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Psychosis (including symptoms of delusions, hallucinations, and disorganized conduct/speech) is a main feature
of schizophrenia and is frequently present in other major psychiatric illnesses. Studies in individuals with first-
episode (FEP) and early psychosis (EP) have the potential to interpret aberrant connectivity associated with
psychosis during a period with minimal influence from medication and other confounds. The current study uses a
data-driven whole-brain approach to examine patterns of aberrant functional network connectivity (FNC) in a
multi-site dataset comprising resting-state functional magnetic resonance images (rs-fMRI) from 117 individuals
with FEP or EP and 130 individuals without a psychiatric disorder, as controls. Accounting for age, sex, race,
head motion, and multiple imaging sites, differences in FNC were identified between psychosis and control
participants in cortical (namely the inferior frontal gyrus, superior medial frontal gyrus, postcentral gyrus,
supplementary motor area, posterior cingulate cortex, and superior and middle temporal gyri), subcortical (the
caudate, thalamus, subthalamus, and hippocampus), and cerebellar regions. The prominent pattern of reduced
cerebellar connectivity in psychosis is especially noteworthy, as most studies focus on cortical and subcortical
regions, neglecting the cerebellum. The dysconnectivity reported here may indicate disruptions in cortical-
subcortical-cerebellar circuitry involved in rudimentary cognitive functions which may serve as reliable corre-
lates of psychosis.

1. Introduction loose associations), irrational beliefs (e.g., delusions), aberrant percep-

tions (e.g., auditory hallucinations), disorganized speech, impaired

1.1. Neuropathology of First-Episode and early psychosis

Psychotic symptoms are commonly experienced by individuals with
schizophrenia and can be experienced by individuals with other psy-
chiatric conditions as well, such as bipolar disorder or depression
(Arciniegas, 2015). Psychosis is characterized by disruptions in a per-
son’s thoughts (e.g., thought blocking or withdrawal, tangentiality,

cognition (reduced working memory performance), and bizarre behav-
iors (VandenBos, 2007). The neural underpinnings of psychosis are not
fully understood, however, it has been proposed that psychotic symp-
toms reflect disruptions in information processing due to a breakdown in
functional brain integration, or dysconnectivity (Friston, 1998; Fu et al.,
2021a; Iraji et al., 2019; Iraji et al., 2022a; Iraji et al., 2022b; Khadka
et al., 2013).
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However, much of the existing body of psychosis research has
focused on individuals with chronic symptoms, where several con-
founding factors such as substance use (Khokhar et al., 2018), long-term
antipsychotic treatment (Ho et al.,, 2011; Yang et al., 2021), aging
(Shahab et al., 2019), and medical conditions prevalent in patients with
psychotic disorders (e.g., diabetes and hypertension; Chung & Miller,
2020; Sudarshan & Cheung, 2023; Ward & Druss, 2015) may influence
the findings. Thus, further research is needed to explore whether func-
tional abnormalities are present early in the onset of psychotic symp-
toms when fewer confounding factors have impacted the brain, and
when potential neurobiology-guided treatments might be more effective
(Hickie et al., 2019; Laurens & Cullen, 2016; Salisbury et al., 2002). To
optimize the potential benefits of neurobiology-guided treatment and
reduce the impact of various confounds, many studies have shifted their
focus toward individuals in the earliest stages of diagnosable psychosis,
particularly during first-episode (FEP) or early psychosis (EP; Breitborde
et al., 2009).

Operational definitions for FEP and EP vary greatly across studies
(Breitborde et al., 2009) and the terms are sometimes used inter-
changeably (Breitborde et al., 2009; Cattarinussi et al., 2023; Fu et al.,
2021a; Jimeno et al., 2020). However, an important distinction in the
literature is that FEP is more often used to describe a population that is
within one (Alonso-Solis et al., 2012; Fornito et al., 2013; Lee et al.,
2019) or two years (Faria et al., 2021; Ganella et al., 2018; Kim et al.,
2021; Kwak et al., 2021; Lncz et al., 2022; Lesh et al., 2021; Li et al.,
2021; Oh et al., 2020; Wang et al., 2019; Wang et al., 2023; Wilson et al.,
2020; Yang et al., 2022) from the onset of illness, while EP samples (also
referred to as early-phase or early-onset psychosis) typically include
individuals within a duration of five years from the onset of illness
(Deakin et al., 2018; Fu et al., 2021a; Holmes et al., 2023; Koshiyama
et al., 2018; Vanes et al., 2019; Yang et al., 2022). Some studies define
FEP and EP based on the first emergence of psychotic symptoms?® (For-
nito et al., 2013; Fu et al., 2021a; Yang et al., 2022), while others define
FEP and EP based on when treatment began, which may be considered
the individual’s first contact with a clinician (Breitborde et al., 2009;
Flaum et al., 1992; O’Connor et al., 2017; Reid et al., 2019), but may
also account for when the individual began taking antipsychotic medi-
cation (Dempster et al., 2020; Iwashiro et al., 2016; Jauhar et al., 2018;
Lencz et al., 2022; Maximo et al., 2021; Salisbury et al., 2022; Wen et al.,
2023). Regardless of how FEP and EP are defined, it is important to
describe the sample in a way that facilitates comparisons across relevant
studies. The current study includes analyses of a sample of individuals
within two years from their first clinical contact for psychosis, which we
will refer to as two-year psychosis, as well as a subsample of individuals
within one year from their first clinical contact for psychosis, which we
will refer to as one-year psychosis.

While the primary goal of the current study is to identify patterns of
aberrant brain activity in FEP and EP, doing so will enhance our un-
derstanding of the underlying neuropathology of psychosis and may aid
in early detection as well. Early identification of psychosis is crucial, as
early intervention is associated with improved clinical outcomes such as
reduced rates of hospital admission, relapse, and suicide, as well as
reduced symptom severity and treatment cost (Bird et al., 2010; Ric-
ciardi et al., 2008). However, due to challenges such as those arising
from individual differences or the sometimes gradual development of
symptoms, it can be difficult to identify psychosis early on (Fusar-Poli

2 An advantage of basing the definition for FEP or EP on the emergence of
symptoms is that one can examine individuals in the earliest stages of illness by
accounting for untreated psychosis. Individuals often will experience psychosis
for one to two years before receiving treatment from a clinician (Kane et al.,
2016; Marshall et al., 2005; Maximo et al., 2020; Srihari et al., 2022). However,
choosing to define FEP and EP based on the duration of treatment may be more
reliable and less subjective as it is well documented by a trained clinician and
does not rely on a retrospective self-reported measure.
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et al., 2013; Jimeno et al., 2020; Schultze-Lutter et al., 2010). For this
reason, the field would greatly benefit from tools which facilitate the
detection of developing psychosis using biological criteria (Insel &
Cuthbert, 2015; Keshavan & Clementz, 2023). Detecting neurophysio-
logical patterns of dysconnectivity in individuals with FEP and EP, free
from the long-term confounds of illness chronicity, will provide new
leads into understanding the neural mechanisms related to psychosis.
Further, such measures might contribute to the development of reliable
and sensitive biomarkers for the early detection of individuals at risk for
transitioning to psychosis, among whom early intervention may be most
beneficial.

1.2. Aberrant Resting-State functional magnetic resonance imaging in
psychosis

In recent years, resting-state functional magnetic resonance imaging
(rs-fMRI) has become a popular functional imaging modality for
observing disruptions in brain function at rest in individuals with psy-
chosis (Andreou & Borgwardt, 2020; Sheffield & Barch, 2016; Suvisaari
et al., 2018). Previous rs-fMRI studies in FEP have implicated aberrant
brain activity across a wide range of brain regions and networks. Cat-
tarinussi and colleagues (2023) conducted a meta-analysis of 35 rs-fMRI
studies and concluded that abnormalities in the fronto-striatal circuit
were characteristic of FEP. Specifically, studies utilizing measures of
fractional amplitude of low-frequency fluctuations (fALFF) and regional
homogeneity (ReHo) identified aberrant spontaneous brain activity
associated with FEP in the bilateral striatum, superior and middle frontal
gyri, the right precentral gyrus, and the right inferior frontal gyrus
(Cattarinussi et al., 2023). In another meta-analysis of rs-fMRI, Gong
et al. (2020) highlighted patterns of aberrant fALFF in a first-episode
schizophrenia (FES) sample in the bilateral inferior parietal gyri, right
precuneus, left medial prefrontal cortex, bilateral putamen, and bilateral
occipital gyrus.

