methylphenidate 1 7 0

Antipsychotics 3 0 0

Anticonvulsants 1 0 0

Antidepressants 3 1 0

More than one 2 0 0

class of medication

* Handedness was measured using the Edinburgh laterality quotient, right handedness was defined by a score of more
than 50. ** IQ was measured using the Wechsler Intelligence Scale for Children–III (Wechsler, 1991) for children and
the Wechsler Adult Intelligence Scale–III (Wechsler, 1997) for adults. *** The presence of psychiatric disorders was
evalutated during a clinical interview with the patients using the Diagnostic Interview for Children and Adolescents

Revised (DICA-R; Reich, 2000), the psychosis supplement from the Kiddie-Schedule for Affective Disorders and
Schizophrenia Present and Lifetime version (K-SADS-PL; Kaufman et al., 1997) and the Structured Clinical Interview

for DSM-IV Axis I Disorders (SCID-I; First et al., 1996).
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functional mean. Structural images were segmented with
the SPM12 Segmentation algorithm (Ashburner & Fris-
ton, 2005) and a study-specific template was generated
using Diffeomorphic Anatomical Registration using Expo-
nential Lie algebra (DARTEL; Ashburner, 2007). Then,
the first five functional scans were excluded from the anal-
ysis, mean white-matter and CSF signals were regressed
from the BOLD time series, which were then filtered with
a bandwidth of 0.01 Hz to 0.1 Hz. For a more extended
correction of motion artifacts, we further applied motion
scrubbing (Power et al., 2012), excluding frames with a
framewise displacement of more than 0.5 mm, as well as
one frame before and two frames after. Refer to Supple-
mentary Table S2 for a summary on motion characteristics
of the groups before and after motion scrubbing.

2.4. BOLD signal variability

At every voxel, BOLD signal variability was defined
as the standard deviation of preprocessed time series
(SDBOLD) in subject space. Afterwards, every subject’s
SDBOLD map was spatially normalized to the study-
specific DARTEL template. Spatial normalization was
applied after SDBOLD computation, as in this way voxel-
wise variability measures such as ALFF are less affected
by spatial distortions (Wu et al., 2011). Then, SDBOLD

maps were thresholded in order to keep only voxels with a
probability higher than 0.2 of laying inside the gray matter
and spatially z-scored for every subject.

2.5. Partial least squares correlation

We employed PLSC (Krishnan et al., 2011; McIntosh
& Lobaugh, 2004) to investigate multivariate alterations
and age-relationship of SDBOLD related to the diagnosis.
Figure 1 shows a schematic representation of the steps for
PLSC.

By extracting principal components of covariance be-
tween brain data and a set of subject-specific design vari-
ables (here: diagnosis, age and their interaction), PLSC
uncovers brain patterns with the strongest multivariate
correlation to the design variables. We first computed
the partial correlation matrix across subjects R between
SDBOLD data X and design variables Y. Brain and design
data were z-scored across subjects before applying PLSC,
and motion (i.e. average framewise displacement), scan-
ner type (Trio or Prisma) and full-scale IQ were included
as nuisance regressors. Then, so called latent variables
were extracted by singular value decomposition (SVD) of
R = USVT. In this work, we refer to the latent variables
as “correlation components”. Each of the components is
associated with a singular value (diagonal elements of S)
indicating how much of the correlation is explained by this
component. Design saliences in U contain the design load-
ings for every component that indicate how strong each of
the design variables contributes to the brain-design corre-
lation explained by this component. Brain saliences in V
contain a brain pattern for every component, represent-
ing how strong every voxel contributes to the brain-design

Figure 1: Schematic representation of PLSC.

correlation explained by this component. Furthermore,
so-called “brain-scores” were obtained for every subject
by projecting the subject’s SDBOLD map (in X) on the
brain salience pattern (in V) of the correlation compo-
nents: LX = XV. So-called “design scores” were com-
puted similarly: LY = YU.

