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ARTICLE INFO ABSTRACT

Keywords: Alterations of functional network connectivity have been implicated in the pathophysiology of schizophrenia
Dynamic functional connectivity (SCZ) and bipolar disorder (BD). Recent studies also suggest that the temporal dynamics of functional connec-
1ca o tivity (dFC) can be altered in these disorders. Here, we summarized the existing literature on dFC in SCZ and BD,
?Z]?izgglirgzijny and their association with psychopathological and cognitive features. We systematically searched PubMed, Web
Bipolar disorder of Science, and Scopus for studies investigating dFC in SCZ and BD and identified 77 studies. Our findings
Psychosis support a general model of dysconnectivity of dFC in SCZ, whereas a heterogeneous picture arose in BD.
Psychopathology Although dFC alterations are more severe and widespread in SCZ compared to BD, dysfunctions of a triple

network system underlying goal-directed behavior and sensory-motor networks were present in both disorders.

Furthermore, in SCZ, positive and negative symptoms were associated with abnormal dFC.

Implications for understanding the pathophysiology of disorders, the role of neurotransmitters, and treatments
on dFC are discussed. The lack of standards for dFC metrics, replication studies, and the use of small samples
represent major limitations for the field.

1. Introduction

Schizophrenia (SCZ) and bipolar disorder (BD) are severe psychiatric
disorders that share a significant overlap in many features, including
genetic susceptibility (Lee et al., 2013a; Smoller et al., 2013) and clinical
manifestations (Lee et al., 2015). Interestingly, both disorders have been
associated with neural changes, mainly involving the fronto-thalamo-
striatal and limbic regions (Cattarinussi et al., 2022; Chen et al., 2011;
Leroy et al., 2020; Minzenberg et al., 2009; Wu and Jiang, 2020). Studies
using functional magnetic resonance imaging (fMRI) in these disorders
have found altered functional connectivity also at rest (rs-fMRI), sug-
gesting a role for intrinsic alterations of brain wiring (Lee et al., 2013b).
At rest, several regions of the brain show synchronous low-frequency
oscillations of the fMRI signal (Fransson, 2005) that suggest a high
level of functional coupling or functional connectivity (FC) between
them (Menon, 2011; Raichle, 2011; Smith et al., 2009). Importantly,
these sets of connected areas, referred to as resting-state networks, show

correspondence with brain networks recruited during the performance
of a goal-directed task (Biswal et al., 1997).

Alterations in FC of resting-state networks, particularly the default
mode network (DMN), the salience network (SAL), and the executive
network (EXE), have been reported in association with several clinical
features both SCZ and BD (Hare et al., 2019a; Lee et al., 2018; Menon,
2019; Sambataro et al., 2021a; Whitfield-Gabrieli and Ford, 2012).
According to the “triple network” model (Menon, 2011), these networks
interact to support cognition, affective functions, and goal-directed be-
haviors. In particular, the EXE is active in high-order cognition, the DMN
is temporally anti-correlated with the EXE and is thought to contribute
to vigilance, rumination, self-processing, and learning (Buckner et al.,
2008), and the SAL mediates the switching between these networks
(Menon, 2011). In addition to these, sensorimotor (SM), visual (VIS),
auditory (AUD), language, emotional, and basal ganglia networks have
been consistently described at rest in healthy and neuropsychiatric
samples (Jimenez et al., 2019; O’Donoghue et al., 2017).
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Early resting state studies were based on the assumption that the FC
had spatial and temporal stationarity, thus supporting the notion that
the average FC could have been representative of the connectivity of the
brain. However, brain activity changes dynamically depending on de-
mands, e.g., sleep, sedation, tasks, etc. (Bharath et al., 2017; Harvey
et al., 2011), and this also holds for rest, where multiple mental activ-
ities can occur (Allen et al., 2014). Therefore, while studies operating
under the assumption of stationarity have helped to identify rs-fMRI
networks, they have not been able to capture their complex dynamic
changes (Hutchison et al., 2013). Accordingly, it has been proposed that
the study of time-varying aspects of FC, the so-called dynamic functional
connectivity (dFC), may provide greater insight into the properties of
brain networks (Allen et al., 2014; Hutchison et al., 2013).

Several measures can be used to characterize the properties of dFC,
including functional connectivity strength (FCS), which is a measure of
dynamic connectivity calculated as the time-varying sum of connections
between a brain voxel and all other voxels and describes the magnitude
of signal coupling between brain regions or networks over time in a
specific state (Yu et al., 2013). Additionally, measures of stability and
predictability of dFC, such as variability, flexibility, entropy, and global
efficiency, are also commonly employed. In particular, the FC variability
of a specific brain region reflects its dynamic change over time within
brain states and is generally estimated by the overall variance of the dFC
between networks/regions (Zhang et al., 2016). Differently, flexibility
reflects the dynamic reconfiguration of functional connections between

Records identified through database screens = 411

Records after duplicates removed = 213
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different brain areas that occurs over time and for different tasks (Garcia
et al., 2018; Harlalka et al., 2019). Such flexibility could be measured in
the context of entropy, which is an index of complexity that character-
izes nonlinear properties of resting-state signal (Sokunbi et al., 2011;
Wang et al., 2014). Lastly, global efficiency measures the efficiency of
information exchange over time in a temporal network (Dai et al.,
2016).

In this framework, the overarching goal of this review was to sys-
tematically summarize and analyze the extant literature on dFC at
resting state in SCZ and BD to identify disease-associated changes.

2. Methods
2.1. Article selection and classification

In February 2022 we conducted a systematic search of the literature
on PubMed, Web of Science, and Scopus without any language restric-
tion, in accordance with the Meta-analysis of Observational Studies in
Epidemiology guidelines (MOOSE, see Supplementary Materials)
(Stroup et al., 2000). A combination of the following keywords was
used: “dynamic functional connectivity” OR “dynamic functional
network connectivity” OR dFC OR “dynamic network connectivity” OR
“dynamic brain network” OR “dynamic brain functional network” OR
“dynamic brain connectivity” AND schizophrenia OR "bipolar disorder"
OR BD or psychosis. We also included relevant studies appearing in the

\ 4

Met exclusion criteria = 90

Publications potentially meeting inclusion criteria = 123

Full-text publications assessed for eligibility = 123

Studies meeting all inclusion criteria = 77

Excluded following studies = 46

Methodological papers =21

Machine learning studies not reporting dFC data = 16
NoHC=4

NoSCZorBD=3

Longitudinal studies with no baseline = 2

Fig. 1. PRISMA flow chart of the selection of publications for inclusion in the review.
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reference lists of the selected articles.

Studies were included if they: 1) estimated dFC; 2) investigated a
clinical population affected by BD or/and SCZ; 3) included a healthy
control (HC) comparison group. Longitudinal studies were excluded if
the baseline dFC was not evaluated.

All selected papers were independently assessed by the authors (GC
and FM) and evaluated against inclusion and exclusion criteria. The
initial search resulted in 411 articles. The number of duplicates was 198
studies. After reviewing the abstracts of these articles, 123 studies were
selected for full-text reading and 43 studies were further excluded
because they did not meet the inclusion criteria. Finally, a total of 77
studies were selected (see Fig. 1 for the selection process).

2.2. Data extraction

We used a systematic data extraction procedure to individually
determine the main characteristics of the included studies with respect
to five categories of variables: 1) population (sample size, age, sex); 2)
psychiatric diagnosis; 3) control group (sample size, age, sex); 4)
experimental design (methodology, diagnostic tools, dFC pipeline); 5)
outcomes (dFC alterations, associations between dFC and psychopath-
ological or cognitive variables).

