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Alterations in fMRI-based brain functional network connectivity (FNC) are associ-
ated with schizophrenia (SCZ) and the genetic risk or subthreshold clinical symptoms
preceding the onset of SCZ, which often occurs in early adulthood. Thus, age-sensitive
FNC changes may be relevant to SCZ risk-related FNC. We used independent compo-
nent analysis to estimate FNC from childhood to adulthood in 9,236 individuals. To
capture individual brain features more accurately than single-session fMRI, we studied
an average of three fMRI scans per individual. To identify potential familial risk—related
FNC changes, we compared age-related FNC in first-degree relatives of SCZ patients
mostly including unaffected siblings (SIB) with neurotypical controls (NC) at the same
age stage. Then, we examined how polygenic risk scores for SCZ influenced risk-related
FNC patterns. Finally, we investigated the same risk-related FNC patterns in adult SCZ
patients (0SCZ) and young individuals with subclinical psychotic symptoms (PSY).
Age-sensitive risk-related FNC patterns emerge during adolescence and early adulthood,
but not before. Young SIB always followed older NC patterns, with decreased FNC in
a cerebellar—occipitoparietal circuit and increased FNC in two prefrontal-sensorimotor
circuits when compared to young NC. Two of these FNC alterations were also found
in 0SCZ, with one exhibiting reversed pattern. All were linked to polygenic risk for
SCZ in unrelated individuals (R* varied from 0.02 to 0.05). Young PSY showed FNC
alterations in the same direction as SIB when compared to NC. These results suggest
that age-related neurotypical FNC correlates with genetic risk for SCZ and is detectable
with MRI in young participants.
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Human brain maturation extends after adolescence well into the third decade of life and
probably beyond (1). The period from late adolescence to adulthood is characterized by
refinements of the structure and changes in functional connections of brain regions, such as
the prefrontal cortex (PFC), with further maturation during the third decade of life (2, 3).
Notably, late adolescence and early adulthood is also the period during which adult
psychotic disorders, including schizophrenia (SCZ), have their typical clinical onset (4).

'The neurodevelopmental hypothesis for the pathophysiology of SCZ (5) suggests that
brain alterations during eatly life reflect pathogenic mechanisms, clinically silent until
disease onset, which interact with neurotypical brain maturational events that occur many
years later, facilitating the emergence of the SCZ syndrome. Functional magnetic resonance
(fMRI) studies frequently reported alterations in functional network connectivity (FNC)
in patients with SCZ compared with neurotypical individuals (NC), especially regarding
PFC, that have also been associated with symptoms in the psychosis spectrum even before
the onset (6).

This framework suggests that maturational brain processes occurring before the clinical
onset may be linked with genetic and clinical risk for SCZ. The heritability of FNC varies
from 20 to 60%, depending on the brain region considered (7, 8). Accordingly, SIBs show
intermediate brain characteristics between NC and SCZ: SIB on average have lower FNC
than NC, but greater FNC than patients with SCZ during resting-state or working
memory performance (7, 9). Therefore, these FNC patterns may be heritable and coseg-
regate with genetic risk. For example, developmental trajectories of frontoparietal con-
nectivity (10) have been hypothesized to underlie the onset of SCZ (11, 12), consistently
with the observation that frontoparietal functional alterations are also present in unaffected
siblings (SIB) of patients with SCZ, who, on average, share 50% of genetic variation with
their affected sibling (13, 14). Although these differences may represent a potential inter-
mediate phenotype of risk, to the extent that the functional brain changes in patients with
SCZ are familial, only molecular estimates can establish whether the risk is genetic and
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Are age-related changes in brain
functional network connectivity
(FNC) involved in schizophrenia
(SC2Z) risk? We measured FNC
from childhood to adulthood
across multiple fMRI acquisitions
in 7,431 neurotypical individuals
(NC), 201 first-degree relatives of
patients with SCZ, of which 156
siblings (SIB), 195 patients with
SCZ, and 1,409 individuals with
subthreshold psychotic symptoms
(PSY). Young SIB are characterized
by early FNC alterations in
prefrontal-sensorimotor and
cerebellar-occipitoparietal
circuits; these FNC patterns are
associated with polygenic risk for
SCZ. Two of these alterations
were found in SCZ patients, one
showed inverse patterns. Young
PSY show the same patterns.
Risk-related FNC patterns always
resemble those of older healthy
persons, whereas older SIB
patterns approach the NC
distribution once their age-
evolving patterns reach maturity.
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not associated with environmental risk factors shared between
family members.

Genome-wide association studies (GWASs) have proven effec-
tive to identify common genetic risk variants according to a poly-
genic model (15-17). The polygenic risk score (PRS), which sums
up the minor impacts of several common variants, can be used to
evaluate the aggregated risk borne by genetic variants associated
with the disorders among individuals (15). The PRS for SCZ is
associated with brain FNC, especially involving prefrontal func-
tional networks (18-20). However, the reported effect sizes are
often small, and replications in independently collected samples
have frequently failed (8). One possible explanation for PRSs
poor explanatory power on neuroimaging measures is that a single
fMRI session may be a poor evaluation of a trait, resulting in low
reproducibility (21, 22) and heritability (8). Previous studies have
often used resting state to derive individual measures of FNC,
although resting-state FNC presumably covers a limited portion
of the impact of the polygenic risk on brain processes associated
with SCZ (8, 18). Indeed, the reliability of FNC is highly depend-
ent on the amount of data available (23, 24), with better herita-
bility estimates of FNC achieved by integrating resting state and
task data (25). Thus, combining multiple fMRI paradigms may
improve the investigation of the influence of PRSs on brain FNC
by accounting for the limitations of single modalities (26). It is
also worth noting that PRSs are generated to discriminate diag-
nosis and only explain in toto approximately 7% of the liability
to SCZ (16). Even though biological traits genetically cosegregat-
ing with SCZ liability may have a less complex genetic architecture
and thus larger association effect sizes (27, 28), the existing liter-
ature has generally shown that associations of PRSs with traits
genetically correlated with SCZ are likely to be a fraction of the
7% explained on the trait PRSs are meant to predict.

Studies combining multiple task-evoked fMRI modalities in
adults have consistently revealed age-related (29) and disease-related
ENC patterns (30) through independent component analysis
(ICA) (29-31). ICA-based methods are data-driven strategies that
capture activation covariance between regions, even across multiple
fMRI modalities, and are used to measure FNC (32). Importantly,
if FNC patterns are invariant across resting state and task-evoked
fMRI modalities, then such patterns are possibly intrinsic to an
individual and do not depend exclusively on a specific neuroim-
aging session or cognitive task condition (25). Indeed, task-related
ENC departing from resting-state patterns likely represents the
online use of brain resources for cognition, such that two regions
may show coordinated activity, i.e., significant FNC, while they
are both activated during task performance or while they are both
inactivated during resting state or vice versa. This permits FNC to
have the same direction throughout rest and task engagement, as
opposed to activity, which is typically opposing between the two.
Instead, brain regions that deviate from resting-state FNC during
task engagement are likely switching networks to support task
engagement. Therefore, combining task-related and resting-state
FNC can measure individual differences in intrinsic FNC as well
as dynamic changes (25).