In order to evaluate how many components explain a
significant amount of the correlation, we employed per-
mutation testing. By shuffling the elements of Y 1000
times while keeping the order of X unchanged, we deter-
mined the null distribution of explained correlation. A
component was considered significant (p=0.05) if its sin-
gular value was higher than 95 % of its null distribution.
For the significant components, we furthermore evaluated
the robustness of brain and design saliences using a boot-
strapping procedure with 500 random samples with re-
placement. For every bootstrap sample, we recalculated
design and brain saliences (U and V) and so obtained a
typical bootstrap distribution of the salience values. Brain
bootstrap ratios, calculated by dividing brain salience val-
ues by their standard deviations, indicate for every voxel
its contribution to the brain-design correlation and can be
interpreted similarly to z-scores (Krishnan et al., 2011).

3. Results

3.1. Different age-relationship in PS+ and PS- patients

Our main goal was to investigate alterations and age-
relationship of SDBOLD related to the presence of psychotic
symptoms in patients with 22q11DS. We used PLSC with
the design variables diagnosis (1 for PS+ patients, -1 for
PS- patients), age and their interaction. Motion, scanner
type and full-scale IQ were included as nuisance regressors.
PLSC resulted in two significant correlation components.
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Figure 2 shows the design and brain saliences for the
first significant correlation component (p=0.002) resulting
from PLSC comparing the PS+ and PS- groups. This
first component represents a brain pattern where SDBOLD

is strongly correlated with age in PS- patients. This age-
relationship, however, is not evident in the PS+ group and
the average SDBOLD in the pattern is lower in the PS+
group. The largest cluster of the corresponding pattern
(see also Supplementary Table S3) is located in the dorsal
anterior cingulate (dACC). Positive brain salience values
indicate that SDBOLD in PS- patients is increasing over
age in this area and is globally higher in PS- patients than
in PS+ patients.

Figure 3 shows design and brain salience of the second
significant correlation component (p=0.014) of the com-
parison of PS+ and PS- patients. This component repre-
sents a brain pattern where SDBOLD is correlated with age
in the PS+ group, whereas PS- patients show an opposed
relationship with age. The corresponding pattern (see also
Supplementary Table S4) contains bilateral negative clus-
ters spanning the prefrontal and orbitofrontal cortices, in-
dicating that there, SDBOLD decreases with age in PS+
patients and increases with age in PS- patients. It fur-
thermore includes positive clusters in occipital, secondary
visual regions, indicating an increase over age of SDBOLD

in PS+ patients, while SDBOLD in PS- patients is decreas-
ing.

3.2. Comparison of PS+ patients, PS- patients and HCs

In order to compare SDBOLD in the two 22q11DS sub-
groups against HCs, we employed a second PLSC, this
time with five design variables: the diagnosis of 22q11DS
(diagnosis 1: 1 for PS+ and PS- patients, -1 for HCs); the
presence of psychotic symptoms (diagnosis 2: 1 for PS+
patients, -1 for PS- patients, and 0 for HCs); age; the in-
teraction between age and diagnosis 1, and the interaction
between age and diagnosis 2. Motion and scanner type
were included as nuisance regressors. IQ was not included
to avoid the insensitivity to SDBOLD group differences in-
troduced by systematic group differences in full-scale IQ.
Again, PLSC resulted in two significant correlation com-
ponents.

Figure 4 shows design and brain saliences for the first
significant correlation component (p<0.0001) resulting
from the comparison of patients with 22q11DS (PS+ and
PS-) to HCs. The corresponding pattern shows areas
where SDBOLD in patients with 22q11DS is different from
HCs, but where patients within the 22q11DS group do
not show significant differences. The corresponding brain
salience pattern (see also Supplementary Table S5) in-
cludes numerous areas distributed over the whole brain.
SDBOLD in cortical regions, including the CEN and parts
of the DMN, is mainly reduced in 22q11DS, whereas in
subcortical regions such as caudate and thalamus, SDBOLD

is higher in 22q11DS. Interestingly, dACC is not part of
this pattern, which suggests that alterations in dACC

(see section 3.1), specifically differentiate patients with
22q11DS with higher symptoms.

Figure 5 shows design and brain saliences for the second
significant correlation component (p=0.001). This compo-
nent contains a pattern where SDBOLD is correlated with
age in HCs and in patients without psychotic symptoms
(PS-). Patients with psychotic symptoms (PS+), however,
do not show any correlation with age inside this pattern.
Besides the superior motor area, caudate and amygdala,
the brain pattern also includes the dACC (see also Sup-
plementary Table S6). An increase of SDBOLD over age
in these regions is thus common to PS- patients and HCs,
but absent in PS+ patients.