3. Results
3.1. Studies characteristics

All but four studies (Duan et al., 2020; Lottman et al., 2017; Wang
etal.,, 2021; Zhang et al., 2021) had a cross-sectional design. Overall, 54
studies were carried out in SCZ, 16 in BD, and seven in both disorders.
Within SCZ studies, a study was conducted in patients with first-episode
psychosis (FEP) (Briend et al., 2020), while two investigations included
early-stage SCZ with a duration of the illness of approximately two years
(Du et al., 2018; Mennigen et al., 2019). Three investigations explored
alterations in dFC in SCZ and in their unaffected relatives (Braun et al.,
2016; Guo et al., 2018; Su et al., 2016) and two studies also included
individuals at high clinical risk of psychosis (CHR) (Du et al., 2018;
Mennigen et al., 2019). Most studies were conducted at rest, and only in
5 studies dFC was calculated during the performance of a task (Braun
et al.,, 2016; Gifford et al., 2020; Li et al., 2020; Sakoglu et al., 2010; Yue
et al,, 2018). Eleven studies were conducted on the same sample
(Damaraju et al., 2014; Faghiri et al., 2021; Fateh et al., 2020; Fu et al.,
2021; Fu et al., 2018; Miller et al., 2016a, 2016b; Rahaman et al., 2021;
Salman et al., 2019; Sendi et al., 2021a, 2021b) (see Supplementary
Material).

Psychopathological evaluations were carried out using different
clinical diagnostic instruments, including the Brief Psychiatric Symptom
Scale (BPRS) (Overall and Gorham, 1962), the Hamilton Anxiety Scale
(HAM-A) (Hamilton, 1959), the Hamilton Depression Scale (HAM-D)
(Hamilton, 1960), the Positive and Negative Affect Scale (PANAS-N)
(Watson et al., 1988), the Positive and Negative Symptoms Scale
(PANSS) (Kay et al., 1987), the Scale for the Assessment of Negative
Symptoms (SANS) (Andersen, 1989), the Scale for the Assessment of
Positive Symptoms (SAPS) (Andersen, 1984), the Sign and Symptoms of
Psychiatry illness (SSPI) (Liddle et al., 2002), the Structured Interview
for Prodromal Syndromes (SIPS) (Miller et al., 2003) and the Young
Mania Rating Scale (YMRS) (Young et al., 1978) (see Supplementary
Material for a complete list of the clinical scales). Some studies also
included functioning and cognitive assessments (see Supplementary
Material for details).

The Image acquisition protocols, analytic methods, and clinical
assessment tools of the studies are summarized in Tables 1, 2, 3.

3.2. dFC techniques

First, fMRI time series were preprocessed, and then dFC analysis was
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performed with the following steps: a) signal extraction to obtain
meaningful metrics in terms of raw time series, low-frequency oscilla-
tions, regional connectivity, etc.; b) dFC calculation, where several time-
dependent connectivity matrices are obtained across the whole time-
series; and finally, 3) the estimation of recurring and stable patterns of
dFC states at the individual and group level (see Table 4).

3.2.1. Signal extraction

The most widely used technique to obtain time series was spatial
group independent component analysis (ICA) (Calhoun et al., 2001).
Furthermore, 19 studies explored FC with a seed-based approach that
detects the univariate pairwise correlation of one or more a priori-
selected seeds or regions of interest (ROI) and other areas of the brain,
thus producing seed-based FC maps (Wu et al., 2018). One study
investigated the dynamics of regional homogeneity (ReHo) (Dong et al.,
2019), which studies the similarity of the time series of a particular
voxel with the time series of neighboring voxels, providing a measure of
localized FC (Zang et al., 2004). Spontaneous brain activity at rest can be
measured not only using the correlation between time series but also by
exploring changes in the frequency domain, which is the analysis of the
power spectrum that allows the study of specific frequencies of the
signal. In particular, the amplitude of low-frequency fluctuations (ALFF)
and the fractional amplitude of low-frequency fluctuations (fALFF)
detect the intensity of spontaneous low-frequency fluctuations of the
BOLD signal in the whole brain (Turner et al., 2013). Here, we included
studies that explored the dynamics of ALFF (dALFF) and dynamic fALFF
(dfALFF), defined as recurring patterns of ALFF and fALFF variability
over time calculated with the sliding window approach and clustered in
states (Chen et al., 2022; Fu et al., 2018; He et al., 2021; Liang et al.,
2020; Luo et al., 2021; Nyatega et al., 2021). Moreover, Yang et al.
(2020) used voxel mirrored homotopic connectivity analysis to inves-
tigate the temporal variability of interhemispheric functional connec-
tivity between homotopic areas (Yang et al., 2020) (see Supplementary
Material).

3.2.2. dFC calculation

Several techniques were used to study time-varying changes in FC.
One of the most widely used was the sliding window (SW) approach,
which partitions the time course of the fMRI signal into several fixed
temporal windows (that may partially overlap), where pairwise corre-
lations between regions/networks are computed until reaching the end
of the time courses itself (Hutchison et al., 2013; Rashid et al., 2014).
Then, to assess the frequency and structure of reoccurring FC patterns, a
clustering algorithm for windowed covariance matrices is commonly
used (Lloyd, 1982) (Fig. 2). In addition, other methods have been used,
including: 1) network flexibility, which is a measure of how often a brain
area changes its allegiance to a community of nodes over time (Braun
et al., 2016); 2) quasi-periodic patterns (QPP), which reflect the spatio-
temporal patterns of signal oscillations in the infra-low frequency range
and are supposed to underlie functional connectivity (Briend et al.,
2020); 3) filter-banked connectivity, an approach that does not make a
priori assumptions about connectivity frequency and performs fre-
quency tiling in the connectivity domain (Faghiri et al., 2021); and 4)
dynamic directional functional domain connectivity, a method that
operates at a dimensional scale sufficient to capture multiplexed
dynamical relationships within and between functional domains (Miller
et al., 2016b). Four studies explored the effects of global signal regres-
sion on dFC findings and three investigations examined frequency-
related changes in dFC (see Supplementary Material).

3.2.3. Estimation of connectivity states

k-means clustering is one of the most widely used methods to mod-
ularize windowed connectivity patterns. Briefly, k-means clustering is
an unsupervised technique that automatically partitions a data set into a
predefined number (k) of clusters, typically spanning from 2 to 20
(Shakil et al., 2014; Supekar et al., 2019). In this context, each state is



Table 1

Selection of studies that evaluate dynamic functional connectivity in schizophrenia.