Developmental alterations in FNC have also been reported
through brain age approaches in individuals presenting attenuated
or subthreshold psychotic symptoms (PSY), thus, considered at
clinical risk for psychosis (33, 34). The PSY condition indicates an
increased probability of a diagnosis of a psychotic disorder within
the first 3 y following clinical presentation relative to the general
population; the risk increases gradually during this period (35). The
presentation of potentially prodromal symptoms happens mainly
during late adolescence and early adulthood (35). Brain age studies
using MRI data to capture changes in brain development and
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quantify the gap between chronological age and brain-estimated
age have consistently revealed older predicted age in SCZ (36, 37).
Recently, Truelove-Hill et al. (38) showed that increased brain age
assessed on resting-state and structural MRI is associated with
subthreshold PSY in the Philadelphia Neurodevelopmental
Cohort Study (PNC) (39). They did not study task-based activa-
tions. Additionally, FNC alterations during adolescence have been
associated with compromised mental health in adulthood (40).
Thus, FNC has the potential to characterize genetic risk for SCZ
that may thwart development in a psychosis trajectory. We hypoth-
esize that brain alterations in PSY, many of whom already have
manifest features of psychosis or are likely to approach develop-
mental end points characteristic of psychosis spectrum disorders,
might present the same patterns of FNC as individuals at genetic
risk for SCZ.

We set out to study functional brain changes occurring between
early and later adulthood that may reveal age-related brain mecha-
nisms relevant to SCZ risk using multiple fMRI paradigms. We
investigated FNC patterns in a cross-sectional framework on a total
0f9,236 individuals through a fully automated ICA pipeline called
NeuroMark, using spatial references from the NeuroMark_
fMRI_1.0 template (41) on resting state, working memory, episodic
memory, and emotion recognition tasks during fMRI. Six different
cohorts have been analyzed, one provided by the Lieber Institute of
Brain Development (LIBD), one obtained from the publicly avail-
able PNC (39), two independent cohorts acquired at the University
of Bari Aldo Moro (UNIBA), one obtained from the Adolescent
Brain Cognitive DevelopmentSM (ABCD), and one from the UK
Biobank (UKB). We divided individuals into three age stages, i.c.,
from 8 to 14 y old (“children,” marked by a lowercase “c”; the vast
majority were between 9 and 11 y old), from 15 to 25 y old
(“younger” individuals, marked by a lowercase “y”), and from 30 to
60y old (“older” individuals, marked by a lowercase “0”) relying on
the SCZ risk and clinical manifestations’ trajectory (35, 42). To
improve discrimination between developing and mature brains, we
left out samples aged 25 to 30 y (43), as risk-related brain functional
characteristics are likely to interact with brain maturation that for
some brain regions like the PFC end around 25 y old (1, 5).

First, we sought to identify age-related FNC pattern changes
in early adulthood by comparing yNC and oNC using separate
linear mixed-effect models on each individual independent com-
ponent (IC) pair Pearson’s correlation that reflects the relation-
ship between any two ICs. Then, we hypothesized that age-varying
FNC patterns are associated with familial risk for SCZ. We ana-
lyzed FNC patterns in SIB matched with NC for age stage. We
compared data from children and young groups to estimate
whether risk-related FNC patterns emerge during childhood or
later during adolescence. Furthermore, we tested the association
between FNC patterns altered in SIB and PRS for SCZ (16),
hypothesizing that FNC alterations associated with the risk of
developing SCZ are heritable. We also investigated FNC in
0SCZ for clinical validation of the FNC patterns detected.
Finally, we assessed the early detection potential of risk-related
FNC patterns investigating young PSY. Fig. 1 depicts the outline
of the study.

1. Results

1.1. Characterization of Age-Related Neurotypical Functional
Connectivity Patterns. We characterized nine different groups: NC
children (NC, N = 3,726), younger neurotypical adults (yNC,
N = 757), older neurotypical adults (oNC, N = 2,948), children
SIB (N = 17), children FHR (N = 45) considered together as cSIB/
FHR, younger SIB (ySIB, N = 53), older SIB (oSIB, N = 86),
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Fig. 1. Chart describing the outline of this study including (A) the multisession fMRI protocol, (B) the individual-level FNC matrices determination through the
application of the MOO-ICAR Algorithm [Du et al. (41)] on each fMRI session, (C) the group analysis on (1) the age-related FNC, (2) the familial risk-related FNC
and, subsequently, the clinical risk-related FNC, (3) the SCZ-related FNC, (4) the genetic analysis PRS x FNC across groups within cohorts, and (5) the meta-analysis

on the association PRS x FNC across cohorts.

PSY children (cPSY, N = 1,284), younger PSY (yPSY, N = 125),
and older patients with SCZ (0SCZ, N = 195). The sample size
determination and demographic characteristics of all cohorts are
described in Materials and Methods, Section 4.1, and Table 1. Also,
see SI Appendix, section 1, for a complete description of recruitment,
data collection procedures, and exclusion criteria.

PNAS 2023 Vol.120 No.32 e2221533120

We performed a multiobjective optimization ICA with spatial
reference (MOO-ICAR) (44) and analyzed age-related FNC pat-
terns using separate linear mixed-effect models for each IC pair,
hence investigating connectivity between functional networks.
Of 1,370 IC pairs, the consensus across cohorts showed 17 IC
pairs covering the cerebellar (N = 2 IC pairs), cognitive control
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Table 1. Demographic characteristics and treatment data for individuals selected for the analysis from the LIBD,
UNIBA1, UNIBA2, PNC, ABCD, and UKB cohorts