Lencz and colleagues (2022) observed a pattern of aberrant fALFF in
bilateral orbitofrontal cortex in a notably large (N = 126) FEP sample. In
a review of resting-state fMRI in FES, Mwansisya and colleagues (2017)
similarly described abnormalities in prefrontal regions including dorsal
lateral prefrontal cortex and orbital frontal cortex. Notably, they also
identified patterns of aberrant rs-fMRI in the temporal lobe, particularly
the left superior temporal gyrus (STG; Mwansisya et al., 2017).

Psychosis-related disruptions in rs-fMRI also manifest in functional
connectivity (FC), which is a term that describes the temporal similarity
between neuronal-related time series (Biswal et al., 1995; Satterthwaite
& Baker, 2015). Abnormalities in brain functional connectivity are often
described as hypoconnectivity, hyperconnectivity, or dysconnectivity,
all of which have been linked to psychosis (Del Fabro et al., 2021;
O’Neill et al., 2019). Similar to the findings of Mwansisya et al. (2017),
Yoon et al. (2015) identified patterns of aberrant fronto-temporal FC in a
FEP sample. In addition, many studies have noted disruptions in rs-fMRI
associated with clinical high risk, first-episode psychosis and more
chronic schizophrenia in large-scale brain networks such as the default
mode network, central executive network, and salience network, as well
as the cerebellum (Andreasen & Pierson, 2008; Bang et al., 2018; Del
Fabro et al., 2021; Du et al., 2018a; Fu et al., 2021a; Wang et al., 2014).

The reported patterns of aberrant rs-fMRI in FEP and FES described
above appear to be spread across the whole brain. Together these
findings are consistent with the framework outlined by Andreasen and
colleagues (1998) which postulated that the symptoms of schizophrenia
are caused by a disruption in cortical-subcortical-cerebellar circuitry.
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However, it is difficult to draw inferences from findings across studies
such as these as they vary greatly in their participant samples® and study
methodology. Furthermore, in addition to differences in the type of rs-
fMRI measurement used (e.g., fALFF, ReHo, FC, etc.), the regions of
interest (ROIs) involved vary greatly from study to study (Del Fabro
et al., 2021; Pettersson-Yeo et al., 2011; Sheffield & Barch, 2016), and
FEP and EP studies often do not account for individual differences in
their selection of nodes or ROIs. Relatively few studies take a whole-
brain approach which would enable us to better examine the relation-
ships between these distributed brain regions and networks. The current
study seeks to overcome these limitations by employing a data-driven
whole-brain approach.

1.3. Neuromark: A Data-Driven approach

Many of the rs-fMRI studies in the literature reviews previously
discussed examined FC in first-episode psychosis and schizophrenia
populations using predefined ROIs and spatially-fixed nodes (e.g., For-
nito et al., 2013; Oh et al., 2020; Wang et al., 2014; Zhou et al., 2007).
However, these approaches have limitations as they rely on subjective
ROIs that may not accurately represent functional units and fall short of
considering subject specific variation (Iraji et al., 2023). In contrast,
data-driven approaches extract functional sources directly from the data
itself, enabling the incorporation of inter-subject spatial variability and
accounting for subject-specific differences when calculating corre-
sponding functional connectivity patterns across individuals (Iraji et al.,
2020; Iraji et al., 2023; Korhonen et al., 2021). Distinct functional
sources in the brain, known as intrinsic connectivity networks (ICNs),
can be identified using independent component analysis (ICA; Calhoun
et al., 2001; 2009), and the interactions or FC between ICNs can be
described as whole-brain functional connectivity, commonly known as
functional network connectivity (FNC; Jafri et al., 2008).

The current study leverages a reference-informed, data-driven
approach to examine FNC in our FEP and EP sample. This approach
provides notable advantages compared to other data-driven methods,
including its generalizability to other studies as well as its ability to
address ambiguity and uncertainty regarding the matched functional
entities across individuals. Consequently, it enhances our capacity to
identify consistent functional sources across individuals (Iraji et al.,
2023). To address the limitations related to the discrepancy in investi-
gated functional connectivity patterns across different studies, we uti-
lized the Neuromark_fMRI_1.0 network template (Du et al., 2020). The
Neuromark project aims to establish reliable and replicable structural
and functional templates derived from large datasets, enabling findings
to be comparable across studies (Du et al., 2020; Iraji et al., 2023). We
employed multivariate-objective optimization ICA with reference
(MOO-ICAR; Du & Fan, 2013) to estimate the corresponding ICNs for
each individual in our dataset. This method has demonstrated efficacy in
capturing subject-specific information and effectively removing arti-
facts, as evidenced by previous studies (Du et al., 2016; Du & Fan, 2013;
Iraji et al., 2023). Notably, the current study examines psychosis at an
earlier stage than previous studies taking a similar approach (Du et al.,
2016; 2020; Fu et al., 2021a).

% Small sample sizes may result in underpowered studies (Pettersson-Yeo
et al., 2011). Thus, further research is needed utilizing larger samples in order
to elucidate and establish more stable and reliable patterns of aberrant brain
connectivity in FEP and EP populations (Satterthwaite & Baker, 2015). Toward
this goal, the current study combines data from multiple sites to increase the
sample size and achieve more optimal power.
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2. Material and methods
2.1. Participants

The data is comprised of rs-fMRI images and diagnostic information
collected from multiple sites affiliated with the University of Pittsburgh
Department of Psychiatry (PITT), Pittsburgh, PA, and the Johns Hopkins
School of Medicine (JH), Baltimore, MD. The data were collected with
approval from the Institutional Review Board from each site. All par-
ticipants received a full explanation of the study procedures, and written
informed consent was obtained for all participants 18 years and older;
parental consent and assent were obtained for all participants under 18.
The JH participants with psychosis were recruited from local in-patient
and out-patient clinics in Maryland, USA. The PITT participants with
psychosis were recruited from in-patient and out-patient services of a
local psychiatric hospital in Pittsburgh, Pennsylvania, USA. All partici-
pants were between 12 and 38 years old, and had no history of drug or
alcohol abuse in the past three years, a traumatic brain injury, neuro-
logic disorder, or intellectual disability. In addition, participants with an
estimated premorbid intelligence quotient (IQ) below 70 were excluded.
Premorbid IQ was estimated on the Wechsler Abbreviated Scale of In-
telligence (WASI; Wechsler, 2012) for PITT participants, and the Hop-
kins Adult Reading Test (HART; Schretlen et al., 2009) for JH
participants. The control group consisted of individuals with no personal
or immediate family history of psychosis and who were not currently
taking psychotropic medication. The psychosis group consisted of in-
dividuals across the psychosis continuum (see Table 1), with diagnoses
based on the Structured Clinical Interview for DSM-IV (APA, 1994).
Symptom severity was measured with the scale for the assessment of
negative symptoms (SANS; Andreasen, 1983) and the scale for the
assessment of positive symptoms (SAPS; Andreasen, 1984).

In the current study, individuals were categorized as one-year psy-
chosis if their data was collected within one year from their first clinical
contact for psychotic symptoms, and they were categorized as two-year
psychosis if their data was collected within two years. These labels were
used to emphasize the characteristics of the sample in the current study
(see Table 1), as opposed to the widely used FEP and EP labels which can
be vague and misleading due to their variable use across studies
(Breitborde et al., 2009).