Author, year Subjects Study design MRI acquisition and Clinical scales Duration Comorbidities Medications Neuroimaging findings Correlations with clinical scales
number (M/ dFC analysis of illness
F) Age (years)
(years) mean
+ SD
Bhinge et al., SCZ: 88 (NR) Cross-sectional NR NR NR NR NR SCZ vs. HC: reside in or switch to a state NR
2019 37.0 + 14.0 SW approach that has 1 positive correlation within the
HC: 91 (NR) k-means clustering NA NR NR VIS and between the anterior DMN and
38.0 + 12.0 frontal component, VIS and parietal
component, anterior DMN and frontal
component, and cerebellum and VIS
component.
Reside in or switch to a state that has
negative correlation between the
cerebellum and left EXE.
Braun et al., SCZ: 28 (17/ Cross-sectional 3T SCID-1, PANSS, NR NR AP stable dose for > SCZ and Rel vs. HC: | in network No significant associations between
2016 11) SW approach (15 TR, CGI-S 2 weeks flexibility. the network flexibility measure in
33.4+9.2 30s) SCZ and PANSS scores.
Rel: 37 (8/ Working-memory NA NR NR
29) task
29.2 £11.6
HC: 239 (52/ NA NR NR
87)
32.8 £10.1
Briend et al., FEP: 40 (27/ Cross-sectional 3T BPRS NR NR AP-naive FEP vs. HC: t FCS of the correlation of No significant associations between
2020 23) SW approach (22 TR, the QPP in the QPP sliding vector. BPRS and the FC in the EXE.
234 +£5.8 44s)
HC: 40 (25/ k-means clustering (k NA NR NR
15) =5)
24.8 + 6.4 ROI (EXE)
Damaraju SCZ: 151 Cross-sectional 3T NR NR NR AP SCZ vs. HC: | time in states typified by NR
etal,, 2014  (114/37) SW approach k- strong, large-scale FC.
37.8 £+ NR means clustering (k
HC: 163 =5) NA NR NR
(117/46) (22 TR, 44 5)
36.9 + NR
Deng et al., SCZ: 40 (25/ Cross-sectional 3T SCID, PANSS 3.29 + NR AP SCZ vs. HC: 1 mean FC variability of the  Significant positive correlations
2019 15) SW approach k-mean 3.59 whole dorsal VIS; 1 temporal variability between the FC variability of the
26 + 8.2 clustering of the right fusiform gyrus in the dorsal right fusiform gyrus and the PANSS
HC: 24 (14/ NA NR NR network. total scores and the PANSS negative
10) scores.
26.5 + 6.9
Deng et al., SCZ positive: Cross-sectional 3T SCID, PANSS 2 +NR NR AP SCZ positive vs. HC and SCZ negative: | No significant correlations between
2021 21 (13/8) SW approach k-mean mean FC-variability of the whole any network measurement of
26 + NR clustering emotional network and the FC- interest and the PANSS and PANSS
SCZ 2 +NR NR AP variabilities in the bilateral anterior subscale scores in SCZ positive and
negative: 19 insula. negative.
(12/7) SCZ positive: abnormally enhanced
27 £+ NR negative coupling between variability
HC: 24 (10/ NA NR NR and FCS.
14)
27 £ NR
Dong et al., SCZ: 96 (66/ Cross-sectional 3T SCID, PANSS 15.10 + No comorbid AP 96 SCZ vs. HC: tvariability of regional Negative correlation between the
2019 30) SW approach (1 = 20, 10.3 axis I diagnosis voxel-level FC in regions widely positive PANSS subscale scores and
39.8 £11.5 22,24, ...40s) distributed across VIS, SM, attention, the variability of region-to-whole-

thalamus, and cerebellum

brain FC in the right lingual gyrus

(continued on next page)
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Table 1 (continued)

Author, year Subjects Study design MRI acquisition and Clinical scales Duration Comorbidities Medications Neuroimaging findings Correlations with clinical scales
number (M/ dFC analysis of illness
F) Age (years)
(years) mean
+ SD
HC: 122 (81/ clustering NA No current or NA SCZ vs. HC: tvariability of FC in brain with
41) Dynamic ReHo past axis [ regions from VIS, SM, attention, and Positive correlation between the
38.0 + 14.7 disorder thalamus to the whole brain; fvariability =~ PANSS negative scores and
of FC in brain regions from DMN and EXE  variability of region-to-whole- brain
to the whole brain. FC in the right insula.
SCZ | within-network variability in VIS, Negative correlation between the
SM, and thalamus; |within-network PANSS general scores and variability
variability in DMN and EXE when using of region-to-whole-brain FC in the
two atlases (FDR corrected); tbetween- nodes of VIS, SM, and thalamus.
network variability in VIS-thalamus, SM- ~ Negative correlation between
attentional, SM- thalamus, and | PANSS total score and variability of
between-network variability in DMN- FC in nodes of VIS, SM, and thalamus
EXE.
Du et al., SCZ: 82 (65/ Cross-sectional 3T SCID, PANSS NR NR NR SCZ vs. HC: impaired interaction among NR
2016 17) SW approach (20 TR, DMN subsystems, reduced central role
38.0 + 14.0 40s) for PCC and aMPFC hubs, weaker
HC: 82 (63/ k-mean clustering (k NA NR NR interaction between dMPFC subsystem
19) =2) and medial temporal lobe subsystem.
37.7 £10.8
Duet al,, SCZ: 58 (38/ Cross-sectional 3T SCID, PANSS, 2.08 + NR AP 53 SCZ vs. CHR: 1 aberrant connectivities NR
2018 20) SW approach (20 TR, SIPS, 1.37 and greater alterations in the cerebellum,
21.8 + 3.8 40 s) SOPS frontal cortex, thalamus, and temporal
CHR: 53 (32/ NA NR AP-naive 41 cortex.
21) SCZ and CHR vs. HC: common
20.4 + 4.5 aberrances in the supplementary motor
HC: 70 (41/ NA NR NR area, parahippocampal gyrus, and
29) postcentral cortex.
21.9 +5.6 CHR: specific changes in connections
between the superior frontal gyrus and
calcarine cortex.
Du et al., SCZ: 36 (NR) Cross-sectional NR NR NR NR NR SCZ vs. HC: | FC and | time in states in NR
2021b NR time-window which FC between the olfactory region
HC: 49 (NR) approach (20 time NA NR NR and hippocampus and frontal gyrus and
NR points) k-mean vermis presented the most significant
clustering (k = 5) differences, 1 FC and 1 time in states in
which FCs between postcentral gyrus and
vermis and thalamus and temporal gyrus
showed the most significant differences.
Duan et al., SCZ: 42 (27/ Longitudinal 3T SCID, PANSS < 1 year NR Risperidone 4-6 SCZ baseline: | dFC variance betweenthe = NR
2020 15) (8-week SW approach (50 TR, mg/day for 8 weeks  insular subdivisions and the precuneus,
24.9 + 4.8 risperidone) 5 TR, 37 windows) supplementary motor area, and temporal
HC: 38 (25/ ROL: insula NA No NA cortex, 1 increased dFC variance between
13) the insular subdivisions and parietal
24.8 + 4.6 cortex.
SCZ after treatment: normalization of
dFC variance of the abnormal
connections and significant
improvement in positive symptoms.
Espinoza SCZ: 42 (27/ Cross-sectional 3T NR NR NR NR SCZ vs. HC: 1 time in a state displaying NR
etal., 2019  15) SW approach weak connectivity between RSNs from
249 + 4.8 (22 TR, 44 s) all domains), | time in states showing

stronger within- and between-

(continued on next page)
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Table 1 (continued)