Mean age + SD in Mean chlorpromazine

Cohort Group N years (range) %Male equivalents + SD in mg/day
LIBD yNC 200 22 +2(18:25) 42 /
oNC 246 41 + 7 (30:56) 47 /
ySIB 41 21 +2(18:25) 68 /
oSIB 40 42 + 8 (30:60) 41 /
oSCZ 88 40 + 8 (30:56) 59 258 + 221 (N = 54)
UNIBA 1 yNC 356 22 +2(18:25) 39 /
oNC 125 39 + 7 (30:60) 62 /
ySIB 12 22 +2(17:25) 30 /
oSIB 46 40 + 6 (30:59) 41 /
oSCZ 82 38 + 6(30:58) 45 219+ 151 (N = 54)
UNIBA 2 yNC 127 22 +1(17:25) 37 /
oNC 57 35+ 6(30:59) 63 /
yPSY 46 20 £ 3(16:25) 47 /
oSCZ 25 37 £ 6(30:50) 64 182 £ 96 (N = 20)
PNC cNC 90 11+£2(8:14) 47 /
cPSY 44 12+£1(9:14) 59 /
yNC 74 17 £2(15:23) 55 /
yPSY 79 17 £2(15:23) 34 /
ABCD cNC 3,636 9.9+1(9:11) 47 /
cSIB/FHR 62 9.9+1(9:11) 53 /
cPSY 1,238 9.8+1(9:11) 24 /
UKB oNC 2,520 53 + 6 (40:60) 47 /
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(N = 7 IC pairs), default mode (N = 4 IC pairs), sensorimotor
(N = 2 IC pairs), subcortical (N = 2 IC pairs), and visual (N = 5
IC pairs) c1rcu1ts (empirical Pvalue of such a high consensus across
cohorts 1 x 107, Fig. 2). Specifically, we found that oNC showed
reproducibly greater FNC compared to yNC within the anterior
default mode network, between sensorimotor, medial PFC, and
dorsolateral PFC, respectively, Brodmann Area (BA) 8 and 9,
between the striacum and medial temporal lobe, and between pari-
etal and occipital cortices [false discovery rate significance correc-
tion (45)—pFDR < 0.05]. oNC showed decreased FNC compared
with yNC within the posterior default mode network, between the
cerebellum, hippocampus, and occipital cortices, and between the
anterior default mode network and the striatum (pFDR < 0.05).

We also considered the age group x session interaction in the
previously described linear mixed-effect models for each IC pair
to assess whether FNC differences between yNC and oNC are
reliant on a single fMRI session. None of the 17 age-related IC
pairs in which we found age differences considering all sessions
showed a significant age groups x session interaction, as well as
no age group x session significant interactions have been reported
(P < 0.05). Further details about the age group x session interac-
tion analysis are reported in S/ Appendix, section 6.1.

To study whether age-related neurotypical FNC patterns were
associated with behavioral performance, we tested the relationship
between averaged FNC patterns across multiple fIMRI acquisitions
and i) hit rate and ii) RT at the working memory task, and the
same measures at retrieval during the episodic memory task. No
associations survived correction for multiple comparisons (pFDR
< 0.05). Behavioral performance collected during working and
episodic memory tasks is shown in S/ Appendix, Table S3. See
SI Appendix, sections 2 and 3, for further details about the exper-
imental procedure and Materials and Methods, Section 4.4, for
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further details about the association between FNC with behavioral
indices.

1.2. Characterization of Familial Risk-Related Functional
Connectivity Patterns in SIB. To test the hypothesis of altered
ENC patterns associated with familial risk for SCZ, we used the
Wilcoxon signed-rank test and compared yNC and ySIB FNC
patterns in each cohort. See Materials and Methods, Section 4.5,
for a detailed description. We found a significant difference in
three of the 17 consensus age-associated IC pairs. Specifically, ySIB
showed decreased FNC between a cerebellar—occ1p1tal—parletal
circuit compared with yNC (w = 0.08; pFDR = 3 x 10°%; Fig. 34).
Moreover, ySIB showed increased FNC both Wlthln a medial
PFC-sensorimotor circuit (w = 0.24; pFDR = 2 x 107 ; Fig. 3B)
and a dorsolateral PFC—sensorimotor circuit (w = 0.25; pFDR_ 2 x
10_4 Fig. 3C). Regarding the older adults’ groups, oSIB and oNC
showed no significant differences in the cerebellar—occipitoparietal
and dorsolateral PFC—sensorimotor circuits FNC (respectively,
w = 0.05; pFDR = 0.19 and w = 0.01; pFDR = 0.60; Fig. 3 4
and (), whereas, similar to ySIB, oSIB showed increased FNC
compared to oNC in the medial PFC—sensorimotor circuit (w =
0.14; pFDR = 1 x 10°*, Fig. 3B). We also tested FNC differences
between oNC and oSIB in the remaining 14 age-related IC pairs
which showed no significant differences (pFDR > 0.05).

To backtrack FNC alterations during childhood, we tested cNC
vs cSIB/FHR FNC differences in the ABCD cohort for the three
IC pairs in which we found age- and familial risk—related altera-
tions. Results showed no significant differences during childhood
(pFDR > 0.05; Fig. 3). Further details are reported in the
SI Appendix, section 6.2.

To examine whether risk-related FNC patterns were significantly
associated with polygenic risk for SCZ, we investigated the
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oNC<yNC

relationship between the averaged FNC patterns across sessions and
PRS (15) in all the individuals included, with diagnosis and age
group as a factor of no interest in the analysis in interaction with
the PRS. We tested 10 PRSs (PRS1 to 10) based on ten thresholds
of association with SCZ diagnosis according to the original approach
taken by Trubetskoy et al. (16) and accounted for multiple com-
parisons through pFDR significance correction. See Materials and
Methods, Section 4.6, for a detailed description. Mixed-effect model
meta-analysis across cohorts showed a significant positive associa-
tion between the medial PFC—sensorimotor circuit and the PRS1
(r=10.13; pFDR = 1.35 x 10”'; Fig. 4B), PRS2 (r = 0.12; pFDR =
1.63 x 107; Fig. 4B), and PRS3 (r = 0.14; pFDR = 7.46 x 107
Fig. 4B) and between the dorsolateral PEC—sensorimotor circuit

A Cerebellar — Occipitoparietal Circuit B

zFNC values

Medial PFC — Sensorimotor Circuit

Fig.2. Connectome plot showing the differences between
yNC and oNC on FNC estimated on multiple fMRI sessions
among age-related IC pairs resulted from the consensus
across the LIBD, UNIBA1, and UNIBA2 cohorts. The 17 IC
pairsincluded in the cerebellar (CB, N = 2), cognitive control
(CC, N = 7), default mode (DM, N = 4), sensorimotor (SM,
N = 2), subcortical (SC, N = 2), and visual (VI, N = 5) networks.
Blue lines represent decreased FNC in oNC compared with
yNC, whereas red lines represent increased FNC in oNC
compared with yNC.

and PRS1 (r=0.16; pFDR = 2.97 x 107 Fig. 4C) and PRS2 (r =
0.14; pFDR = 1.27 x 1073 Fig. 4C), as well as a significant negative
association between cerebellar—occipitoparietal FNC with PRS1
(r = -0.20; pFDR = 8.45 x 10°™%; Fig. 44) and PRS2 (r = -0.21;
pFDR = 8.69 x 107 Fig. 4C). All directions were consistent with
the effects detected in ySIB relative to yNC. No significant risk/
diagnosis groups x PRS has been found (pFDR > 0.05), while
significant age groups x PRS interactions have been found in the
cerebellar—occipitoparietal circuit with PRSI (r = -0.14; pFDR =
0.02) and the dorsolateral PFC—sensorimotor circuit with PRS3
(r=10.31; pFDR = 0.009) and PRS4 (r = 0.32; pFDR = 0.001). In
both cases, the effect size was larger for young than older individuals.