The final combined dataset included 247 participants (152 Male, 95
Female; mean age 23.26 years, std 4.23), including 117 individuals (81
Male, 36 Female; mean age 23.23 years, std 4.43) with psychosis and
130 individuals (71 Male, 59 Female; mean age 23.29 years, std 4.05) in
the control group (see Table 1). A Fisher’s exact test (p = 0.019) indi-
cated a significant association between sex (Male/Female) and diag-
nostic category (psychosis/control). We accounted for the sex
differences across groups by including sex as a covariate in our analysis.
We acknowledge that our inclusion of sex as a covariate was question-
able (as the case/control groups differed on that variable), thus, we
repeated our primary analysis without sex as a covariate to explore the
effect of this decision and found that there was virtually no impact on
the observed patterns of diagnostic effect on FNC (see Appendix S1). Age
did not differ significantly between the psychosis and control groups (t
(245) = 0.12, p = 0.907), nor did race (X2 =5.37,df = 3, p = 0.147).

2.2. Image acquisition and preprocessing

The imaging data were acquired from three scanners. One rs-fMRI
scan (5 min, 9 sec each) was acquired for 61 participants with a 3 T
Siemens TIM Trio scanner with a repetition time (TR) of 1000 ms, an
echo time (TE) of 30 ms, a flip angle (FA) of 55°, and a voxel size of 2.3
x 2.3 x 2.3 mm?>. In addition, a 3T Siemens Magnetom Prisma scanner
was used to collect rs-fMRI scans (5 min, 46 sec each) for 64 participants.
Data characteristics include a TR of 800 ms, a TE of 37 ms, a FA of 52°,
and a voxel size of 2 x 2 x 2 mm>. The remaining rs-fMRI data were
acquired for 122 participants (7 min, 12 sec each) using a 3T Phillips
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Table 1

Demographics and clinical characteristics for the full sample are displayed in the table above. Individuals experiencing psychotic symptoms are grouped according to
the following diagnostic categories: schizophrenia (SZ), major depressive disorder (MDD), bipolar disorder (BPP), schizoaffective disorder (SZAF), schizophreniform
disorder (SZPH), and other psychotic disorders (Others). The following demographics are reported for all study participants by group: the number of participants, the
mean and standard deviation (SD) of age in years (yrs), and the race distribution. The “Other” category for race includes participants who indicated that they belonged
to a race other than those presented, indicated that they belonged to more than one race, or chose not to disclose this information. The following clinical characteristics
are reported by group for the full sample of individuals experiencing psychotic symptoms: the percentage of participants with medication dosage information available,
the mean chlorpromazine (CPZ) equivalent estimate in milligrams (mg), the percentage of participants with both SANS and SAPS scores, the mean SANS and SAPS
global scores, the median number of months between the onset of psychotic symptoms and the magnetic resonance imaging (MRI) scan, and the median number of

months between the first clinical contact and the MRI scan. IQR refers to the interquartile range.

Control SZ MDD BPP SZAF SZPH Others Total
Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean =+ SD
Demographics
N (Male/Female) 130 (71/ 60 (45/15) 12 (7/5) 18 (11/7) 12 (8/4) 4(3/1) 11 (7/4) 247 (152/95)
59)
Age (Range: 12-38 yrs) 23.29 + 23.27 + 4.63 22.28 + 3.41 24.03 + 4.67 23.95 + 3.92 23.64 + 3.15 21.76 £ 5.17 23.26 + 4.23
4.05
Race (%)
White 44.62 % 43.33 % 25 % 61.11 % 58.33 % 75 % 45.45 % 45.75 %
Black 40 % 38.33 % 33.33% 22.22% 25% 25% 36.36 % 36.84 %
Asian 10 % 3.33% 25 % 5.56 % 0% 0% 18.18 % 8.50 %
Other 5.38 % 15 % 16.67 % 11.11 % 16.67 % 0% 0% 8.91 %
Medication
Participants w/ CPZ (%) — 88.33 % 83.33 % 94.44 % 91.67 % 75 % 90.91 % 88.89 %
CPZ equivalents (mg) — 234.65 + 133.06 + 176.95 + 246.98 + 273.59 + 158.30 + 210.53 +
244.41 187.08 117.88 270.35 106.28 226.98 220.87
Symptom Severity & Duration
Participants w/ SANS & SAPS (%) — 100 % 91.67 % 100 % 100 % 100 % 81.82 % 97.44 %
SANS Global — 10.58 + 4.2 8.73 +£2.28 5.61 + 4.43 8.5 + 4.58 85+3.7 6.44 + 3.17 9+ 4.41
SAPS Global — 5.55 + 3.82 3.55 +2.38 3.11 + 4.03 5.67 + 3.87 3+1.83 5.67 + 3.61 4.9 + 3.76
Median (IQR) months since — 15 (6.2-25.5) 4.7 (1.1-7.4) 6.48 (2.3-14) 8.08 2.29 (1.2-7.7) 10.22 (3-17) 11 (4-19.5)
symptom onset (4.7-51.9)
Median (IQR) months since 1st — 3.18 1.61 (0.9-4.4) 3.78 (1-13) 3.14 (1.6-7.5) 2.29 (1.1-7.2) 2 (1-10) 2.89 (1-9.8)

clinical contact (0.9-10.5)

Achieva scanner with a TR of 2000 ms, a TE of 30 ms, a FA of 75°, and a
voxel size of 3 x 3 x 4 mm®. Participants with absolute head motion
greater than 3 mm translation or 3° rotation were excluded from the
study. rs-fMRI data were preprocessed in a MATLAB 2019 environment
through a pipeline utilizing functions from SPM12 (http://www.fil.ion.
ucl.ac.uk/spm/) and FSL (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki). The
first 10 timepoints were discarded prior to preprocessing. Preprocessing
steps included distortion correction, a rigid body motion correction,
slice timing correction, warping to MNI space using an echo-planar
imaging (EPI) template, and resampling to 3 x 3 x 3 mm? voxel
space. Images were spatially smoothed by a Gaussian kernel with a full-
width half maximum (FWHM) of 6 mm and the variance intensity of the
time courses was normalized.

2.3. Analyses

2.3.1. Estimating subject-specific ICNs

We employed the Group ICA of fMRI Toolbox (GIFT) v4.0c package
(http://trendscenter.org/software/gift; Iraji et al., 2021) to apply a fully
automated ICA pipeline and extract ICNs. Within the pipeline, we chose
the MOO-ICAR (Y. Du & Fan, 2013), a spatially constrained ICA, as our
ICA algorithm and the Neuromark_fMRI_1.0 template (Du et al., 2020)
as our reference to identify 53 subject-specific intrinsic connectivity
networks (ICNs). The template and a comprehensive list of network la-
bels can be accessed at http://trendscenter.org/data.

2.3.2. Calculating subject-specific FNC

Before calculating the FNC, we performed additional postprocessing
on the time courses to remove the additional noise effects, including
detrending, despiking, regression of head motion, and filtering with a

high-frequency cutoff of 0.15 Hz (Fu et al., 2021b). We estimated whole-
brain FNC by calculating Pearson correlation between the time courses
of the 53 subject-specific ICNs. This resulted in a 53 x 53 symmetric FNC
matrix for each individual. Prior to conducting statistical analyses, the
FNC features were z-transformed. This step was performed to correct the
highly skewed correlation distribution and convert it into approximately
normally distributed data. By applying the z-transformation, we aimed
to ensure that the data met the assumptions of normality required for
subsequent statistical analyses.