Author, year Subjects Study design MRI acquisition and Clinical scales Duration Comorbidities Medications Neuroimaging findings Correlations with clinical scales
number (M/ dFC analysis of illness
F) Age (years)
(years) mean
+ SD
HC: 38 (25/ k-mean clustering (k NA NR NR connectivity in the AUD, VIS, and SM
13) =15) domains compared to the other states.
24.8 £ 4.6
Faghirietal.,  SCZ: 151 Cross-sectional 3T NR NR NR NR SCZ vs. HC: 1 time in a connectivity state ~ NR
2020 (NR) SW approach with negative connectivity between
NR (window size 3-20) motor and sensory regions.
HC: 163 (NR) k-mean clustering (k NA NR NR
NR =3)
weighted average of
shared trajectory
(WAST)
Faghirietal.,  SCZ: 151 Cross-sectional 3T NR NR NR NR SCZ: weak connection between SM and NR
2021 (NR) SW approach VIS/AUD networks.
NR (10 TR, 22 5)
HC: 163 (NR) k-mean clustering (k NA NR NR
NR =8)
filter-banked
connectivity
Fuetal., SCZ: 151 Cross-sectional 3T NR NR NR Medications The ALFF of brain regions was highly Correlation between dALFF-dFC and
2018 (114/37) SW approach (20 TR, fluctuating during the resting-state and cognitive score.
37.8 +11.4 40s) such dynamic patterns are altered in SCZ.
HC: 163 k-mean clustering NA NR NR dALFF and dFC were correlated in time,
(117/46) (k =6) and their correlations are altered in SCZ.
36.9 £ 11.0 dALFF
Fu et al., SCZ: 151 Cross-sectional 3T SCID, CMINDS NR NR NR SCZ vs. HC: 1 sFNR between SC and SM/  NR
2021 (115/36) SW approach VIS/CB domains, between CB and SM/
38.8 £11.6 (20 TR, 40s) CC/DM domains, and within CB
HC: 160 Step-wise FNR NA No psychiatric No psychotropic domains.
(115/45) comorbidities medications
37.0 £10.9
Gifford et al., SCZ: 55 (46/ Cross-sectional 3T PANSS 15.0 + NR AP SCZ vs. HC: flexibility scores in NR
2020 9) SW approach (15 TR, 12,5 cerebellar, subcortical and EXE, in the
36.1 £13.6 30 s; 25 TRs, 50 s; 30 left thalamus and in the right crus L.
HC: 72 (49/ TRs, 60 s) NA NR NR
23) k-mean clustering
359 +£11.7
Guo et al., SCZ: 28 (15/ Cross-sectional 3T PANSS 1.3+1.1 NR AP 21 SCZ vs. HC and Rel: 1 instability on the NR
2018 13) 25.4 + SW approach precuneus.
5.8 (10, 11, ..., 20 Rel vs. SCZ: 1 in medial orbitofrontal and
Rel: 38 (15/ volumes, equal to 20, NA NR No psychotropic | in putamen instability.
13) 22,24, ...,40s) medications
25.8 £ 6.4
HC: 60 (35/ NA NR No psychotropic
25) medications
27.2 + 6.6
He et al., SCZ: 42 (26/  Cross-sectional 3T SCID-I- CV, 17.3+99 NR AP 42 SCZ vs. HC: | dFC between CBCc and NR
2019 16) SW approach PANSS CBCm and |dFC between CBCm and
42.1 +£10.7 (50 TR, 100 s) cortical/subcortical networks including
HC: 52 (29/ NA No psychiatric No psychotropic EXE, DMN, and SM networks.
23) comorbidities medications
41.5 £ 12.9

(continued on next page)
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Table 1 (continued)

Author, year Subjects Study design MRI acquisition and Clinical scales Duration Comorbidities Medications Neuroimaging findings Correlations with clinical scales
number (M/ dFC analysis of illness
F) Age (years)
(years) mean
+ SD
He et al., SCZ: 96 (68/ Cross-sectional 3T SCID-1-CV, 15.7 £ NR AP 96 SCZ vs. HC: | dFC within sensory and Negative correlation between
2021 28) SW approach PANSS 10.9 perceptual sDFNs, |dFC between these PANSS-positive scores and dFC
41.7 £11.9 (50 TR, 100 s) sDFNs, and high-order frontal sDFNs. within the FCS-sDFN and between
HC: 212 (80/ NA No psychiatric No psychotropic the PANSS total score and
41) comorbidities medications connectivity between ALFF-sDFNs.
39.9 + 14.0
Jia et al., SCZ: 69 (35/ Cross-sectional 3T DSM-1V, 7.2+ 6.6 NR NR SCZ vs. HC: | association between Association between SampEn
2017 34) SW approach (20 PANSS SampEn and age. between the right amygdala and the
32.0 £ 9.6 TRs, 40 s) right superior orbital frontal gyrus
HC: 52 (25/ SampEn NA No psychiatric No psychotropic and illness duration and between
27) ROI comorbidities medications SampEn between the right amygdala
29.9 + 8.6 and the left inferior parietal gyrus
and PANSS general scores and illness
duration.
Jia and Gu, SCZ: 69 (35/ Cross-sectional 3T DSM-1V, 7.2+ 6.6 NR NR SCZ vs. HC: 1 SampEn at the whole-brain Positive correlation between PANSS-
2019 34) SW approach (20 PANSS level in the VIS and in the AUD network  negative score and SampEn of the
32.0 +£9.6 TRs, 40 s) right middle occipital gyrus. Positive
HC: 52 (25/ SampEn NA No psychiatric No psychotropic correlation between PANS positive
27) comorbidities medications and general scores and SampEn of
29.9 + 8.6 the right inferior occipital gyrus.
Positive correlation between
SampEn of the left superior occipital
gyrus and illness duration.
Lietal., SCZ: 50 (34/ Cross-sectional 3T NR NR NR AP, AD, MD, SCZ vs. HC: 1 temporal instability of LOC Positive correlation between
2020 (1) 16) SW approach (30 anxiolytics connectivity over time under resting and  temporal instability of LOC
36.5 + 8.9 TRs, 60 s) task-switching conditions. SCZ: during connectivity and patients’ switching
HC: 50 (29/ ROL: LOC NA NR NR rest 1 interaction of LOC with EXE and cost during task performance and
21) thalamus; during task? interaction of with hallucination severity.
39.1 £6.6 LOC with the DMN.
Long et al., SCZ: 88 (NR)  Cross-sectional 3T NR NR NR NR SCZ vs. HC: dysconnectivity among brain ~ NR
2021 37 + 14 SW approach sliding networks. | centrality in frontal
HC: 91 (NR) (24 TRs, 48 s) k- NA NR NR components
38+12 means clustering
Graph theory
Lottman SCZ: 34 (23/ Longitudinal 3T DIGS, BPRS NR NR Risperidone 4.36 + Unmedicated SCZ vs. HC: 1 connectivity NR
etal., 2017 11) (6-week SW approach (30, 40, 1.45 mg at week 6. between the thalamus and somatomotor
32.4+£10.4 risperidone) 44, 50, 60 s) 12 benztropine, 4 network, |time and fraction of time spent
k-means clustering (k CE, 1 MS in the sparsely connected state, ftime
HC: 35 (25/ =3) NA No psychiatric No psychotropic and fraction of time spent in the
10) comorbidities medications intermediately connected state.
32.0 +8.9 Risperidone normalizes mean dwell
times after 6 weeks, but not the fraction
of time spent.
Luo et al., SCZ: 96 (NR) Cross-sectional 3T SCID-I-CV, NR NR AP SCZ vs. HC: | FCS in SAL, AUD, SM, and Partial correlation between FCS of
2020 NR SW approach PANSS VIS networks, 1 FCS in the cerebellum, the insula, thalamus, calcarine
HC: 121 (NR) (50 TR, 100 s) NA NR NR basal ganglia, and EXE networks across cortex, orbitofrontal gyrus, and
NR different frequency bands. paracentral lobule and clinical
symptoms in slow-5 and slow-4
bands.
Mennigen SCZ: 58 (38/ Cross-sectional 3T SCID, PANSS, 21+1.4 NR AP 53 SCZ vs. CHR and HC: 1 likelihood of NR
etal., 2019  20) SW approach (22 TR,  Kiddie-SADS transitioning to a hypoconnected state.
21.8 +3.8 44 s) HC vs. SCZ and CHR: changes of