See ST Appendix, section 6.3, for further details.

C Dorsolateral PFC — Sensorimotor Circuit

* Ak *kk

Downloaded from https://www.pnas.org by 151.18.164.97 on October 6, 2024 from | P address 151.18.164.97.

¢ 4 O @ & O o O 6 £ & O o & O e d O £ &4 O @ & O o 4
E I R CEECORE T I A ER O S R A
o o o
< < <
Groups Groups Groups

Fig. 3. Brain sections depicting the (A) cerebellar-occipitoparietal circuit and the (B) medial and (C) dorsolateral PFC circuits. Boxplots showing differences
on averaged FNC across sessions among risk-related IC pairs comparing all groups, i.e., cNC, yNC, oNC, cSIB/FHR, ySIB, oSIB, cPSY, yPSY, and oSCZ. Significant
differences in each of the three cohorts are indicated with asterisks. Different colors represent different groups: cNC (red), cSIB/FHR (orange), cPSY (light orange),
yNC (dark yellow), ySIB (yellow), yPSY (light green), oNC (green), oSIB (dark green), and oSCZ (blue).
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Fig.4. Plots showing the association between polygenic risk for SCZ and FNC across sessions related to (4) the cerebellar-occipitoparietal circuit; (B) the medial
PFC-sensorimotor circuit; and (C) the dorsolateral PFC-sensorimotor circuit. The threshold pFDR < 0.05 was considered on meta-analytic mixed-effect-model-
derived P values extracted across cohorts (C.I. 0.95), accounting for multiple comparisons via Benjamini-Hochberg. Significant associations are reported in red.

1.3. Characterization of SCZ-Related Functional Connectivity
Patterns. To define altered FNC patterns associated with SCZ
diagnosis compared with the age-related neurotypical FNC patterns,
we used the Wilcoxon signed-rank test and compared oNC and
0SCZ, oSIB vs 0SCZ FNC patterns. FNC differed comparing
oNC and 0SCZ (pFDR = 1.2 x 10°%; Fig. 34) in the medial PFC—
sensorimotor circuit, but in the opposite direction as compared to
risk-related FNC, i.e., 0SCZ showed decreased FNC compared to
oNC. Also, medial PFC—sensorimotor circuit FNC was different
comparing 0SIB and 0SCZ (pFDR = 2.3 x 10°% Fig. 34). Except
for this pattern showing counterintuitive results, the direction of
effects in 0SCZ was consistent with that of 0SIB and oNC relative
to yNC (Fig. 3), showing descriptively more extreme scores than
NC and SIB.

We also analyzed the association between FNC and antipsychotic-
based medication in a subsample of 0SCZ with available treatment
data (Table 1) to assess whether SCZ-related FNC patterns were
possibly influenced by pharmacological treatment. However, no
association was significant between antipsychotic-based medication
in 0SCZ and cerebellar—occipitoparietal FNC across cohorts
(r=-0.1; Pvalue = 0.09), as well as antipsychotic-based medication
with medial PFC—sensorimotor FNC (r = -0.04; P value = 0.84)
and with dorsolateral PFC—sensorimotor PFC (r = -0.001; Pvalue =
0.98). Results are depicted in S Appendix, Fig. S11. Further control
analyses were conducted on FNC, structural metrics, and
antipsychotic-based medication. Results are reported in S7 Appendix,
section 6.4.

1.4. Characterization of Clinical Risk-Related Functional
Connectivity Patterns in PSY. To define altered FNC patterns
associated with the presence of subthreshold PSY compared with
the age-related neurotypical FNC patterns, we used the Wilcoxon
signed-rank test and compared yNC and yPSY FNC patterns in the
UNIBA2 and PNC cohorts. yNC and yPSY showed a significant
difference (pFDR < 0.05) in the same IC pairs that were also associated
with the genetic risk for SCZ, with a consistent direction, i.c., yPSY
showed lower FNC between the cerebellar—occipitoparietal circuit
(Fig. 3A) compared with yNC (pFDR = 1.40 x 10°%). Moreover,
yPSY showed higher FNC both within the medial PFC—sensorimotor
circuit (pFDR = 2.50 x 107; Fig. 3B) and the dorsolateral PFC—
sensorimotor circuit (pFDR = 1.20 x 107, Fig. 3C). No significant
difference (pFDR > 0.05) was found between yPSY and oNC in the
UNIBA 2 cohort, despite the age difference.

To estimate whether risk-related FNC emerges during childhood,
we estimated the FNC patterns of cNC and cPSY included in the

60f 12 https://doi.org/10.1073/pnas.2221533120

PNC and ABCD cohorts. Also, cNC and yNC groups were com-
pared to define age-related FNC changes in the cerebellar—occip-
itoparietal and medial and dorsolateral PFC-sensorimotor circuits
in the PNC cohort. No significant clinical risk—related difference
(P > 0.05) has been found between cNC vs cPSY FNC patterns;
however, cNC and yNC FNC patterns significantly differed in the
cerebellar—occipitoparietal circuit (pFDR = 6.60 x 107), in the
medial (pFDR =1.10 x 107) and dorsolateral PEC—sensorimotor
(pFDR = 8.70 x 107) circuits, following the age-related change
directions of yNC compared with o0NC FNC patterns in the LIBD,
UNIBALI, and UNIBA2 cohorts (Fig. 3).

2. Discussion

In this large cross-sectional study combining six different cohorts
of a total of 9,236 unrelated individuals, we report age-related
ENC pattern changes between 8 and 14, 15 and 25, and 30 and
60-y old individuals leveraging multiple fMRI acquisitions includ-
ing resting state, working memory, episodic memory, and emotion
recognition tasks. Age-related differences are mirrored in ySIB in
the same direction as oNC patterns. The generally decreasing dif-
ference between SIB and NC with age supports an early mani-
festation of FNC patterns associated with familial risk for SCZ
rather than a lifelong stable trait. The familial risk—related FNC
patterns are replicated in the analysis on the polygenic risk for
SCZ suggesting the consistency of these results with the genetic
underpinnings of SCZ. Furthermore, 0SCZ FNC exhibits the
same patterns of alteration in two of the three patterns identified,
implying that these age-related features also characterize the dis-
order itself. Finally, the altered FNC patterns found in yPSY pre-
liminarily suggest that intrinsic FNC patterns observed via fMRI
could be investigated as early detection markers.