3.3. Stability of the results

Exclusion of the five patients diagnosed with a psychotic
disorder (see section 2.1 and Supplementary Table S1)
did not alter the present results besides slightly higher
p-values, caused by the lower statistical power. Due to
this increase, component 2 in the first analysis (see fig-
ure 3) was not significant anymore (p>0.05), but all other
results remained significant with similar brain and design
saliences.

Inclusion or exclusion of scanner type as covariate did
not significantly alter the results.

Motion is a major concern in the analysis of BOLD vari-
ability. Supplementary Section S3 outlines the correlations
of the resulting brain scores with motion. There were no
significant motion effects in the first analysis, and only
low motion effects in brain scores of healthy controls in
the second analysis.

4. Discussion

The central finding of the present study was that BOLD
variability (SDBOLD) in the dACC is lower in patients with
higher positive psychotic symptoms than in patients with
lower symptoms (section 3.1). We found evidence that
BOLD variability in the dACC does not change over age
in PS+ patients, but increases with age in PS- patients and
HCs (sections 3.1 and 3.2). Furthermore, dACC was not
part of a pattern where BOLD variability was altered in
patients with 22q11DS compared to HCs, independent of
the presence of psychotic symptoms (section 3.2), indicat-
ing that alterations in dACC are intrinsic to the presence of
higher psychotic symptoms in 22q11DS. Additionally, we
found evidence for a pattern where only patients with psy-
chotic symptoms show a significant relationship of BOLD
variability with age (section 3.1).

In the following, we will discuss the relevance of alter-
ations found in the dACC related to psychotic symptoms
in 22q11DS and in the general population. We furthermore
will comment on the age-relationship of BOLD variability
that was evident only in PS+ patients, as well as on the
BOLD variability alterations in both 22q11DS subgroups.

Our observation of altered BOLD variability in the
dACC is in line with several previous findings in 22q11DS
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Figure 2: First significant correlation component (p=0.002) resulting from PLSC comparing PS+ patients to PS- patients. Subfigures show
design saliences with bootstrap error bars (A), brain scores as a function of age (B), and brain salience bootstrap ratios (C). The component
reveals that PS- patients have increasing SDBOLD in the dACC, while in PS+ patients this age-relationship is absent. dACC - dorsal anterior
cingulate cortex; ** p<0.01; *** p<0.001.

and schizophrenia. In fact, alterations in the ACC have
been reported in 22q11DS (Scariati et al., 2016a; Schnei-
der et al., 2012; Rihs et al., 2013; Schaer et al., 2010) and
linked to the presence of psychotic symptoms within the
syndrome using diverse modalities (Dufour et al., 2008;
Scariati et al., 2014; Kates et al., 2015; Ottet et al., 2013;
Tomescu et al., 2014). Structural MRI studies have re-
ported grey matter volume reductions in 22q11DS which
are most pronounced in the ACC (Schaer et al., 2010)
and linked to the presence of psychotic symptoms in
22q11DS (Dufour et al., 2008). Furthermore, white mat-
ter dysconnectivity in cortical midline structures including
the ACC has been related to psychotic symptoms in pa-
tients with the microdeletion (Kates et al., 2015; Ottet
et al., 2013; reviewed in Scariati et al., 2016a). In a recent
study conducted by our group, also structural connectiv-
ity measured by structural covariance, was found to be al-
tered in the ACC and medial prefrontal cortex of patients
with 22q11DS with psychotic symptoms (Sandini et al.,
2017). Functional MRI studies in 22q11DS reported re-
duced resting-state functional connectivity in the ACC of
patients with prodromal symptoms (Scariati et al., 2014),
as well as functional hypo-activation in ACC during a self-
referential task, which was correlated with the severity of
positive symptoms (Schneider et al., 2012). Finally, recent

EEG studies revealed a microstate C over-representation
that was correlated with the presence of hallucinations in
22q11DS (Tomescu et al., 2014, 2015). This EEG mi-
crostate C has been related to fMRI activity in the ACC
(Britz et al., 2010).