(continued on next page)

°ID 32 1SSNULIDIID) "D

£Z80I1 (€202) Lz Anpnjofsq [pandojorg % ASoj0puLpydoydAsdoman ul ssa.804q



Table 1 (continued)

Author, year Subjects Study design MRI acquisition and Clinical scales Duration Comorbidities Medications Neuroimaging findings Correlations with clinical scales
number (M/ dFC analysis of illness
F) Age (years)
(years) mean
+ SD
CHR: 53 (32/ k-means clustering (k NA NR AP 12 connectivity between states that were
21) =5) absent or altered in SCZ and CHR.
20.4 £ 4.5
HC: 70 (41/ NA Nr NR
29)
21.9 £ 5.6
Miller et al., SCZ: 151 Cross-sectional 3T NR NR NR NR SCZ vs. HC: less dynamically active time- ~ NR
2016a (NR) SW approach (22 varying whole-brain network
37.8 £+ NR TRs, 44 s) connectivity patterns, especially in
HC: 163 (NR) k-means clustering (k NA NR NR patients with high levels of hallucinatory
36.9 £ NR =5) behavior.
Miller et al., SCZ: 151 Cross-sectional 3T NR NR NR NR SCZ vs. HC: | FCS and dynamism. NR
2016b (NR) SW approach (22
37.8 £ NR TRs, 44 s) k-means
HC: 163 (NR) clustering (k = 15) NA NR NR
36.9 £ NR ddFDC
Okanda SCZ: 72 14/ Cross-sectional 3T SCID 16 + 12.4 SAFF, BD NR SCZ vs. HC: | mean FCS between cuneus NR
Nyatega 58) SW approach (15 and calcarine, cuneus and lingual gyrus,
etal., 2021 38.17 + TRs, 30 s) cuneus, and middle temporal gyrus.
13.89
HC: 74 (23/ NA MDD NR
51)
35.82 +
11.58
Plis et al., SCZ: 144 Cross-sectional 3T NR NR NR NR SCZ vs. HC: 1 time in states where most NR
2018 (110/34) SW approach k- ICs exhibit weaker FC.
38.0 = NR means clustering (k HC vs. HC: 1 transitions in states that
HC: 154 =5) NA NR NR present high to moderate correlations
(110/44) among many IC.
37.0 £ NR
Rabany SCZ: 33 (25/  Cross-sectional 3T PANSS NR NR NR Number of different states: | in SCZ No significant associations between
etal., 2019 8) SW approach (33 s, SCZ vs. HC: | number of transitions, 1 PANSS and PANSS subscales.
24.8 +£0.5 step = 1TR) fraction of time in a state of weak, intra-
HC: 34 (23/ k-means clustering (k NA NR NR network connectivity, | fraction of time
11) =4 in a highly connected state, | fraction of
23.7 £ 0.6 time in a widely connected state, 1 time
in the weakly-connected state, and | in
the highly-connected state.
Rahaman SCZ: 151 Cross-sectional 3T NR NR NR NR SCZ group statelets can characterize NR
etal., 2021  (114/37) SW plus clustering fewer pairs since the links are more
37.8 £ NR (22 TR, 44 s) disrupted.
HC: 163 Statelets NA NR NR HC connections are more synchronized
(117/46) at each time point.
36.9 £ NR
Sakoglu SCZ: 28 (23/ Cross-sectional 3T DSM-IV TR NR NR NR SCZ vs. HC: 1 task-modulation of motor-  NR
etal,2010 5) SW approach (96 s) frontal, lateral fronto-parietal -medial
36.4 +12.4 temporal, and posterior DMN-parietal
HC: 28 (19/ NA NR NR connections.
9) HC vs. SCZ: 1 task modulation of
28.8 +10.7 orbitofrontal-DMN and medial

temporal-frontal connections.
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Table 1 (continued)

Author, year Subjects Study design MRI acquisition and Clinical scales Duration Comorbidities Medications Neuroimaging findings Correlations with clinical scales
number (M/ dFC analysis of illness
F) Age (years)
(years) mean
+ SD
Salman SCZ: 186 Cross-sectional 3T DSM-1V TR, NR NR NR SCZ vs. HC: have 1 state probabilities in Positive correlation between PANSS
etal, 2017  (NR) SW approach (22 TR, SAPS, SANS, the SM-DMN dFDC and state positive scores and the VIS-FRN vs
NR 44 s) PANSS probabilities in VIS- DMN dFDC. 1 VIS-DMN CDMI.
HC: 176 (NR) k-means clustering (k NA NR NR entropy in the SC-SC, FRN-VIS, and
NR =3) DMN-VIS dFDC. | CDMI in SC-SM vs. SC-
VIS, SM-ATTN vs. VIS-ATTN and SM-
ATTN vs. ATTN-ATTN dFDC pairs.
Salman SCZ: 82 (65/ Cross-sectional 3T NR NR NR NR SCZ vs. HC: 1 dFC in SC and SM NR
etal., 2019 17) SW approach (26 TR networks; | FCS between AUD, VIS, and
38.0 + 14.0 and step of 1 TR) SM networks; abnormal connectivity in
HC: 82 (63/ k-mean clustering (k NA NR NR DMN.
19) =5)
37.7 £10.8 Affinity propagation
clustering
Salman SCZ: 151 Cross-sectional 3T NR NR NR NR SCZ vs. HC: 1 transformed entropy in SCZ NR
etal., 2019  (114/37) SW approach (22 TR, in the following pairs: SC-SC, DMN-SC,
37.8 £ NR 44 s) CB-AUD, and CB-ATTN.
HC: 163 k-means clustering (k NA NR NR | CDMI in the following pairs: SC-VIS
(117/46) =3) and SC-AUD, AUD-AUD and SC-AUD,
36.9 £ NR AUD-SM and AUD-AUD, SM-ATTN and
AUD-ATTN, SM-FRN and AUD- FRN,
VIS-ATTN, and SM-ATTN as well as VIS-
FRN and SM- FRN.
Sanfratello SCZ: 46 (NR)  Cross-sectional 3T SCID-IV NR NR NA SCZ vs. HC: | time in a state typified by NR
etal., 2019 NR SW approach (22 TR, strong, large-scale FC.
HC: 45 (NR) 44's) NA NR NR
NR k-mean clustering (k
=4)
Sendi et al., SCZ: 68 (57/ Cross-sectional 3T SCID-1V, SCID- <1 NR stable dose of AP for ~ SCZ vs. HC: | dFC of ACC, 1 dFC between Transition probability from a state
2021a 11) SW approach (20 TR,  I/NP at least 2 months the precuneus and the PCC. with weaker precuneus/PCC and
37.8 £ 14.4 40 s) k-mean interview, stronger ACC dFC to a state with
HC: 89 (64/ clustering (k = 5) PANSS NA No psychiatric No psychotropic stronger precuneus/PCC and weaker
25) comorbidities medications ACC dFC increased with symptom
38.1 £11.7 severity.
SCZ: 151 <1 NR stable dose of AP for
(115/36) at least 2 months
38.1 £11.3
HC: 160 NA No psychiatric No psychotropic
(115/45) comorbidities medications
37.0 £10.7
Sendi et al., SCZ: 151 Cross-sectional 3T SCID-1V, SCID- <1 NR stable dose of AP for ~ HC vs. SCZ: 1 dFC in cuneus and middle Positive correlation between visual
2021b (115/36) SW approach (20 TR, I/NP at least 2 months temporal gyrus connectivity in all states.  learning memory and state 4
38.1 £11.3 40 s) k-mean interview, States 2, 3: | differences between HC and occupancy rate in SCZ.
HC: 160 clustering (k = 5) PANSS NA No psychiatric No psychotropic SCZ in the dFC of calcarine gyrus with
(115/45) ROI: visual sensory comorbidities medications other regions of VS-N.
37.0 +£10.7 network State 4: | differences between calcarine

gyrus and other regions.