2.3.3. Statistical comparisons

We conducted a statistical case/control comparison to identify dif-
ferences in FNC between individuals with psychosis and controls. For
each FNC, a general linear model was applied, including age, sex, race,
mean framewise displacement (mean FD), and imaging site as cova-
riates. In addition to including site as a covariate in our general linear
model, we addressed the multi-site effects in our dataset with our
implementation of ICA, the effectiveness of which has been demon-
strated in prior studies (Chen et al., 2014; Xu et al., 2023). We adjusted
for multiple comparisons using the false discovery rate (FDR) correction.
We first performed this analysis with the full two-year psychosis sample
and then we repeated the analysis with a one-year psychosis subset. In
addition, we tested for associations between FNC features and global
positive and negative symptom severity in individuals with psychosis.
For each FNC showing significant differences between individuals with
psychosis and controls, a general linear model was used to test for as-
sociations with SANS and SAPS global scores, respectively. Again, we
included age, sex, race, mean FD, and site, as covariates and adjusted for
multiple comparisons.
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3. Results
3.1. Estimated ICNs

We visually inspected the estimated 53 subject-specific ICNs, which
were automatically grouped into subcortical (SC; see Fig. 1a), auditory
(AU; see Fig. 1b), sensorimotor (SM; see Fig. 1c), visual (VI; see Fig. 1d),
cognitive control (CC; see Fig. 1e), default mode (DM; see Fig. 1f), and
cerebellar (CB; see Fig. 1g) domains consistent with the labels utilized in
the Neuromark_fMRI_1.0 template. We slightly modified some of the ICN
labels to make them more descriptive in cases where labels were reused
(e.g., the two ICNs sharing the Neuromark label “MTG” were relabeled
in the current study to “anterior” and “posterior MTG”). We determined
that the template ICNs were successfully identified in our dataset by
calculating spatial similarity with a Pearson correlation between our
estimated networks and the ICNs in the Neuromark fMRI_1.0 template
(Iraji et al., 2023). We found a mean ICN-template similarity of 0.89 (std
0.03, min 0.81, max 0.95), confirming their high correspondence (all
ICNs were above a similarity threshold of 0.8; see Table 2).

3.2. Diagnostic group and FNC

In our statistical comparisons (described in section 2.3.3) we iden-
tified differences in FNC between the two-year psychosis and control
groups across the whole brain (see Fig. 2). Overall, there were greater
case/control differences in FNC between domains (e.g., SC-AU) rather
than within domains (e.g., SC or AU; see Figs. 2 and 3). Brief summaries
of the results pertaining to each domain are outlined below.

3.2.1. SC domain

Beginning with ICNs in the SC domain, we observed hyper-
connectivity (a stronger positive correlation in the psychosis group
relative to the control group with ¢ < 0.05) between ICN 1 (medial
caudate; see Fig. 4a) and ICN 28 (superomedial frontal gyrus; SMFG, see

Subcortical (SC: 5)

=) X=-155Y=35Z2=-25 2)

Visual (VI: 9)
X=-245Y=-711.5Z=-14.5

Cerebellar (CB: 4)
X=20.5Y=-68.5Z=-385

Auditory (AU: 2)
X=425Y=-115Z=-85

e) Cognitive Control (CC: 17)
X=-3.5Y=305Z=39.5
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Fig. 4h) in the CC domain. We also observed hyperconnectivity (a pos-
itive correlation in psychosis relative to a negative correlation in con-
trols with ¢ < 0.05) between ICN 2 (subthalamus/hypothalamus; see
Fig. 4b) and ICN 6 (superior temporal gyrus; STG; see Fig. 4d) in the AU
domain. Hypoconnectivity (2 negative correlations in psychosis relative
to positive correlations in controls with ¢ < 0.05) was observed between
ICN 2 (subthalamus/hypothalamus) and ICNs 51 and 53 in the cere-
bellum (see Fig. 4p & r). However, the majority of our findings in the SC
domain reflected dysconnectivity that manifested as weaker correlations
(closer to zero in the psychosis group relative to the control group) be-
tween ICNs. This includes dysconnectivity within the SC domain (2
weaker positive correlation in psychosis relative to controls with ¢ <
0.05) between ICN 2 (subthalamus/hypothalamus) with ICNs 1 (medial
caudate) and 5 (thalamus; see Fig. 4c). Dysconnectivity was also
observed between the SC and AU (2 weaker negative correlations in
psychosis with ¢ < 0.05), SM (6 weaker negative correlations in psy-
chosis with ¢ < 0.05), VI (1 weaker negative correlation in psychosis
wtih ¢ < 0.05), CC (7 weaker negative correlations in psychosis and 1
weaker positive correlation in psychosis with ¢ < 0.05), and CB (6
weaker positive correlations in psychosis with ¢ < 0.05) domains.
Notably, there was a large amount of aberrant connectivity between the
SC and CB domains (8 FNCs with ¢ < 0.05). In addition, although the
Neuromark template does not categorize them within the SC domain,
ICNs 37 and 42 within the hippocampus (a subcortical structure; see
Fig. 4k & 1) displayed aberrant connectivity with a large number of other
ICNs (15 FNCs with g < 0.05) across SC, AU, SM, VI, and CB domains.

3.2.2. AU domain

Dysconnectivity in the AU domain primarily manifested as either
weaker correlations or stronger negative correlations (increased anti-
correlation in psychosis). These include a weaker positive correlation in
psychosis between ICN 6 (STG) in the AU domain and ICN 8 (anterior
postcentral gyrus; see Fig. 4f) in the SM domain, as well as with ICN 17
(calcarine gyrus) in the VI domain. Weaker negative correlations in

Sensorimotor (SM: 9)

) X=355Y=-41.5Z=515

45

e

f) Default Mode (DM: 7)
X=-65Y=-475Z2=125

Fig. 1. A composite view of spatial maps of z-transformed average static functional network connectivity (FNC) is shown above for each of our estimated 53 intrinsic
connectivity networks (ICNs) from the Neuromark_fMRI_1.0 template. The ICNs have been grouped into seven domains: (a) subcortical (SC), (b) auditory (AU), (c)
sensorimotor (SM), (d) visual (VI), (e) cognitive control (CC), (f) default mode (DM), and (g) cerebellar (CB).
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Table 2

Spatial similarity measured with Pearson correlation coefficient r between the
53 estimated independent component networks (ICNs) in our dataset and the 53
ICNs from the Neuromark fMRI_1.0 template is shown in the table above. IPL is
an abbreviation for inferior parietal lobule.

Label (ICN) r P Label (ICN) r P

Subcortical
network (SC)

Cognitive-control
network (CC)