Also in the general population, changes of brain struc-
ture and function is the ACC have repeatedly been re-
ported in subjects at ultra high risk for psychosis and
in schizophrenia (Fornito et al., 2008, 2009; Reid et al.,
2010; Jung et al., 2010; Pettersson-Yeo et al., 2011; Lord
et al., 2011; Allen et al., 2010; Nekovarova et al., 2014). Al-
terations in the ACC have been linked to self-monitoring
deficits (Allen et al., 2008) and auditory-verbal hallucina-
tions (Allen et al., 2007).

The dACC is an area implicated in goal-directed behav-
ior, self-related processing, and cognitive control (Shenhav
et al., 2013; Sridharan et al., 2008; Uddin, 2015). It is a
central hub of the SN (Menon & Uddin, 2010). Our ob-
servation of increasing BOLD variability in the SN of PS-
patients and healthy controls is in line with a recent study,
also showing linearly increasing resting-state BOLD vari-
ability in SN nodes(Nomi et al., 2017). Lower BOLD vari-
ability in the PS+ group may reflect a dysfunction in the
attribution of salience. Such aberrant salience attribution
has been suggested as mechanism for the development of
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Figure 3: Second significant correlation component (p=0.014) resulting from PLSC comparing PS+ patients to PS- patients. Subfigures show
design saliences with bootstrap error bars (A), brain scores as a function of age (B), and brain salience bootstrap ratios (C). The component
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this pattern has an opposed relationship with age: increasing in the PFC/OFC and decreasing in V2. OFC - orbitofrontal cortex; PFC -
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psychosis and schizophrenia (Kapur, 2003). Higher BOLD
variability has been suggested to reflect optimal shifting
between integrative and segregative brain states (Nomi
et al., 2017; Tognoli & Kelso, 2014). Speculatively, lower
BOLD variability in the dACC may thus disrupt the shift-
ing ability of the SN, leading to a disability to correctly
treat salience of external and internal stimuli.

Beyond the BOLD variability reduction in the dACC, we
found that patients with psychotic symptoms have a pat-
tern of aberrant age-relationship with increasing BOLD
variability in visual regions and decreasing BOLD vari-
ability in the prefrontal and orbitofrontal coritces. Struc-
tural and functional alterations in frontal regions have
been reported in psychosis and schizophrenia, including
volume reductions (Jung et al., 2010), structural and func-
tional dysconnectivity (Pettersson-Yeo et al., 2011), and
increased brain signal variability (Hoptman et al., 2010;
Takahashi et al., 2010). Also structural and functional
alterations in the visual cortex have been observed in
schizophrenia (Narr et al., 2005; Yu et al., 2014; Butler
et al., 2007), and may be related to deficits in visual pro-
cessing (Butler et al., 2005). Together with the altered age-
relationship in the dACC, these results suggest aberrant
developmental trajectories related to psychotic symptoms
and point towards aberrant BOLD variability development

as a potential predictor for psychosis. As these results are
limited by the cross-sectional nature of the analysis, this
hypothesis should be confirmed in further studies includ-
ing longitudinal data.

In our previous paper (Zöller et al., 2017), we compared
BOLD variability in patients with 22q11DS to HCs with-
out differentiating patients according to psychotic symp-
toms. Interestingly, we here observed a weaker correlation
with age in 22q11DS than in HCs. In view of the present
results, this difference can be explained by the absent age-
relationship in patients with psychotic symptoms, while
age-relationship of BOLD variability in patients without
positive symptoms is as strong as in HCs.

5. Conclusions and Limitations

To our best knowledge, this is the first study investi-
gating BOLD signal variability alterations related to psy-
chosis in patients with 22q11DS. Firstly, we revealed re-
duced BOLD variability related to psychotic symptoms in
the dACC, a region which is central for cognitive control
and salience attribution and where alterations have been
previously linked to psychotic symptoms in 22q11DS and
the general population. In this region, patients without
psychotic symptoms and HCs had similar levels of BOLD
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Figure 4: First significant correlation component (p<0.0001) resulting from PLSC comparing patients with 22q11DS to HCs. Subfigures show
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section 3.1 and figure 2). This cluster is not different in 22q11DS compared to HCs. * p<0.05; ** p<0.01; *** p<0.001.

variability, suggesting that the reductions are intrinsic to
the presence of psychotic symptoms. We furthermore re-
trieved a pattern of age-relationship specific to patients
with psychotic symptoms, including frontal and occipital
regions.