2.1. Characterization of Age-Related Neurotypical Functional
Connectivity Patterns. We employed a three-age grouping
founded on the SCZ risk and clinical manifestations trajectory
to define FNC patterns associated with age stages, characterizing
differences in terms of system-level FNC. FNC measured using
fMRI, however, does not directly reflect the underlying structure of
neuronal networks Instead, FNC reflects signal coupling between
brain regions without implying that greater coupling is more or
less functional. In this scenario, older adults are characterized
by both decreases and increases in FNC of PFC compared
with younger adults (46). Discrepant findings often depend
on the fMRI data analyzed, i.e., resting-state vs. cognitive tasks
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(47, 48). Nonetheless, our findings support previous evidence
showing an age-related increase in FNC in the PFC (49). In
our investigation, the FNC between the PFC and sensorimotor
cortices increased with age, whereas it decreased between the
cerebellum, hippocampus, parietal and occipital cortices, and
the anterior default mode network and striatum. The presence of
both default mode and task active brain regions is a reminder that
FNC, unlike activity, may well follow the same direction across
task engagement and resting state. Also, previous studies have
shown FNC variations associated with age within corticocerebellar
networks during resting state or the performance of working
memory tasks (50). Although the cerebellum is generally linked
with motor processes, it also contributes to executive function,
memory, and language (51, 52).

Indeed, previous studies suggested age-related changes in FNC
as a compensatory mechanism in association with age-related
decline in adults in terms of cognitive performance (53). Here,
we found no significant correlation with cognitive performance
during fMRI acquisition. Unfortunately, working and episodic
memory performance data during fMRI were available only for a
small portion of the individuals included in the LIBD, UNIBAI,
and UNIBA2 cohorts (35% on average), while only working
memory performance was available for PNC and ABCD individ-
uals and none for UKB based on the task fMRI protocols acquired.
Thus, we cannot speculate on the functional meaning of these
results. Furthermore, because the estimated FNC is based on
numerous task-active and resting-state sessions, performance in
specific tasks may be inconsistent with the underlying FNC pat-
terns found across multiple fMRI sessions. The relationship of
cognitive assessments with these FNC patterns is likely to require
more statistical power than our study provided.

2.2. Characterization of Familial Risk-Related Functional
Connectivity Patterns. Multisession fMRI shows that age-varying
FNC patterns are altered in familial risk for SCZ. In components
where an age-group effect has been detected, alterations in FNC
related to familial risk for SCZ show anticipatory FNC maturation
patterns. Specifically, ySIB exhibited decreased FNC within a
cerebellar—occipitoparietal ~ circuit compared to neurotypical
individuals of the same age, as well as increased FNC across medial
PFC—sensorimotor and dorsolateral PFC—sensorimotor circuits.
Previous research has associated SCZ with PFC impairment, mainly
during resting state or working memory tasks (10, 54, 55). The
PFC is a critical component of the neural circuitry that underpins
executive functions such as planning, working memory, and impulse
control, which also coordinates higher-order cognitive processes and
executive functioning (56). Notably, the PFC is also one of the latest
brain regions to complete development (1). Here, we find that PFC
connectivity alterations associated with risk for SCZ are intrinsic
rather than specific to resting state or working memory, spanning
across multiple fMRI sessions and cognitive domains.

It is noteworthy that while the cerebellum is among the first
brain structures to begin cellular differentiation, it is also one of
the last to fully mature (57). Cerebellar maturation implicates cor-
ticocerebellar circuit formation leading to decreased corticocere-
bellar FNC as individuals grow (57). As such, the developing
cerebellum is vulnerable to alterations in the development of cor-
tical targets during critical periods of circuit formation, i.e., child-
hood, adolescence, and early adulthood (58, 59). We found a
steeper decrease of corticocerebellar connectivity in SIB and PSY
relative to controls, suggesting a maladaptive FNC development.

Our finding that risk-associated FNC patterns phenomenolog-
ically resemble the FNC patterns of neurotypical individuals over
a decade older complements previous studies showing a larger
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brain age gap based on resting-state fMRI in neurodevelopmental
trajectories associated with psychotic subthreshold symptoms com-
pared with neurotypical brain age (37, 38, 60) in younger indi-
viduals between 8 and 21 y old in PNC, though using a different
analytical approach. These differences do not necessarily match
alterations in 0SCZ FNC patterns, which we show to display
higher variance plausibly related to nongenetic factors. Our results
raise the possibility that the anticipated development of intrinsic
and task unselective FNC patterns during adolescence and early
adulthood is associated with familial and polygenic risk for SCZ.
In two of the three patterns we detected, 0SIB no longer differed
from age-matched oNC. The exception was a reduced but still
significant FNC difference between oSIB and oNC in the medial
PFC-sensorimotor circuit. We propose two explanations for these
findings. First, the anticipatory FNC changes observed in ySIB
no longer progress during adulthood, although development in
NC reaches the same patterns more slowly. It is worth noting that
working and episodic memory, two of the four conditions studied,
often diminish with age (61). In this light, the expected pattern
seems to indicate a steeper decline rather than an accelerated devel-
opment. Second, this finding reflects the depletion of risk-related
ENC characteristics in individuals who have dodged their genetic
risk for SCZ at an age when the psychotic onset is less frequent.
In other words, the ySIB group is at a sixfold higher risk (62) than
the yNC cohort at risk of developing psychosis spectrum disorders
over the years following our study, a risk much lower in oSIB. On
the other hand, the permanence of altered patterns from youth to
adulthood in SIB within the medial PFC-sensorimotor circuit,
besides representing a replication of the effect, fits well in an inter-
mediate phenotype framework.

Besides the significant FNC x PRS associations in the medial
PFC-sensorimotor circuit, the one showing the familial risk effect
regardless of the age stage, FNC x PRS interactions were significant
in the two components with a difference between SIB and NC
limited to young individuals. This result supports the idea that
young SIBs show mainly anticipation of FNC patterns typical of
older individuals and not an amplitude difference preserved across
aging, reflected by significant age group x PRS interactions.
However, given the missing age stages in some of the cohorts we
analyzed, this conclusion derives from three out of six cohorts and
hence seems to us less solid than the consistent PRS associations
across age stages from six independent cohorts. Nevertheless, this
explorative analysis highlights the importance of windowing studies
aimed to investigate SCZ risk: Age is a relevant factor to candidate
SCZ risk phenotype manifestation (43).

Interestingly, the absence of differences across groups in the
ABCD sample suggests that this pattern of FNC alteration occurs
specifically in late adolescence-early adulthood and not earlier dur-
ing childhood. This finding is in line with previous studies showing
that brain connectivity alterations, specifically in the occipitotem-
poral cortex, were shared by patients with an early diagnosis of
SCZ during adolescence and their healthy SIB, emerging only
during adolescence (12 to 22 y old) and gradually normalizing
during adulthood when compared to age-matched NC (63).