Medial caudate (1) 0.93  <0.001  Right posterior IPL 0.89  <0.001
(26)
Subthalamus/ 0.92 <0.001 Insula (27) 0.9 <0.001
hypothalamus (2)
Putamen (3) 0.94 <0.001 Superomedial 0.87 <0.001
frontal gyrus (28)
Lateral caudate (4) 0.93  <0.001  Left inferior frontal 0.87  <0.001
gyrus (29)
Thalamus (5) 0.93  <0.001 Rightinferior frontal 0.89  <0.001
gyrus (30)
Auditory network Posterior middle 0.87  <0.001
(AU) frontal gyrus (31)
Superior temporal 0.93 <0.001 Bilateral inferior 0.9 <0.001
gyrus (6) parietal lobule (32)
Anterior middle 0.86 <0.001  Right anterior IPL 0.88  <0.001
temporal gyrus (33)
@
Sensorimotor Supplementary 0.85  <0.001
network (SM) motor area (34)
Anterior postcentral  0.95 <0.001 Superior frontal 0.85 <0.001
gyrus (8) gyrus (35)
Left postcentral 0.91 <0.001  Dorsal middle 0.87  <0.001
gyrus (9) frontal gyrus (36)
Medial paracentral 0.92 <0.001 Anterior 0.91 <0.001
lobule (10) hippocampus (37)
Right postcentral 0.91 <0.001  LeftanteriorIPL(38) 0.88 <0.001
gyrus (11)
Anterior superior 0.87 <0.001 Middle cingulate 0.87  <0.001
parietal lobule cortex (39)
12)
Lateral paracentral 0.88  <0.001 Rightinferior frontal 0.86  <0.001
lobule (13) gyrus (40)
Precentral gyrus 0.87  <0.001  Anterior middle 0.87  <0.001
(14) frontal gyrus (41)
Posterior superior 0.86 <0.001 Posterior 0.92  <0.001
parietal lobule hippocampus (42)
(15)
Posterior 0.88 <0.001 Default-mode
postcentral gyrus network (DM)
(16)
Visual network Dorsolateral 0.89  <0.001
D precuneus (43)
Calcarine gyrus (17)  0.89  <0.001  Ventral precuneus 0.89  <0.001
(44)
Middle occipital 0.91 <0.001  Medial anterior 0.89  <0.001
gyrus (18) cingulate cortex (45)
Posterior middle 0.89  <0.001  Ventral posterior 091  <0.001
temporal gyrus cingulate cortex (46)
(19)
Cuneus (20) 0.82  <0.001 Lateral anterior 0.88  <0.001
cingulate cortex (47)
Right middle 0.83  <0.001  Dorsomedial 0.87  <0.001
occipital gyrus precuneus (48)
(21)
Fusiform gyrus (22)  0.91 <0.001  Dorsal posterior 0.84  <0.001
cingulate cortex (49)
Inferior occipital 0.82  <0.001 Cerebellar network
gyrus (23) (CB)
Lingual gyrus (24) 0.81 <0.001 Left cerebellum (50) 0.89 <0.001
Ventral middle 0.88  <0.001  Posterior cerebellum  0.89  <0.001
temporal gyrus (51)
(25)
Medial cerebellum 0.9 <0.001
(52)
Right cerebellum 0.89  <0.001
(53)
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psychosis were observed between ICNs 6 (STG) and 7 (anterior middle
temporal gyrus; A. MTG; see Fig. 4e) in the AU domain with ICN 42
(posterior hippocampus) in the CC domain. In addition, there were 5
weaker negative correlations in psychosis between AU and CB domains
(g < 0.05). Increased anticorrelations in the AU domain were observed
between ICN 6 (STG) and ICN 29 (left inferior frontal gyrus; L. IFG, see
Fig. 4i) from the CC domain (negative correlation in psychosis relative to
positive correlation in controls), as well as between ICN 7 (A. MTG) and
ICNs 28 (SMFG; stronger negative correlation in psychosis relative to
controls with ¢ < 0.05) and 29 (L. IFG; negative correlations in psy-
chosis relative to positive correlations in controls with ¢ < 0.05). We
also observed stronger anticorrelations (¢ < 0.05) in the AU domain
between ICN 6 (STG) and ICN 44 (ventral precuneus) from the DM
domain, as well as between ICN 7 (A. MTG) and ICN 49 (dorsal posterior
cingulate cortex; D. PCC; see Fig. 4n). In total, the STG was associated
with 17 aberrant FNCs (¢ < 0.05) across domains.

3.2.3. SM domain

We observed dysconnectivity (6 weaker negative correlations in
psychosis with ¢ < 0.05) between several ICNs in the SM domain (ICNs
8,9,11,12, 14, & 15) and ICN 42 (hippocampus) in the CC domain. In
addition, we observed a weaker negative correlation (¢ < 0.05) in
psychosis between ICN 11 (right postcentral gyrus; R. PoCG) and ICN 53
(right cerebellum). Increased anticorrelation (a stronger negative cor-
relation with ¢ < 0.05) in psychosis was observed between ICN 11 (R.
PoCG) and ICN 28 (SMFG), as well as between ICN 12 (anterior superior
parietal lobule) and ICN 29 (L. IFG). We also observed increased anti-
correlation (a stronger negative correlation with g < 0.05) in psychosis
between ICN 11 (R. PoCG) and ICN 49 (dorsal posterior cingulate cortex;
D. PCC) and between ICN 14 (precentral gyrus) and ICN 29 (L. IFG;
negative correlation in psychosis relative to a positive correlation in
controls with ¢ < 0.05).

3.2.4. VI Domain

We also observed a trend of increased anticorrelations in psychosis
between ICN 34 (supplemental motor area; SMA,; see Fig. 4j) and ICNs in
the VI domain (6 FNCs with ¢ < 0.05). Hyperconnectivity (a positive
correlation in psychosis relative to a negative correlation in CON, q <
0.05) was observed between ICN 17 (calcarine gyrus) and ICN 42 (P.
hippocampus). And we observed dysconnectivity (g < 0.05) in the VI
domain across several domains: Between VI ICN 19 (posterior MTG; see
Fig. 4g) and SC ICN 5 (thalamus; weaker negative correlation in psy-
chosis), between VIICN 17 (calcarine gyrus) and AU ICN 6 (STG; weaker
positive correlation in psychosis), and between VIICN 24 (lingual gyrus)
and CC ICN 29 (L. IFG; weaker positive correlation in psychosis).
Perhaps the most notable pattern of dysconnectivity, however, is be-
tween VI ICN 19 (P. MTG) and CB ICNs 50, 51, and 53 (all weaker
negative correlations in psychosis relative to controls with g < 0.05).

3.2.5. CC domain

Hyperconnectivity in the CC domain was observed in conjunction
with SC (1 stronger positive correlation with ¢ < 0.05), VI (1 positive
correlation in psychosis relative to a negative correlation in controls
with g < 0.05), and DM (3 stronger positive correlations with ¢ < 0.05)
domains. In addition, hyperconnectivity was observed within the CC
domain (1 positive correlation in psychosis relative to a negative cor-
relation in controls with ¢ < 0.05). Increased anticorrelation in the CC
domain was observed in conjunction with AU (2 negative correlations in
psychosis relative to positive correlations in controls with ¢ < 0.05),
and VI (6 stronger negative correlations in psychosis relative to controls
with g < 0.05), and domains. In addition, increased anticorrelation was
observed within the CC domain (2 stronger negative correlations in
psychosis with ¢ < 0.05). Dysconnectivity in the CC domain was
observed in conjunction with SC (7 weaker negative correlations in
psychosis relative to controls, 1 weaker positive correlation with ¢ <
0.05), AU (2 weaker negative correlations with g < 0.05), SM (6 weaker
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Fig. 2. Mean functional network connectivity (FNC) for all participants is displayed in the matrix on the top left (a) with red indicating higher positive values and
blue indicating lower negative values. The difference in mean FNC between diagnostic groups (psychosis - control) is displayed in the matrix on the top right (b).
Results of the general linear model (GLM) for each combination of the 53 Neuromark intrinsic connectivity networks (ICNs) is displayed on the bottom (c). Significant
(g < 0.05) case/control group associations with functional network connectivity (FNC) are marked with an asterisk in the matrix to the left. Sagittal slices of each ICN
surround the connectogram to the right. ICNs are grouped by domain, consistent with the Neuromark fMRI_1.0 template: subcortical (SC), auditory (AU), senso-
rimotor (SM), visual (VI), cognitive control (CC), default mode (DM), and cerebellar (CB). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 3. The percentage of significant aberrant functional network connectivity pairs (FNCs) within each domain block in the general linear model (GLM) results

#FNCswithq<0.05ford

matrix in Fig. 2c (calculated as %sigFNCatthedomainlevel =

total#FNCsfordomainblox

c'k’ %) are shown above. In the connectogram on the right, between domain re-

lationships are represented with connecting lines, while within domain relationships are represented with an asterisk. Between and within domain relationships are
not shown for domain blocks where less than 5 % of the FNCs are significant (¢ < 0.05). Domain labels are consistent with the Neuromark fMRI_1.0 template:
subcortical (SC), auditory (AU), sensorimotor (SM), visual (VI), cognitive control (CC), default mode (DM), and cerebellar (CB).

negative correlations with ¢ < 0.05), VI (1 weaker positive correlation
with ¢ < 0.05), DM (1 weaker negative correlation with ¢ < 0.05), and
CB (5 weaker negative correlations with ¢ < 0.05) domains. In addition,
dysconnectivity was observed within the CC domain (1 weaker positive
correlation with ¢ < 0.05).