A main limitation of this study is the limited sample size
over a relatively large age range. Furthermore, the cross-
sectional nature of our data limits the interpretations to
effects across subjects. Our results will need to be repli-
cated in a larger sample and including longitudinal data
to allow to conclude on true developmental effects.

Another confound might have been the heterogeneity in
terms of symptoms severity and outcome of PS+ and PS-
patients. Even though patients with positive psychotic
symptoms are at higher risk to transition into psychosis,
they may as well remain stable or even recover (Schneider
et al., 2016; Schultze-Lutter et al., 2015; Fusar-Poli et al.,
2012). In our sample, all those patients were included in
the PS+ group. Also, since there was no follow-up yet for
most of the younger subjects included in the PS- group,
we cannot exclude that some of those subjects might, in-
deed, develop symptoms at an older age. In our results,
the decrease in BOLD variability in patients with psy-
chotic symptoms only becomes evident at an age above
15, while younger individuals with and without psychotic

symptoms have similar values. This effect might be driven
by the aforementioned limitation in the group assignment
of young subjects. Other confounds that might have driven
these results are the duration of the presence of symptoms,
or effects of medication.

A possible confound regarding the analysis of SDBOLD

may have been differences in gray matter volume between
the groups. Indeed, gray matter volume is known to be
globally reduced in 22q11DS (Tan et al., 2009; Gothelf
et al., 2008). However, as gray matter volume in the en-
tire cortex decreases over development (Giedd et al., 1999;
Gogtay et al., 2004), including it as a confounding variable
would lead to insensitivity in detecting age-dependence
specific to SDBOLD. Since additionally, gray matter vol-
ume and SDBOLD development do not seem to be directly
linked (Bray, 2017), we did not to include gray matter
volume as nuisance regressor.

6. Role of funding source

This research was supported by the Swiss National Re-
search Foundation (SNF) [grant numbers 32473B 121996
and 234730 144260 to S. Eliez]. It was also supported by
the National Center of Competence in Research (NCCR)
“SYNAPSY — The Synaptic Bases of Mental Diseases”
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Supplementary Materials

Table S1: Demographic characteristics of the five subjects with a
psychotic disorder according to DSM-IV-TR criteria.

subject diagnosis* age gender FSIQ

S1 psychosis 24.97 female 63

S2 schizoaffective disorder 23.05 male 56

S3 psychosis 18.13 female 67

S4 schizophrenia 14.09 female 46

S5 psychosis 14.28 male 68

* The presence of psychiatric disorders was evalutated
during a clinical interview with the patients using the

Diagnostic Interview for Children and Adolescents
Revised (DICA-R; Reich, 2000), the psychosis

supplement from the Kiddie-Schedule for Affective
Disorders and Schizophrenia Present and Lifetime version
(K-SADS-PL; Kaufman et al., 1997) and the Structured
Clinical Interview for DSM-IV Axis I Disorders (SCID-I;

First et al., 1996)..

S1. Subjects already included in previous studies.

The cohort is partly overlapping with our previous
resting-state fMRI studies: 30 subjects (8 PS+, 6 PS-, 16
HC) have been also included in Debbané et al. (2012), 51
subjects (10 PS+, 8 PS-, 33 HC) in Scariati et al. (2014),
56 subjects (10 PS+, 11 PS-, 35 HC) in Padula et al.
(2015), 54 subjects (13 PS+, 9 PS-, 32 HC) in Scariati
et al. (2016b), 79 subjects (16 PS+, 16 PS-, 47 HC) in
Padula et al. (2017), 83 subjects (16 PS+, 19 PS-, 48 HC)
in Zöller et al. (2017).

S2. Summary on subject exclusion criteria.