2.3. Characterization of SCZ-Related Functional Connectivity
Patterns. Counterintuitively, the same medial PFC-sensorimotor
circuit most reliably altered in SIB followed an opposite direction
in 0SCZ relative to oSIB. Ciritically, the PRS did not interact with
diagnosis, meaning that it was preserved in the patient population
in the same direction as in NC—suggesting that polygenic risk
for SCZ did not account for this effect. We interpret this result
in the context of extant reports of stable and transient alterations
in sensorimotor circuits associated with treatment and symptom
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improvement in patients with SCZ (64, 65). We did not find a
significant antipsychotic dose effect in association with this FNC
pattern; however, all patients with SCZ differ from NC in that
they are medicated to compensate for their symptoms; therefore,
the fact that patients do not significantly differ from each other
cannot discount a difference between cases and controls driven
by pharmacological treatment. Accordingly, Anticevic et al.
(66) showed increased FNC in unmedicated patients at the first
episode of psychosis compared with NC, specifically for the medial
regions of the PFC. Interestingly, the authors reported that after
12 mo, patients were characterized by decreased FNC estimates,
suggesting an inversion of FNC patterns associated with the course
of the illness. Thus, this inverted FNC pattern in 0SCZ may reflect
the progressive brain changes present in chronic SCZ (66).

The heritability of the effects we identified is supported by the
significant associations found between a PRS for SCZ and FNC
patterns across groups. Multiple studies have reported the association
between brain functional alterations and PRS (13, 18, 20, 67), but
in addition in this report we suggest a possible brain developmental
pattern of FNC associated with polygenic risk for SCZ in as many
individuals and so consistent across cohorts. Some previous studies
have reported higher correlations between functional brain pheno-
types and PRS for SCZ, with R” ranging between 0.05 and 0.12
(18, 20), compared to our R*-0.02 t0 0.05. It is important to set
appropriate expectations for these effect sizes because the effect of
PRSs is more likely inflated in relatively small than large samples.
Indeed, studies on larger samples showed lower correlations
between functional brain phenotypes and PRS for SCZ, with R*
ranging between 0.008 and 0.03 (67). The effect of the PRS on
neuroimaging phenotypes of SCZ risk is a fraction of the entire
heritability, which includes nonadditive and rare variant heritabil-
ity. Heritability is, in its own right, a fraction of phenotypic vari-
ance. The comparison between SIB and NC, by definition, includes
more heritability than the PRS. Note that the effect sizes estimated
in our SIB vs. NC comparison range between 8 and 25% of the
variance, thus much larger than PRS effects. Additionally, it is
unlikely that a score developed to predict SCZ diagnosis may
explain more than about 7% of the variance of any other phenotype
(16). Instead, it could be expected that only some of the biological
pathways represented in the PRS are associated with select pheno-
types (68, 69). Given these considerations, the 2 to 5% of pheno-
typic variance explained by the PRS for SCZ in our study represents
a considerable fraction of the plausible explainable heritability and
is consistent with previous reports (18, 20).

Notably, we only found consistent changes in FNC patterns
that were significantly associated with PRS by combining
resting-state and task-evoked fMRI sessions. The effects found
when analyzing each session separately did not reach statistical
significance. As a result, we propose that estimating intrinsic FNC
based on multisession fMRI captures the FNC associated with
age-related evolution and psychopathological processes better than
a single session, probably because multisession fMRI more reliably
captures trait measures.

2.4. Characterization of Clinical Risk-Related Functional Connec-
tivity Patterns. As regards the clinical high-risk condition for psychosis,
yPSY showed decreased FINC within a cerebellar-occipital-parietal
circuit compared with neurotypical individuals in the same age stage,
as well as increased FNC between medial PFC—sensorimotor and
dorsolateral PFC-sensorimotor circuits. Identifying risk patterns
in SIBs can thus contribute to the characterization and detection of
potential prodromal phases of chronic psychosis. It is noteworthy
that the anticipated FNC patterns reported here and in other studies
refer to a period after adolescence because, between birth and puberty,
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neurodevelopment is generally delayed in individuals later diagnosed
with SCZ (14, 70, 71).

In line with our findings in SIB, we found this pattern of FNC
alteration specifically in late adolescence—early adulthood and not
before during childhood as showed by the absence of differences
across groups in the PNC and ABCD samples. These results sug-
gest that the risk-related brain phenomenology is not yet detectable
during childhood and instead unfolds in late adolescence—early
adulthood. This evidence is in line with literature studying FNC
in PSY during childhood, adolescence, and early adulthood
(72, 73) and is consistent with a neurodevelopmental hypothesis
framework (5), suggesting a potential venue for biomarker iden-
tification. Longitudinal studies will be needed to address whether
the connectivity patterns associated with genetic risk that we high-
lighted here are also associated with higher transition rates in clin-
ical high risk for psychosis.

2.5. Limitations. We analyzed cross-sectional data including
individuals in three different age stages from six different cohorts.
Some of the groups we compared showed differences in terms of
age distribution (Table 1 and SI Appendix, Fig. S1). We opted to
correct statistical models for age differences, rather than match
for age across cohorts, to safeguard statistical power. In addition,
only data from SCZ patients older than 30 y were available for
the analysis, so it cannot be assumed that younger patients with
SCZ show the same pattern.

From a methodological perspective, we used data from six differ-
ent cohorts acquired with different MRI sequences and sometimes
experimental procedures. For example, the episodic memory task
acquired in the LIBD and UNIBA1 cohorts was a block-designed
implicit encoding task; in contrast, the event-related task acquired
in the UNIBA2 cohort was an explicit associative memory task.
Also, the episodic memory task was not acquired at all in the PNC,
ABCD, and UKB cohorts, as well as the N-back in the UKB. This
aspect might have introduced a confounding effect that could favor
consensus across cohorts in terms of averaged FNC while concealing
further significant session-specific findings and reducing the power
of genetic associations. In other words, the heterogeneity between
cohorts makes these findings overly conservative, at the expense of
sensitivity. The cohorts we employed included at least two of the
three cognitive/affective domains we considered for most subjects,
a factor limiting the availability of suitable publicly available datasets
in the age range of our interest and the overall numerosity.

As brain aging has been reported to be strongly influenced by
nongenetic factors like drug use, traumatization, and comorbid
affective disorders (74—76), further studies should consider addi-
tional nongenetic factors, and potentially, gene—environment cor-
relations and interactions (77-79) to complement our findings.