3.2.6. DM domain

We observed hyperconnectivity (stronger positive correlations in
psychosis with ¢ < 0.05) in the DM domain between ICN 49 (D. PCC)
and ICNs 29 (L. IFG) and 31 (posterior middle frontal gyrus) in the CC
domain. This was also observed between DM ICN 47 (lateral anterior
cingulate cortex; L. ACC) and ICN 35 (superior frontal gyrus) in the CC
domain. In contrast, we observed increased anticorrelation (stronger
negative correlation in psychosis with ¢ < 0.05) in the DM domain
between ICN 49 (D. PCC) and ICNs 7 (A. MTG) and 11 (R. PoCG) from
the AU and SM domains respectively. We observed this between DM ICN
44 (ventral precuneus) and AU ICN 6 (STG) as well. We observed dys-
connectivity or a weaker negative correlation (¢ < 0.05) in psychosis
between ICN 46 (Ventral PCC; see Fig. 4m) and ICN 29 (L. IFG).

3.2.7. CB domain

Many of the results pertaining to the CB domain have already been
mentioned in the previous sections, however, to briefly summarize,
there were 22 aberrant CB FNCs across SC, AU, SM, VI, and CC domains.
Of these, 20 demonstrated hypoconnectivity or dysconnectivity either in
the form of weaker positive correlations or weaker anticorrelations in
psychosis relative to controls. We also observed hypoconnectivity

(weaker positive correlation in psychosis with ¢ < 0.05) within the CB
between ICNs 50 (left cerebellum; see Fig. 40) and 52 (medial cere-
bellum; see Fig. 4q). We observed a weaker positive correlation in
psychosis (g < 0.05) between ICN 50 (L. cerebellum) and SCICNs 1 (M.
caudate) and 2 (subthalamus/hypothalamus). We also observed weaker
positive correlations in psychosis (g < 0.05) between ICN 2 (sub-
thalamus/hypothalamus) and ICN 52 (M. cerebellum) and between ICN
5 (thalamus) and CB ICNs 51, 52, and 53. We uniquely observed nega-
tive correlations in psychosis relative to positive correlations in controls
(g < 0.05) between ICN 2 (subthalamus/hypothalamus) and ICNs 51 (P.
cerebellum) and 53 (R. cerebellum). In the AU domain, we observed
weaker negative correlations in psychosis relative to controls (g < 0.05)
between ICN 6 (STG) and all cerebellar ICNS, as well as between ICN 7
(A. MTG) and ICN 50 (L. cerebellum). In the SM domain, we likewise
observed a weaker negative correlation in psychosis (¢ < 0.05) between
ICN 11 (R. PoCG) and ICN 53 (R. cerebellum). In the VI domain, again
we observed weaker negative correlations in psychosis relative to con-
trols (g < 0.05) between ICN 19 (P. MTG) and CB ICNs 50, 51, and 53.
Lastly, in the CC domain we observed weaker positive correlations in
psychosis (g < 0.05) between ICN 37 (A. hippocampus) and CB ICNs 51
(P. cerebellum) and 53 (R. cerebellum), as well as between ICN 42 (P.
hippocampus) and CB ICNs 51, 52, and 53.

3.3. Statistical comparisons with a one-year psychosis subset

After quality control, the total sample reported in the current
manuscript included 117 individuals with two-year psychosis. Our
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c) ICN 5 - Thalamus
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g) ICN 19 -P. MTG h) ICN 28 - SMFG

j) ICN 34 - SMA
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Fig. 4. Corresponding spatial maps for the most notable intrinsic connectivity networks (ICNs) are displayed with accompanying labels derived from Du et al.
(2020). From the subcortical domain (SC): (a) ICN 1 — medial caudate, (b) ICN 2 - subthalamus/hypothalamus, (c¢) ICN 5 - thalamus. From the auditory domain (AU):
(d) ICN 6 - superior temporal gyrus (STG), (e) ICN 7 — anterior middle temporal gyrus (A. MTG). From the Sensorimotor domain (SM): (f) ICN 8 - anterior postcentral
gyrus (A. PoCG). From the cognitive control domain (CC): (g) ICN 19 - posterior middle temporal gyrus (P. MTG), (h) ICN 28 - superior medial frontal gyrus (SMFG),
(i) ICN 29 - left inferior frontal gyrus (L. IFG), (j) ICN 34 - supplementary motor area (SMA), (k) ICN 37 — anterior hippocampus, (1) ICN 42 — posterior hippocampus.
From the Default-mode domain (DM): (m) ICN 46 — ventral posterior cingulate cortex (V. PCC), (n) ICN 49 - dorsal posterior cingulate cortex (D. PCC). And from the
cerebellar domain (CB): (0) ICN 50 — left cerebellum, (p) ICN 51 - posterior cerebellum, (q) ICN 52 — medial cerebellum, (r) ICN 53 - right cerebellum.
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results from the diagnostic group case/control analysis highlighted 79
statistically significant aberrant FNC pairs which survived FDR correc-
tion (see Fig. 2). Acknowledging the variable definitions for FEP across
studies (Breitborde et al., 2009; Faria et al., 2021; Salisbury et al., 2022;
Wang et al., 2023; Yang et al., 2022), we decided to repeat our analysis
including only those individuals who were within one year from their
initial clinical contact for psychosis. This resulted in the exclusion of an
additional 20 participants from our psychosis group (N = 97). We
repeated the statistical case/control comparison to identify differences
in FNC between individuals with one-year psychosis and controls. For
each FNC, a linear model was used with age, sex, race, mean FD, and
imaging site as covariates. All 79 of the aberrant FNC pairs reported in
section 3.2 (N = 117) remained significant (p < 0.05) in the reduced

Neurolmage: Clinical 41 (2024) 103584

sample (N = 97) prior to FDR correction. However, only 10 of these FNC
pairs survived FDR correction (see Fig. 5). We compared the overall
similarity of the results of our analysis with the two-year psychosis
sample (N = 117) and one-year psychosis sample (N = 97) and found
that the observed patterns of diagnostic effect on FNC were nearly
identical (r = 0.97, p < 0.001). In other words, adjusting our psychosis
sample from within two years to within one year of the first clinical
contact reduced our sample size and in turn reduced our statistical
power without changing the observed patterns of aberrant FNC.

3.4. Symptom severity and FNC

While we identified several statistically significant associations
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Fig. 5. Results of the general linear model (GLM) for each combination of the 53 Neuromark intrinsic connectivity networks (ICNs) in the reduced sample of
psychosis within one year of their first clinical contact (N = 97) is displayed above. Significant (¢ < 0.05) case/control group associations with functional network
connectivity (FNC) are marked with an asterisk. Note the similarity to Fig. 2c. ICNs are grouped by domain, consistent with the Neuromark fMRI_1.0 template:
subcortical (SC), auditory (AU), sensorimotor (SM), visual (VI), cognitive control (CC), default mode (DM), and cerebellar (CB).
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between positive (SAPS) and negative (SANS) symptom scores and FNC,
none of these symptom associations survived FDR correction. We have
attached a description of these findings as an appendix (see Appendix
S2).

4. Discussion
4.1. Reliable and emerging patterns of aberrant connectivity

The current study utilized a data-driven approach similar to Fu et al.,
(2021a) and successfully identified multiple statistically significant
psychosis-control group differences in FNC across all domains, many of
which replicate previous findings. In addition, our results expand upon
those of Fu et al., (2021a) by identifying unique patterns of aberrant
connectivity in one and two-year psychosis samples which are likely
more naive (in contrast to the five-year psychosis sample utilized by Fu
et al., (2021a)) to the effects of the various confounds previously
mentioned. In particular, like Fu et al., (2021a), we observed pro-
nounced altered patterns of connectivity between the cerebellum and
subcortical structures (see Figs. 2 & 3), including the caudate (ICN 1),
thalamus (ICN 5), and subthalamic structures (ICN 2) associated with
psychosis. And we expand upon the results of Fu et al., (2021a) with our
observation of hypoconnectivity between the cerebellum (ICNs 51-53)
and hippocampus (ICNs 37 & 42). Also like Fu et al., (2021a), we
observed prominent aberrant connectivity between sensory cortex and
cerebellar and subcortical structures associated with psychosis (see
Fig. 3). However, unlike Fu et al., (2021a) we observed aberrant con-
nectivity between the SMA (ICN 34) and subcortical structures as well as
other sensory cortex in auditory and visual networks. Altogether, our
findings appear to provide evidence of dysconnectivity in the cere-
brocerebellar circuit (Buckner, 2013; McLachlan & Wilson, 2017) in
individuals with one and two-year psychosis. These findings are
consistent with a cognitive dysmetria theory of schizophrenia charac-
terized by disruptions in cortical-subcortical-cerebellar circuitry
(Andreasen et al., 1998). Furthermore, the patterns reported here may
be characteristic of an earlier stage of psychosis, when the impact of
other confounding factors is minimal.