From our initial sample of 97 patients and 90 HCs be-
tween 10 and 30 years old, a total of 61 participants had
to be excluded to ensure the good quality of the data. 4
subjects (3 with 22q11DS, 1 HC) were excluded because
they reported having fallen asleep during the scanning ses-
sion. Another 31 subjects (24 with 22q11DS, 7 HC) had
to be excluded due to excessive motion of more than 3 mm
in translation or 3◦ in rotation, and the data of 20 more
subjects (7 with 22q11DS, 13 HC) were not used because
parts of the cortex were not captured. From the remain-
ing dataset, 6 patients with 22q11DS were excluded after
motion scrubbing (Power et al. 2012, see paragraph Pre-
processing) as less than 100 rs-fMRI scans, correspond-
ing to 4 min of scanning time, remained after exclusion of
frames with a framewise displacement below the threshold
of 0.5 mm. Supplementary Table S2 shows a summary of
motion data for the three groups.
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Figure S1: Correlation of brain scores with average framewise dis-
placement (FD) for results comparing PS+ and PS- (A) and results
comparing the two sub-groups with 22q11DS to healthy controls (B).

S3. Analysis of Motion effects.

In fMRI analysis, in particular when investigating the
standard deviation of the BOLD signal, motion is a major
concern. To explicitely test for motion effects in our data,
we computed the correlation between brain scores and mo-
tion (i.e. the average framewise displacement). Figure S1
shows the correlations for the four correlation components.
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Table S2: fMRI motion parameters. FD - framewise displacement.

PS+ PS- HC correlation with

age (p value)

Mean translation x 0.15±0.18 0.17±0.16 0.13±0.14 0.0270 (0.7640)

(mm) y 0.20±0.17 0.17±0.15 0.19±0.16 -0.1123 (0.2106)

z 0.38±0.37 0.34±0.23 0.30±0.29 -0.1607 (0.0723)

Mean rotation rx 0.40±0.32 0.38±0.32 0.39±0.37 -0.0963 (0.2832)

(degree) ry 0.22±0.19 0.18±0.11 0.21±0.19 -0.0873 (0.3308)

rz 0.21±0.22 0.25±0.20 0.17±0.17 -0.1212 (0.1765)

Mean FD (mm), 0.21±0.12 0.25±0.12 0.16±0.09 -0.1711 (0.0555)

before scrubbing

Mean FD (mm), 0.17±0.07 0.19±0.06 0.13±0.05 -0.1396 (0.1190)

after scrubbing

Table S3: PS+ vs. PS- first correlation component: Table of clusters in brain salience pattern (see figure 2C).

Cluster cluster size (voxels) Max AAL Regions (% of Cluster)

1 980 5.5996 Cingulum Mid L (40.00)

Cingulum Mid R (27.24)

2 356 4.8309 Precuneus L (41.57)

Parietal Inf L (27.25)

3 291 4.4196 Postcentral L (51.20)

4 260 4.1516 Postcentral L (61.15)

5 239 -4.7206 Temporal Inf R (61.51)

6 174 -4.9847 Frontal Mid Orb R (72.41)

7 162 4.1728 Insula R (58.64)

8 154 4.1949 Postcentral R (86.36)

9 145 4.5537 Frontal Sup R (46.90)

Supp Motor Area R (32.41)

10 134 -3.8843 Parietal Inf R (46.27)

Angular R (46.27)

11 133 3.7223 Parietal Sup R (66.92)

12 124 4.5115 Insula L (70.97)

13 123 -5.0961 Frontal Inf Oper R (48.78)

Rolandic Oper R (36.59)

14 123 3.3118 Postcentral R (82.93)

15 121 -4.7685 Precentral L (48.76)

Frontal Inf Oper L (33.06)

16 115 3.8668 Temporal Sup L (77.39)

17 105 4.0302 Caudate R (57.14)
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Table S4: PS+ vs. PS- second correlation component: Table of clusters in brain salience pattern (see figure 3C).