3. Conclusions

This study employed a multisession characterization of brain func-
tional system interaction to test the hypothesis that FNC patterns
characteristic of adulthood are aligned with familial or clinical risk
for SCZ. Our findings suggest that an anticipated display of FNC
patterns characteristic of older age is associated with a high risk
for psychosis during late adolescence and early adulthood. As this
is the stage of development during which psychotic symptoms
might appear (80), the early detection of biased trajectories with
MRI is potentially relevant to prevention strategies for individuals
with liability for SCZ. The association of the same patterns with
the polygenic risk for SCZ suggests that familial risk aligns with
molecular estimates of polygenic risk. We propose that changes
in FNC across cognitive tasks investigated in a longitudinal
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framework may be further developed as early detection strategies

in the effort to identify prodromal phases of SCZ.

4, Materials and Methods

4.1. Participants.

4.1.1. LIBD, UNIBA1, and UNIBA2. Participants were assessed in person with a
Structured Clinical Interview for DSM-IV (SCID) (81). Inclusion/exclusion criteria
are described in S/ Appendix, section 1. Written informed consent was obtained
after a full understanding of the protocol according to the Declaration of Helsinki.
For the LIBD cohort, the experimental protocol was in accordance with the ethi-
cal standards of the NIH. For the UNIBA cohorts, the experimental protocol was
approved by the institutional ethics committee of the UNIBA. As the scanner
differed, we considered acquisition from the two scanners split into two separate
cohorts (UNIBAT and UNIBA2).

4.1.2. pNc. Participants and their caregivers rated lifetime psychopathology
symptom items on the computerized version of GOASSESS, a structured inter-
view, and an assessment that incorporates well-validated and reliable measures
for psychopathology screening (39). Inclusion/exclusion criteria are described in
SI Appendix, section 1. All study procedures were approved by the Institutional
Review Board at the University of Pennsylvania. Briefly, written assent from youths
and written informed consent from caregivers were obtained after they received
a description of the study procedures.

4.1.3. ABCD. Participants and their caregivers completed a wide assessment
including both physical and mental health information (82). Inclusion/exclusion
criteria are described in S/ Appendix, section 1. Most ABCD research sites rely on
a central Institutional Review Board at the University of California, San Diego, for
the ethical review and approval of the research protocol, with a few sites obtaining
local Institutional Review Board approval.

4.1.4. UKB. Participants completed an extensive screening, including physical
and mental health, through web-based questionnaires sent on a regular basis
following the initial assessment. Inclusion and exclusion criteria are described
in S Appendix, section 1. UKB received ethical approval from the Research Ethics
Committee (reference 11/NW/0382). All participants provided informed consent
(http://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=200).

Age differences across groups between and within cohorts were assessed
through separate Welch two-sample ¢ tests. See SI Appendix, section 1.1, for a
complete description of the analysis and results. All further analyses were cor-
rected for age differences within age stages.

4.2. Experimental Procedure. For LIBD and UNIBA1, the experimental pro-
cedure was composed of a resting state, a blocked paradigm of the N-back
task (54, 83), which measures increasing working memory loads, a blocked
paradigm of an incidental declarative memory task, i.e., the Picture Encoding
and Retrieval task (84-86), which dissociates specific encoding and retrieval
processes. For the LIBD, we acquired a block design implicit emotion recognition
task, i.e., the Faces Matching task (FMT) (87), while for UNIBA1, we used an
event-related implicit emotion recognition task based on the gender recogni-
tion in human faces (88).

For UNIBA2, the experimental procedure was composed of a resting state, a
blocked paradigm of the N-back task (54, 83), which was the same as the one
acquired for the other two cohorts, an event-related paradigm of an explicit
associative memory task, i.e., a revised version of the Relational and Item-
Specific task (84), which dissociate specific encoding and retrieval processes,
and a revised version of the event-related emotion recognition task used in the
UNIBA1 cohort (89).

The experimental procedure in PNC was composed of a resting state, a fractal
version of the standard N-back task (90), and a block design emotion identifi-
cation task (91). For ABCD, the experimental procedure was composed of four
short resting-state sessions (5 min each), and a revised version of the N-back
task with emotional stimuli (92, 93). Finally, UKB included a resting state and the
same emotion recognition paradigm used in LIBD, i.e., FMT(87). See S/ Appendix,
sections 2-4, for detailed information on neuropsychological tasks acquired dur-
ing fMRI, MRI data acquisition, processing, and analysis.

4.3. Individual FNC Analysis. To estimate individual-level brain FNC features,
we used the NeuroMark pipeline (41) on multiple fMRI scans including resting
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state, working memory, episodic memory, and emotion recognition tasks. The
ICA-based approach automatically and adaptively estimates individual-level
ICs using prior network templates as guidance (41). We used the MOO-ICAR
algorithm (44) available in the group ICA of fMRI toolbox (GIFT) (http://trend-
scenter.org/software/), by taking each participant's fMRI data as input. We used
53 labeled and ordered IC templates arranged into seven functional domains
[e.g., auditory (N = 2 ICs), cerebellar (N = 4 ICs), cognitive control (N = 17 1Cs),
default mode (N = 7 ICs), sensorimotor (N = 9 ICs), subcortical (N = 51Cs), and
visual (N = 91Cs)] as the spatial priors for guidance in estimating subject-specific
networks (41).

We obtained whole-brain FNC estimates by computing Pearson's correlations
between the time courses of each IC to yield an FNC matrix reflecting the rela-
tionship between any two IC for each fMRI session. In this FNC matrix, higher
values correspond to higher connectivity between two IC time courses, whereas
lower values correspond to lower connectivity between two IC time courses.
We considered a spatial overlap of >75% between each IC spatial map and the
whole-brain fMRI acquisition at the individual level to exclude the ICs that were
notincluded in the individual fMRI image acquisition (94, 95). We obtained indi-
vidual 53 x 53 matrices for each fMRI session performed by every participant,
i.e., resting state, N-back, episodic memory encoding, episodic memory retrieval,
and emotion recognition tasks. A vector of 1,370 FNC features was created by
linearizing the FNC matrix for each participant for each session. Analyses were
performed on age-, session-, and cohort-adjusted FNC z scores, which reflect
the degree to which a participant's FNC deviates, in standard deviation units,
from the normal value expected for their age and cohort based on observed NC
groups data (96).

4.4. Effect of Age Group on Functional Connectivity. To study the FNC pat-
terns associated with the age group, we first tested the age-group effect between
neurotypical groups, i.e., yNC vs. oNC in the LIBD, UNIBA, and UNIBA2 cohorts
independently, on the pairwise correlation coefficients between ICs. This was
done separately for each IC through linear mixed-effect regressions on Fisher-z
transformed correlation values (R2) between each IC pair (dependent variable:
IC pair Pearson's correlation; fixed-effects: age group, session, sex, age group x
session; age group x sex; relatedness index; random-effect: participants). We
performed a 10,000-permutation test on the linear mixed-effects regressions
independently for each cohortand determined differences across groups on the
averaged IC pair Pearson'’s correlation across sessions. We considered reproduc-
ible the IC pairs that differed between groups, i.e., the main effect of the group
across sessions, at empirical p value < 0.05 across cohorts. We accounted for
multiple comparisons within each cohort through Benjamini-Hochberg (pFDR)
significance correction (45). To obtain one p value estimate for each IC pair
instead than one per cohort, we then combined reproducible effects via Fisher's
combined probability test (97) using the metap package (98) implemented in
R Statistics (https://cran.r-project.org/). We considered results significant with a
two-tailed o = 0.05. We also considered FNC differences during each session
analyzed separately, i.e., the age group x session interaction. See S/ Appendix,
section 6.2.