4.2. Aberrant connectivity in auditory and language networks

Some of the most noteworthy findings in the current study pertain to
auditory and language networks, many of which echo the patterns
observed in individuals with psychosis in prior studies. In particular, the
observed aberrant connectivity between the auditory cortex (ICNs 6, 7,
& 19) and cerebellar ICNs (50-53) is consistent with results reported by
Du et al. (2018) in individuals with early schizophrenia and clinical
high-risk for psychosis, as well as results reported by Fu et al., (2021a) in
an early-psychosis sample. In earlier work, Du et al. (2015) similarly
described aberrant FNC between the cerebellum and temporal cortex
associated with schizophrenia, bipolar, and schizoaffective disorders.
We likewise observed these patterns (see temporal cortex ICNs 6/7/19
and the CB domain ICNs in Figs. 2 and 4).

The observed dysconnectivity between a key auditory network
structure (the STG, ICN 6) and subcortical networks (particularly the
caudate, ICN 1; see Fig. 2) echoes the findings of Lottman et al. (2019).
Also similar to our results, Zhang et al. (2021) observed STG-thalamic as
well as sensorimotor-thalamic dysconnectivity. Notably, Zhang et al.
(2021) emphasized their cross-sectional finding of increased
sensorimotor-thalamic dysconnectivity in early-onset schizophrenia,
and related it to similar findings in longitudinal studies (Anticevic et al.,
2015; Cao et al., 2018), postulating that this pattern emerges early in the
onset of psychosis and may contribute to the development of schizo-
phrenia. In addition, Cao et al. (2018) posited that altered connectivity
between the thalamus and sensorimotor regions might be indicative of a
gating deficit responsible for aberrant subcortical sensory input to the
cortex. Consistent with this, we observed statistically significant
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dysconnectivity in one and two-year psychosis between sensorimotor
ICNs 9 and 10 (both in the postcentral gyri), and the thalamic ICN 5 (see
Figs. 2 and 4). Chang et al. (2017) reported aberrant connectivity be-
tween the postcentral gyrus and the language network, noting that the
postcentral gyrus contains the primary somatosensory cortex, which is
believed to integrate information about mouth movements into the
process of speech perception (Skipper et al., 2005). In addition, we
identified aberrant connectivity between the supplementary motor area
(SMA; ICN 34) and various subcortical structures (ICNs 1, 2, & 5; see
Fig. 2). The thalamocortical relationship reported here between ICNs 34
and 5 is comparable to findings reported in Zhang et al. (2021). Like the
somatosensory cortex in the postcentral gyrus, the SMA similarly has an
important role in speech and language processing through its integration
of subcortical structures and functions (Hertrich et al., 2016). In general,
disruptions in language-related regions and networks in psychotic dis-
orders is a finding well-established by prior studies (Chang et al., 2017;
Cui et al., 2016; DeLisi, 2001; Du et al., 2021; Lv et al., 2016; McGuire
et al., 1993; Oertel-Knochel et al., 2013; Salisbury et al., 2022).

The posterior cingulate cortex (PCC; ICNs 46 & 49; see Fig. 4m & n) is
a key structure in the default mode network (DMN; Raichle et al., 2001)
which is a large-scale brain network that has been widely implicated in
psychotic disorder research (Buckner et al., 2008; Nair et al., 2020). In
the current study, we observed hyperconnectivity between ICN 49 (D.
PCC) and ICN 29 (L. IFG; see Figs. 2 & 4i) which contains Broca’s area, a
brain region well-known for its role in speech production and compre-
hension among other linguistic processes (Amunts & Zilles, 2012; Frie-
derici, 2002; Hagoort, 2014). Interestingly, Iwashiro et al. (2016) and
Salisbury et al. (2022), reported significantly decreased brain activity
within the IFG in individuals with FES and FEP, respectively. The find-
ings of Jung et al. (2012) are relevant here as well, which suggested that
alterations in rs-fMRI in Broca’s area precede the onset of psychosis and
that aberrant FC is associated with symptom severity. Our results appear
to replicate theirs, lending further support to their conclusion; we
observed multiple significant (p < 0.05) associations between FNC in the
IFG and symptom severity (see Appendix S2). Also consistent with the
findings of Jung et al. (2012), we observed dysconnectivity between the
DMN and structures involved in language-related networks, specifically
we observed increased anticorrelations between the PCC (ICN 49) and
the right PoCG (ICN 11) as well as the middle temporal gyrus (MTG; ICN
7; see Fig. 4e). In contrast to these findings are those of Woodward et al.,
(2011) who observed hyperconnectivity between the PCC and MTG in
chronic schizophrenia patients. O’'Neill et al. (2019) postulated that
hypoconnectivity between the DMN and regions in the language-
network may underlie symptoms of psychosis. However, these mixed
results across studies reporting both hyper- and hypoconnectivity be-
tween the DMN and regions in the language-network may suggest that
we adopt a more general conclusion: psychosis is linked to aberrant
connectivity between the DMN and regions in the language-network.

It is also interesting to note the cortico-cortical relationship with
diagnostic group observed in FNC between the STG (ICN 6) and the IFG
(ICN 29). Both of these regions are involved in the language network,
and as a result, many studies have investigated and identified associa-
tions between the IFG, STG, and auditory verbal hallucinations (Jardri
et al., 2011; Kompus et al., 2011; Kuhn & Gallinat, 2012; Zhang et al.,
2015). While we did not observe associations between these regions and
positive symptoms such as AVH, we did observe associations with
negative symptoms (see Appendix S2). Dysfunction of Broca’s area
within the IFG has previously been suggested as a contributor to the
negative symptoms of schizophrenia, such as alogia (Du et al., 2021). In
a FES population, Du et al. (2021) identified associations between
aberrant connectivity in these language-related areas (STG and IFG) and
negative symptoms, and similarly highlighted the prognostic value of
these findings.
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4.3. Cortico-cortical and cortical-subcortical dysconnectivity

Patterns of aberrant FNC in other sensory cortex in our results should
be noted as well. Specifically, we observed widespread hypoconnectivity
between the SMA (ICN 34) and ICNs in the visual network (ICNs 17, 19,
21-23, 25; see Fig. 2). As previously mentioned, the SMA has a key role
in movement planning (Shima & Tanji, 1998; Tanji & Shima, 1994),
which is a process that also incorporates information from the visual
network. In addition, the SMA is involved in mental imagery (Zvya-
gintsev et al., 2013) and estimating time duration (Harvey et al., 2020;
Protopapa et al., 2019). Notably, these functions are often impaired in
individuals with schizophrenia (Dutschke et al., 2018; Mazhari et al.,
2015; Ueda et al., 2018), which lends further support to the cognitive
dysmetria framework for schizophrenia which suggests that cognitive
deficits can account for the symptoms of schizophrenia (Andreasen
et al., 1998). Our results are also consistent with those of Damaraju et al.
(2014) and Iraji et al. (2019) who similarly observed hypoconnectivity
in FNC between auditory, visual, and sensorimotor domain ICNs (the
SMA corresponds with Brodmann area 6 or BA 6, which Damaraju et al.,
2014 included in the sensorimotor domain rather than cognitive control
as we did in the current study). While the auditory network has already
been discussed at length, it should be noted that disruptions in visual
processes have also been documented in psychotic disorders (Adamek
et al., 2022; Tiirkozer et al., 2019), and reduced cortical volumes have
been reported in the visual areas of individuals with psychosis (Adhan
et al., 2020; Reig et al.,, 2009). Interestingly, the aberrant FNC we
observed appears to be associated with ICNs overlapping with higher-
order visual areas such as visual association cortex (e.g., ICN 17) and
those associated with the dorsal (DAN; e.g., ICN 34) and ventral atten-
tion networks (VAN; e.g., ICN 19) more than ICNs centered on primary
visual cortex (V1; e.g., ICNs 18 & 20). Although we did not specifically
test for associations between visual hallucinations and FNC, our finding
that aberrant FNC in these areas was associated with psychosis appears
to be consistent with van Ommen et al. (2023), who described both the
absence of V1 activity during visual hallucinations and activation of
higher-order visual areas. van Ommen et al. (2023) proposed that visual
hallucinations may result from a dissociation of higher-order visual
processing areas (e.g., DAN and VAN) from V1. The consistency between
our results and this framework may serve as another example of possible
disruptions in cognitive processes which may account for symptoms of
psychosis.