Cluster cluster size (voxels) Max AAL Regions (% of Cluster)

1 2390 5.6646 Occipital Mid L (24.98)

Occipital Sup R (14.94)

Occipital Mid R (12.89)

2 629 -4.9480 Frontal Mid L (34.02)

Frontal Inf Tri L (17.17)

3 283 -5.4507 Frontal Sup L (37.46)

Supp Motor Area L (31.80)

4 118 3.7825 Parietal Inf L (68.64)

5 114 -4.9117 Supp Motor Area R (57.89)

6 112 -4.3542 Temporal Sup R (100.00)

7 102 -6.3650 Supp Motor Area R (66.67)

8 98 4.2737 Fusiform L (69.39)
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Table S5: 22q11DS vs. HC first correlation component: Table of clusters in brain salience pattern (see figure 4C).

Cluster cluster size (voxels) Max AAL Regions (% of Cluster)

1 2944 -8.4020 Temporal Inf L (21.81)

Temporal Mid L (15.05)

Temporal Pole Sup L (11.55)

Insula L (9.78)

2 1855 -10.9609 Temporal Sup R (15.36)

Temporal Pole Sup R (13.42)

Caudate R (12.78)

Insula R (11.70)

3 1616 7.3895 Precuneus R (20.05)

Calcarine L (19.25)

Calcarine R (17.57)

4 1141 5.4858 Frontal Mid R (40.14)

Frontal Mid Orb R (28.66)

5 951 -5.3670 Paracentral Lobule L (22.92)

Precuneus L (19.03)

Supp Motor Area L (15.98)

6 854 6.6592 Parietal Inf R (43.33)

Temporal Mid R (25.29)

7 688 6.5589 Parietal Inf L (69.04)

8 499 -4.5475 Temporal Inf R (45.49)

Hippocampus R (22.85)

9 403 -4.6535 Occipital Mid L (45.66)

Occipital Inf L (30.52)

10 379 5.8835 Frontal Mid Orb L (51.45)

11 304 4.5216 Frontal Sup Medial L (50.99)

12 293 4.5203 Precentral L (54.61)

13 284 -5.4070 Thalamus L (96.83)

14 283 7.7556 Cingulum Mid R (34.28)

Cingulum Post L (22.61)

15 275 -5.7140 Supp Motor Area R (70.18)

16 258 4.9003 Frontal Mid R (46.51)

Frontal Inf Oper R (29.46)

17 250 5.7538 Thalamus R (95.20)

18 235 4.6995 Occipital Mid R (59.15)

19 201 4.6118 Cingulum Ant R (37.81)

Frontal Sup Orb Medial L (26.37)

20 139 -3.8166 Postcentral R (58.27)

21 131 -5.2702 Occipital Sup L (53.44)

22 127 4.8752 Frontal Mid L (54.33)

23 118 4.5912 Temporal Mid L (100.00)

24 111 4.1011 Frontal Mid L (59.46)

25 110 3.6418 Occipital Mid L (69.09)

26 108 -4.1782 Putamen R (100.00)

27 106 -4.7828 Occipital Sup R (66.04)
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Table S6: 22q11DS vs. HC second correlation component: Table of clusters in brain salience pattern (see figure 5C).

Cluster cluster size (voxels) Max AAL Regions (% of Cluster)

1 3048 5.9324 Frontal Mid L (18.18)

Supp Motor Area L (13.32)

Supp Motor Area R (11.88)

Frontal Sup L (10.66)

2 408 4.0058 Parietal Inf L (67.16)

3 380 -4.6755 Temporal Inf R (58.95)

4 347 -5.0529 Caudate L (17.58)

Frontal Sup Orb L (15.27)

Rectus L (14.41)

Rectus R (12.39)

5 226 4.3457 Temporal Sup R (61.95)

6 218 -3.8788 Occipital Mid R (54.13)

7 207 -5.3421 Fusiform L (43.48)

ParaHippocampal L (31.88)

8 199 -4.7324 Temporal Inf L (79.40)

9 199 -4.3567 Frontal Inf Oper L (33.17)

Precentral L (29.65)

10 123 -4.9940 Frontal Inf Oper R (35.77)

Rolandic Oper R (33.33)

11 123 -4.7006 Frontal Mid L (93.50)

12 119 -5.0014 Putamen R (70.59)

13 115 -5.0571 Fusiform R (52.17)

14 114 -3.9913 Cuneus L (52.63)

15 102 -3.9348 Occipital Mid L (100.00)

16 101 -3.8270 Amygdala R (53.47)

17 97 3.6622 Postcentral R (64.95)
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