To study the association between age-related neurotypical FNC patterns with
behavioral performance, we tested the relationship between averaged FNC
patterns across multiple fMRI acquisitions and i) hits and ii) RT at the working
memory task, and iii) hits, and iv) RTweighted on the retrieval during the episodic
memory task via separate Multiple Regression for each fMRI sessions for each NC
group as well as via Linear Regressions for averaged FNC across fMRI sessions
for each NC group. We combined P values derived from each cohort via Fisher's
combined probability test (97) as described before to extract reproducible FNC x
behavioral associations across all cohorts. We considered results significant with
a two-tailed o = 0.05. Additional control analyses on cognitive performance are
reported in S/ Appendix, section 6.5.

4.5. Effect of Familial or Clinical Risk and SCZ Diagnosis on Functional
Connectivity. We investigated the effect of familial and, subsequently, clinical
high risk on the FNC patterns of IC pairs resulting significantly associated with
age. Differences between groups were tested via the Wilcoxon signed-rank test:

e yNCandySIB in the LIBD cohort, to study the FNC alterations associated with
the familial high risk of developing SCZ in the younger age range.
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e oNCand oSIB in the LIBD and UNIBA1 cohorts, to study the FNC alterations
associated with the familial risk of developing SCZ in the older age range.

e ¢NC and cSIB/FHR in the ABCD, to backtrace the FNC alterations associated
with the familial high risk for SCZ during childhood

e yNCand yPSY in the UNIBA2 and PNC cohort, to study the FNC alterations
associated with subthreshold symptoms of psychosis in the younger age range.

e ¢NCand cPSYinthe PNCand ABCD, to backtrace the FNCalterations associated
with subthreshold symptoms of psychosis during childhood

To check whether there was a difference between age-related FNC patterns in
adulthood and the familial and, separately, clinical risk-related FNC, we compared
via the Wilcoxon signed-rank test:

e oNC and ySIB in the LIBD cohort, to investigate whether the altered FNC
patterns associated with the risk were different in oNC and to infer possible
patterns of brain acceleration in the ySIB.

e oNCand yPSY in the UNIBA2 cohort, to investigate the potential existence of
FNCalterations associated with subthreshold clinical symptoms and whether
the yPSY FNC profile differed from the one of oNC.

Last, to investigate whether altered FNC patterns change in full-blown SCZ,
we analyze differences between:

e oNCand oSCZin LIBD, UNIBA1, and UNIBA2, to study possible FNC alterations
associated with the diagnosis of SCZ.

e yNC and 0SCZ in LIBD, UNIBA1, and UNIBA2, to investigate potential FNC
alterations associated with diagnosis and to disentangle possible differences
related to age.

e ySIB and 0SCZ in the LIBD and UNIBA2 cohorts to analyze changes in brain
maturation that persist (or not) also after the development of SCZ.

e yPSY and oSCZ in the UNIBA2 cohort to investigate whether FNC changes
associated with the prodromal phase of psychosis are present also after the
development of SCZ

e 0oSIBand 0SCZinthe LIBD and UNIBA1 cohort, to investigate the differences in
FNC between individuals that would not develop SCZ compared with patients
atthe same age stage.

To extract reproducible FNC differences (pFDR < 0.05) across all cohorts, we
performed a 10,000-permutation test on the Wilcoxon signed-rank test within
each cohort and combined reproducible effects via the Fisher's combined
probability test (97) as described before (Materials and Methods, Section 4.4).
The effect size (w) was calculated by dividing the z value extracted from the
Wilcoxon signed-rank test by the square root of the number of observations
independently for each cohort (99). Additional control analysis on gray mat-
ter structural differences across groups matching risk-related FNC patterns is
reported in S/ Appendix, section 6.3.

4.6. Association between Altered FNC Patterns and PRS. To examine the
genetic substrate of altered FNC patterns significantly associated with risk, we
investigated the relationship between averaged FNC across fMRI sessions with PRS
(GWAS associations P <5 x 1080 P < 0.1)(15) via separate multiple regression
(dependentvariable: IC pair Pearson'’s correlation; covariate of interest: PRS; nuisance
covariates: age, risk/diagnosis groups, age groups, sex, and the first ten genomic
eigenvariates), as well as between FNC for each fMRI sessions and PRS via separate
multiple regression (dependent variable: IC pair Pearson’s correlation; covariate of
interest: PRS; nuisance covariates: age, risk/diagnosis groups, age groups, sex, and
thefirst 10 genomic eigenvariates). See S/ Appendix, section 5, fora detailed descrip-
tion of participants' genotype determination and PRS. The genomic eigenvariates
were calculated through a principal component analysis on the genotypes of each
SNP included in the PRS to exclude the effect of other population-related sources
of variation, as already done by Chen etal. (20). To extract reproducible FNC x PRS
associations across all cohorts, we performed a mixed-effect model meta-analysis
derived from partial regressions between FNC and PRS across cohorts through the
metafor R package (100). Results were corrected for multiple comparisons through
the Benjamini-Hochberg significance correction as the number of PRS tested
(k= 10). We considered results significant with a two-tailed o = 0.05.

Data, Materials, and Software Availability. All data needed to evaluate
the conclusions in this work are present in the main text and/or S/ Appendix. The
group ICA Toolbox, NeuroMark template, as well as Matlab code used for the
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FNC analysis are publicly available at the following link: https://trendscenter.
org/software/gift (101). Data from UNIBA1 and UNIBA2 cannot be shared at the
individual level in raw format because of ethical restrictions based on the pro-
tocol approved by the institutional ethics committee of the UNIBA to protect the
privacy of the participants. Most data of the UNIBA2 cohort have been collected
under the Marie Sktodowska-Curie grant agreement No 798181. The individ-
ual deidentified raw data from LIBD analyzed during this study are available
from the corresponding author G.P. (giulio.pergola@libd.org) upon reasonable
request.To ensure the replicability of the results reported in this work, individuals’
aggregated data, summary statistics along with averaged and session-specific
group FNC matrices, and related R and Matlab codes are available at: https://doi.
0rg/10.5281/zenodo.7948162 (102).This paper also analyzes existing, publicly
available data upon approved requests. Accession numbers are reported in the
Acknowledgments section.
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