In a meta-analysis of spontaneous brain activity (rs-fMRI) in FEP,
Cattarinussi et al. (2023) highlighted a pattern of increased spontaneous
neural activity in the striatum across various studies. The widespread
dysconnectivity we observed between the caudate (ICN 1) and several
other brain regions (see Fig. 2) appears to be consistent with this
observation. In particular, our observed hyperconnectivity between the
caudate (ICN 1) and the superior medial frontal gyrus (ICN 28) is also
reported by Cattarinussi et al. (2023). Similarly, our observed pattern of
dysconnectivity between the caudate (ICN 1) and the SMA (ICN 34; see
Fig. 2) is also consistent with Cattarinussi et al. (2023). Oh et al. (2020)
similarly observed hyperconnectivity between the striatum and frontal
cortex in FEP. Overall, our findings further support the notion that
disruptions in the fronto-striatal circuit represent key pathophysiolog-
ical alterations which may serve as reliable indicators of psychosis.

4.4. Aberrant connectivity in subcortical and cerebellar regions

Another key component of Andreasen and colleagues’ (1998) theory
of cognitive dysmetria is the dysfunctional relationship between
subcortical structures and the cerebellum. In the current study, we
observed evidence of this through patterns of cerebellar-thalamic (ICNs
51-53 and ICN 5) hypoconnectivity (see Figs. 2 and 4). Patterns of
aberrant cerebellar-thalamic connectivity have also been reported by
studies in individuals with clinical high risk for psychosis (hyper-
connectivity; Cao et al, 2018), early onset-schizophrenia
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(hypoconnectivity; Zhang et al., 2021), early psychosis (Fu et al.,
2021a), and chronic schizophrenia (hypoconnectivity; Chen et al., 2013;
Wang et al., 2014). We also observed hypoconnectivity between the
hippocampus (ICNs 37/42) and cerebellum (ICNs 51-53). Du et al.
(2015) likewise observed disruptions in FNC between the hippocampus
and cerebellum in a transdiagnostic sample including individuals with
schizophrenia, bipolar, and schizoaffective disorders. Notably, Du et al.
(2015), Du et al., 2018a, and Clark et al. (2020) placed a strong
emphasis on cerebellum-related aberrant FC as a potential biomarker for
psychotic disorders; this point is recapitulated and further supported in
light of the present study which demonstrated widespread dysconnec-
tivity (22 aberrant CB FNCs; see Figs. 2 & 3) between the cerebellum and
SC, AU, SM, VI, and CC domains, as well as within the cerebellum (ICNs
50 & 52; see Fig. 4). Specifically, nearly all of these FNCs were reduced
(either weaker positive correlations or weaker anticorrelations) in psy-
chosis, which is consistent with Clark et al. (2020), who exclusively
observed weaker cerebellocortical FC in a chronic schizophrenia sample.
It has been suggested that one of the roles of the cerebellum is to regulate
attributes of cognitive processes such as speed, capacity, and appropri-
ateness (Buckner, 2013). If the observed patterns of aberrant FNC are
interpreted as disruptions in the regulation of cognitive processes, as
suggested by the cognitive dysmetria framework (Andreasen et al.,
1998), then weaker cerebellocortical FNC might serve as a key indicator
of under-regulated cognitive processes which may manifest as symptoms
of psychosis.

4.5. Limitations and future directions

While we identified several significant associations between symp-
toms of psychosis and FNC, these did not survive FDR correction.
However, other studies have likewise failed to identify statistically sig-
nificant associations with various symptom measures (Guo et al., 2018;
Zhang et al., 2021; Zhang et al., 2015) and notably those reported by Fu
et al., (2021a) also did not survive FDR correction. One explanation for
this is that the participants in the psychosis sample included in our study
are being evaluated during a recovery stage (within months to years
following their first clinical contact; see Table 1) when symptoms are
milder. As a result, the modest effect size does not enable these results to
survive a relatively conservative statistical correction. As suggested by
Fu et al., (2021a), the effect may be weakened by the heterogenous
nature of psychosis, or by our statistical correction for the multiple sites
where data was collected. However, even though the effects did not
survive FDR correction, it is worth noting that the associated patterns we
found between symptom severity and FNC were generally consistent
with our findings from our analysis of the psychosis diagnostic group
and FNC (see Appendix S2).

Future studies seeking to increase statistical power of relatively small
symptom effects might consider strategies to increase their sample size.
Many of the previous studies discussed (Bang et al., 2018; Chen et al.,
2013; Du et al., 2018b; Guo et al., 2018; Iwashiro et al., 2016; Lottman
etal., 2019; Salisbury et al., 2022) utilized samples less than half the size
(N < 59 patients) of the current study (N = 117 patients). While our
study no doubt benefitted from the relatively large sample size, future
studies will likely benefit from utilizing an even larger sample as well as
a more universal network template (Iraji et al., 2023). Recent work by
Iraji et al., (2022a) also demonstrates how additional insight can be
gained through utilizing multiple spatial scales and sex-specific alter-
ations. Future studies might leverage features such as brain dynamics (e.
g., both spatial and temporal; Damaraju et al., 2014; Iraji et al., 2019) to
identify unique biomarkers of FEP through multiscale ICA (Iraji et al.,
2022b).

Another important consideration are the effects of medication. While
we anticipate that the effects of antipsychotic use were reduced in our
sample due to the relatively short duration of illness in our participants
with psychosis, we acknowledge the potential impact this confound may
have had on our results. While it is difficult to determine exactly how our
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results may have been impacted, previous studies have linked antipsy-
chotic use to structural and functional alterations in several brain re-
gions in individuals with FES and FEP (Chopra et al., 2021; Ebdrup et al.,
2011; Li et al., 2012; Li et al., 2018; Yang et al., 2021). Future studies
might consider other strategies (e.g., recruiting drug-naive groups or
accounting for antipsychotic use in statistical analyses) for disentangling
some of the effects of antipsychotic use in their analyses.

5. Conclusions

The findings in the current study have the advantage of being more
informative and comprehensive due to the nature of the data-driven
whole-brain approach utilized. This is evident in the wide range of
FNCs associated with the psychosis group (see Fig. 2). Indeed, these
results illustrate patterns of dysconnectivity in brain-wide cortical-
subcortical-cerebellar networks, offering further support to existing
theory (Andreasen et al., 1998; Friston, 1998). Overall, the results of the
current study help to highlight key patterns of aberrant FNC associated
with one and two-year psychosis. Many of these patterns of aberrant
connectivity have been observed in previous studies in populations
experiencing early psychosis and schizophrenia, although there are
some differences in directionality (i.e., hyper- and hypoconnectivity).
Our observations of these patterns within one and two years of the first
clinical contact for psychosis is especially useful for the purpose of
establishing stable biomarkers for psychosis at a critical period, early
after the onset of symptoms. These findings will hopefully inform future
research efforts as we strive to identify and better understand the bio-
logical mechanisms associated with psychosis.
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