State 5: the greatest difference between
HC and SCZ in the dFC of the middle
temporal gyrus and other regions within
the VS.N + significant difference in
connectivity of lingual and fusiform gyri.
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Table 1 (continued)

Author, year Subjects Study design MRI acquisition and Clinical scales Duration Comorbidities Medications Neuroimaging findings Correlations with clinical scales
number (M/ dFC analysis of illness
F) Age (years)
(years) mean
+ SD
Sheng et al., SCZ: 51 (40/ Cross-sectional 3T SCID DSM-IV NR NR NR SCZ vs. HC: | FCS and 1 variability FC NR
2021 11) 38.1 + SW approach widespread across the brain dynamic
13.8 subnetworks.
HC: 63 (42/ NA NR NR
21)
36.3 £12.1
SCZ: 36 (28/ NR NR NR
8)
37.2+9.3
HC: 60 (36/ NA NR NR
24)
33.7 £9.0
Suetal., SCZ: 25 (NR)  Cross-sectional 3T SCID DSM-1V, NR NR AP 19 SCZ and Rel vs. HC: altered dFC between =~ NR
2016 NR SW approach PANSS aPFC- right precuneus, between the
Rel: 25 (NR) (20 TRs, 40 s) NA No psychiatric No psychotropic 1eftFG- leftITG, between the left anterior
NR k-mean clustering (k comorbidities medications insula - left ITG, between left anterior
HC: 25 (NR) =8) NA No psychiatric No psychotropic insula- the right AG, and between left
NR comorbidities medications ventromedial PFC - right medial occipital
lobe.
Sun et al., SCZ: 18 (10/ Cross-sectional 3T SCID-1V, 11.6 +£ 8.4 NR AP SCZ: localized changes of temporal nodal ~ Positive correlation between the
2019 8) SW approach (50 PANSS, GAF properties in the left frontal, right medial =~ temporal regional efficiency in the
38.8 +9.9 TRs, 100 s) parietal, and subcortical areas left orbitofrontal and PANSS positive
HC: 19 (10/ temporal efficiency NA No psychiatric No psychotropic scores.
9) approach and comorbidities medications Negative correlation between the
37.7 £9.0 temporal random temporal regional efficiency in the
SCZ: 53 (41/ network model 15.6 £ NR AP precuneus and left temporal pole
12) 12.0 and PANSS negative scores.
38.3 +13.9 Positive correlation between the
HC: 57 (37/ NA No psychiatric No psychotropic temporal regional efficiency in the
20) comorbidities medications left orbitofrontal and PANSS general
354 +11.9 scores.
Negative correlation between the
temporal regional efficiency in the
amygdala and left temporal pole and
PANSS overall scores.
Sun et al., SCZ: 28 (15/ Cross-sectional 3T Structured 0.7 £0.8 NR AP-naive SCZ vs. HC: | FCS between the right Negative correlation between dFC
2021 13) SW approach Clinical temporo-parietal junction and right between the left middle temporal
16.8 + 1.2 (50 TRs, 100 s) Interview for inferior frontal gyrus and between the gyrus and lthe eft extrastriate visual
HC: 22 (10/ k-mean clustering (k DSM-IV TR, NA NR NR left inferior parietal lobe and left middle  area and item 2 of PANSS negative
12) =6) PANSS temporal gyrus; between the right score.
16.3 £2.3 ROI: mirror neuron

system, mentalizing
network

temporo-parietal junction and right
inferior frontal gyrus; between the right
temporo-parietal junction and right
inferior frontal gyrus and between right
inferior frontal gyrus and left the
extrastriate visual area; between the
right temporo-parietal junction and right
inferior frontal gyrus and between left
middle temporal gyrus and left the
extrastriate visual area; between the
right temporo-parietal junction and right
inferior frontal gyrus between left middle
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Table 1 (continued)

Author, year Subjects Study design MRI acquisition and Clinical scales Duration Comorbidities Medications Neuroimaging findings Correlations with clinical scales
number (M/ dFC analysis of illness
F) Age (years)
(years) mean
+ SD
temporal gyrus and right extrastriate
visual area.
Supekar SCZ: 35 (30/  Cross-sectional 3T SCID, PANSS NR NR AP, AD, MS, SCZ vs. HC: In both cohorts, dynamic Correlations between dynamic time-
etal,, 2019 5) SW approach (50 anxiolytics SAL-centered cross-network interactions  varying measures of SN-centered
34.4 £12.6 TRs, 100 s) were significantly reduced, less cross-network interactions and
HC: 35 (24/ k-mean clustering (k NA NR NA persistent, and more variable in SCZ. PANSS positive scores in both
11) = 2-20) cohorts.
36.0 +£12.2
SCZ: 30 (21/ NR NR AP, AD, MS,
9) anxiolytics
31.5 £ 10.4
HC: 30 (14/ NA NR NA
16)
33.8+£13.1
Wang et al., SCZ: 30 (21/ Cross-sectional 3T SCID, PANSS 14.6 + 1.6 NR AP SCZ vs. HC: tvariances of the inter- NR
2016 9) flexible least squares network FC between the DMN and the
31.5+10.4 (FLS) method EXE and between the DMN and the SAL
HC: 30 (14/ NA No psychiatric No psychotropic and within the SAL.
16) comorbidities medications
33.8+13.1
Wang et al., EOS: 35 (20/  Cross-sectional 3T SCID-IV-TR, 1.3+£1.2 No comorbid drug-naive EPS vs. HC: | dFC in the right middle Negative correlations between the
2019b 15) SW approach PANSS Axis I diagnosis temporal gyrus, left middle temporal left cerebellum crusl with | FC and
155+1.8 (50 TRs, 100 s; widow gyrus, left precuneus, and left calcarine. PANSS negative scores.
HC: 30 (13/ width = 30TRs/ NA No psychiatric No psychotropic 1 dFC in the left cerebellum crus, left Negative correlations between the
17) 40TRs, step = 10TRs comorbidities medications middle cingulate gyrus, right putamen, right supramarginal gyrus with | FC
153 +1.6 and widow width = right precuneus, and right supramarginal ~ and the PANSS general and total
S50TRs, step = 2TRs/ gyrus. scores.
5TRs) Negative correlations between the
k-mean clustering right putamen with | FC and the
(k=5) PANSS total scores.
Wang et al., SCZ: 64 (31/  Longitudinal 3T SCID-1V, NR NR Baseline: drug-naive ~ HC vs. SCZ at baseline: mean lifetime of ~ Significant quadratic relationship
2021 33) (12-week AP SW approach PANSS, AP 64 state 1 and state 2 |. After medication, between the longitudinal change in
247 £+ 6.8 treatment) k-mean clustering MINI the mean lifetime of corresponding brain ~ mean dNII and the reduction ratio in
HC: 67 (32/ ROL triple network NA No psychiatric No psychotropic states was significantly extended. At PANSS total score after treatment.
35) comorbidities medications baseline, the mean value of dNIIs across
242 + 6.1 dynamic brain states was |.
Weber et al., SCZ: 80 (59/ Cross-sectional 3T ICD-1, PANSS 48+7.7 NR AP, 8 CE, MS 6, SCZ vs. HC: 1 dwell time in a state Association between hallucination
2020 21) SW approach (20 opioids 1, characterized by mostly positive FC proneness over 1-year and reduced
31.0 £11.9 TRs, 40 s) anxiolytics 13, which was strong within networks, in dwell times in State 1.
k-mean clustering (k anticholinergic 4, particular, the DMN and LAN network,
=5) PS1 and | time in a state characterized by
HC: 80 (NR) NA NR NR strong positive FC within and between
30.9 +11.1 sensory networks and by negative FC
between sensory and SC networks.
Yang et al., SCZ: 38 (15/ Cross-sectional 3T SCID-1V, 11.3 +6.8 NR Medications SCZ vs. HC: |time in the sparsely Positive correlation between
2022 23) SW approach (30 TR,  PANSS, connected state. | FCS between the VIS fraction time in state 3 and PANSS
36.1 + 6.2 22.55) and EXE. negative scores.
HC:31 (12/ k-mean clustering (k NA NR NR
19) =5)
32.2+5.8
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Table 1 (continued)

Author, year Subjects Study design MRI acquisition and Clinical scales Duration Comorbidities Medications Neuroimaging findings Correlations with clinical scales
number (M/ dFC analysis of illness
F) Age (years)
(years) mean
+ SD
Yue et al., SCZ:33 (11/ Cross-sectional 3T SCID, PANSS 4,74 + 2.5 NR AP 26 SCZ vs. HC: 1 temporal variability of FC Negative correlation between the
2018 22) SW approach between the left amygdala and medial variability of connectivity and
30.6 + 8.1 (36s) prefrontal cortex. cognitive performance on the digit
HC: 34 (14/ NA NR NR symbol coding task.
20) Marginal positive correlation
28.1+6.5 between the variability of
connectivity and symptom severity.
Zarghami SCZ: 51 (43/  Cross-sectional 3T SCID-I NR NR NR SCZ vs. HC: | time in a globally coherent =~ NR
etal., 2020 8) SW approach state, subcortical-centered state, and 1
35.9 + 13.4 k-mean clustering (k time in states reflecting anti coupling
HC: 68 (18/ =38) NA NR NR within the EXE network. Metastate
50) occupation balance altered in SCZ.
35.4 +11.8 The trajectory of IPS patterns is less
efficient, less smooth, and more
restricted in SCZ.
Zhang et al., SCZ AH+: 18  Cross-sectional 3T SCID-I, PANSS 5.9+6.9 NR AP 18 No significant findings were observed in  No significant correlations.
2016 9/9) SW approach (100 any connectivity measures between ROIs
35.2 +13.0 TRs, 42.7 s) at any frequency band.
SCZ AH-: 17 k-mean clustering 4.0 +£3.5 NR AP 17
(12/5) k=5)
30.0. +£10.1 ROLI: eloquent
HC: 22 (9/ language cortex in NA NR NR
13) the left hemisphere
349 +13.3
Zhang et al., SCZ: 34 (17/ Longitudinal 3T SCID-I, MINI, 05+1 NR Baseline: drug-naive =~ SCZ vs. HC: significant difference in FC Negative correlation between FC
2021 17) (8-week AP) SW approach (22 TR,  PANSS AP 24 variance between both groups at variability correlated with and
27.1 +6.1 44 s) baseline. |FC variability within DMN and ~ PANSS total score after treatment.
HC: 28 (13/ k-mean clustering NA No psychiatric No psychotropic EXE, as well as between multiple other
15) (k=5) comorbidities medications RSN (i.e., DMM and AUD, SM, CC, CB;
27.1 £ 45 CC and AUD, CB; SM and VIS, CB). FC

variability 1 after treatment in SCZ.

ACC: anterior cingulate cortex, AG: angular gyrus, AH: auditory hallucinations, aMPFC: anterior medial prefrontal cortex, AP: antipsychotic, aPFC: anterior prefrontal cortex, ATTN: attention, AUD: auditory, BPRS: Brief
Psychiatric Rating Scale, BRSNS: between resting state network synchronization, CB: cerebellar, CBCc: Cerebellar cognitive cluster, CBCm: cerebellar motor cluster, CC: cognitive control, CDMI: Cross-Domain Mutual
Information, CGI-S: Clinical Global Impression Scale, CHR: clinical high-risk, CMINDS: Computerized Multiphasic Interactive Neurocognitive System, dALFF: dynamic amplitude of low-frequency fluctuation, ddFDC:
dynamic directional functional domain connectivity, dFC: dynamic functional connectivity, dFDC: dynamic functional domain connectivity, DIGS: Diagnostic Interview for Genetic Studies, DLPFC: dorsolateral prefrontal
cortex, dMPFC: dorsal medial prefrontal cortex, DMN: default mode network, dNII: dynamic network interaction index, EOS: early-onset schizophrenia, EXE: executive network, FC: functional connectivity, FCS: functional
connectivity strength, FEP: first-episode psychosis, FG: fusiform gyrus, FNR: functional network reconfiguration, FPN: frontoparietal network, FRN: frontal, GAF: global assessment of functioning, IPS: instantaneous phase
synchrony, ITG: inferior temporal gyrus, LOC: lateral occipital cortex, MINI: Mini International Neuropsychiatric, mVN: medial visual network, MTL: medial temporal lobe, PANSS: Positive and Negative Syndrome Scale,
PCC: posterior cingulate cortex, PCUN: precuneus, QPP: quasiperiodic patterns, rECN: right executive-control network, Rel: unaffected first-grade relatives, ROI: region of interest, RSNs: resting-state networks, SAPS:
Scales for the Assessment of Positive Symptoms, SANS: Scales for the Assessment of Negative Symptoms, SADS: Schedule for Affective Disorders and Schizophrenia for School-Age Children, SampEn: sample entropy, SC:
subcortical, SCID-IV: Structured Clinical Interview for DSM IV, sDFN: spatial organization of dynamic functional network, SIPS: Structured Interview for Prodromal Syndromes, SM: sensorimotor network, SMA: sup-

plementary motor area, SOPS: Scale of Prodromal Symptoms, SW: sliding window, SWPC: sliding window Pearson correlation, VIS: visual.
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mutually exclusive and the time spent in a specific connectivity state is
defined as dwell time. Also, the dFC was measured using spatio-temporal
meta-state analysis. Recently, cross-domain mutual information (CDMI)
that uses mutual information (i.e., mutual dependence between pairs of
variables adopted from a measure from information theory) within the
brain networks belonging to the same functional domain has been used
to estimate dFC thus including linear and nonlinear relationships (Sal-
man et al, 2017). See the Supplementary Material for other dFC
techniques.

In the following paragraphs, for each network we will use this
approach: first, we will describe the magnitude of the dFC (FCS), then its
variability, and its interaction with other networks. Changes in dFC in
SCZ and BD in terms of FCS and variability are illustrated in Fig. 3.

3.3. dFC dlterations in SCZ vs. healthy subjects

3.3.1. Global connectivity

A general pattern of dynamic dysconnectivity between brain net-
works was reported in SCZ (Long et al., 2021). Consistent with this, both
increases and decreases in dFC were described in different frequency
bands, mainly distributed in the triple network, cerebellum, VIS, SM,
and the subcortical network (Luo et al., 2020). Importantly, several
studies showed that SCZ spent less time in globally coherent and
subcortical-centered states (Damaraju et al., 2014; Espinoza et al., 2019;
Sanfratello et al., 2019; Zarghami et al., 2020) and in states with high
within- and between-FC of sensory networks (Weber et al., 2020), while
they dwelled longer in states characterized by strong FC within networks
(in particular, the DMN and the language network) (Weber et al., 2020).
Differently, Plis et al. (2018) showed that SCZ made significantly more
transitions to states characterized by weaker connectivity within most
brain networks (subcortical, AUD, VIS, SM, EXE, DMN, and cerebellum)
(Plis et al., 2018). A reduction in time-varying connectivity patterns in
the whole-brain networks was reported (Miller et al., 2016¢; Rabany
et al., 2019), particularly in patients with more severe hallucinations
(Miller et al., 2016b). Moreover, SCZ presented increased entropy and
reduced cross-domain mutual information, which is a measure of
dependence across sets of related brain areas grouped for anatomical
and functional associations, indicating reduced dynamic changes in
brain connectivity (Salman et al., 2019; Salman et al., 2017). Stepwise
functional network reconfiguration (sFNR), a measure reflecting the
global ability to rewire brain networks, was increased in large-scale
brain networks, including SM, VIS, EXE, and DMN, thus reflecting an
increased temporal variability of the networks and, therefore, their
instability (Fu et al., 2021). Finally, when selectively investigating the
low-frequency bands, SCZ had more occurrences of states characterized
by weaker widespread dALFF patterns and fewer occurrences of strong
dALFF states in most brain networks, particularly the AUD, SM, VIS, and
subcortical networks (Fu et al., 2018).

3.3.2. Default mode network

Within-DMN dFC was reduced (Du et al., 2016; Luo et al., 2020;
Salman et al., 2019; Sendi et al., 2021a), although posterior DMN (i.e.,
right medial parietal cortex) showed increased temporal global effi-
ciency (Sun et al., 2019). The variability of DMN was reduced (Dong
et al., 2019). Furthermore, synchronizability, modularity, recurrence,
and consistency of the statelets in the DMN were decreased, suggesting
that SCZ exhibit more erratic and less efficient communication between
the DMN and other brain networks (Rahaman et al., 2021) (see Sup-
plementary Material for the definition of statelets). Between-network
dFC revealed that SCZ dwelled in or switch to a state with high posi-
tive connectivity between DMN and EXE (Bhinge et al., 2019).

3.3.3. Executive and attention network

Patients presented either a general reduction (Long et al., 2021) or an
increase (Luo et al., 2020) in within-EXE functional FCS, and spent more
time in states with weaker FCS in this network (Zarghami et al., 2020).
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The contribution of QPP to FCS was greater in EXE in FEP (Briend et al.,
2020), suggesting a greater impact of QPP on intrinsic brain activity in
these subjects. In contrast, the frontal cortex had a lower state-specific
FCS in all the states (Sun et al., 2021) and higher temporal nodal effi-
ciency, which assesses the efficiency of information transfer between
nodes in a temporal network (Sun et al., 2019). Additionally, patients
with SCZ demonstrated a decrease in state-specific FCS between EXE and
the cerebellar motor cluster (He et al., 2019) and between EXE and VIS
(Yang et al., 2022) Regarding variability measures, higher flexibility
scores were reported in SCZ in the EXE (Gifford et al., 2020), along with
increased voxel-wise, region-wise, and network-wise FC variability in
the attention network (Dong et al., 2019).

3.3.4. Salience network

SAL FCS and within-network connectivity were reduced in different
frequency bands in SCZ (Luo et al., 2020). Between-network dynamic
interactions of SAL-centered cross-networks within the triple-network
model were significantly reduced, less persistent, and more variable in
patients (Supekar et al., 2019; Wang et al., 2016).

3.3.5. Sensory-motor network

FCS was increased in the motor network (Du et al., 2021a), but
showed high variability and reduced interaction with other networks. In
particular, flexibility and variability were higher in the cerebellar,
subcortical, and thalamic areas in SCZ (Gifford et al., 2020). Conversely,
FCS between the motor and the EXE, DMN, and SM (He et al., 2019), as
well as between the SM and the VIS and AUD (Faghiri et al., 2021), was
reduced. Additionally, SCZ dwelled less in states with the predominance
of sensory and motor networks (Faghiri et al., 2020; Sendi et al., 2021a).
Lastly, the synchronizability, modularity, recurrence, and consistency of
the statelets were reduced (Rahaman et al., 2021).

3.3.6. Visual networks

FCS was reduced in VIS (Sheng et al., 2021) and also between VIS
and the EXE (Yang et al., 2022), AUD and SM networks (Salman et al.,
2017), and the mirror system network (Sun et al., 2021). A higher
sample entropy was observed in the right middle occipital gyrus (Jia and
Gu, 2019), while the lateral occipital cortex showed an increased
interaction with EXE and the thalamus at rest, and with DMN during task
switching (Li et al., 2020). Synchronizability, modularity, recurrence,
and consistency in VIS networks were reduced (Rahaman et al., 2021)
and FC variability was increased in dorsal VIS (Deng et al., 2019).

3.3.7. Emotional network

The FC variability was reduced within the emotional network (Deng
etal., 2021), and increased between the amygdala-prefrontal network in
SCZ (Yue et al., 2018).

3.3.8. Subcortical and other networks

Higher flexibility scores (Gifford et al., 2020) and temporal global
efficiency (Sun et al.,, 2019) were reported in subcortical areas.
Decreased FCS was also reported between the olfactory cortex and the
hippocampus, and this may be part of altered sensory integration pat-
terns in this disorder (Du et al., 2021a).

3.3.9. dFC alterations in relatives of SCZ and CHR

Mixed results in small samples have been reported in unaffected
siblings of SCZ. A small study found dysconnectivity within DMN, SAL
and VIS (Su et al., 2016), with a general and nondomain-specific in-
crease in network flexibility (Braun et al., 2016). Other studies investi-
gating whole-brain FC in relatives (Guo et al., 2018) and general dFC
(Du et al., 2018), and transitions (Mennigen et al., 2019) between states
in clinical high-at-risk individuals (CHR) did not find differences be-
tween individuals at risk and HC.
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Table 2

Selection of studies that evaluate dynamic functional connectivity in bipolar disorder.

Author, Subjects Study MRI acquisition Clinical Current Duration of Comorbidities Medications Neuroimaging findings Correlations with clinical
year number (M/F) design and DFNC analysis  scales clinical status illness scales
Age (years)
mean + SD
Chen BDII: 128 (63/  Cross- 3T HAMD, Depression 44.2 + No Drug-naive or BD Il and MDD vs. HC: 1 dFC variability between  No significant correlations
etal, 65) sectional SW approach YMRS 58.79 comorbidities free left putamen and left supplementary motor area  between different dFC
2022 26.28 £ 9.15 TDA months and between right putamen and right inferior variability of striatum seeds
MDD:143 (56/ ROL: striatum Depression 31.19 + parietal lobule. and any clinical variable.
84) 39.86 BD Il vs. MDD and HC: 1 dFC variability between
27.68 + 11.52 months right putamen and left precentral gyrus.
HC: 132 (61/ NA NA NR NR
71)
29.09 + 8.80
Du et al., BDI: 35 (13/ Cross- 3T DSM 1V, Euthymia 8.51 +6.46 No MS 35 BD vs. HC: 1 frequent transitions between states ~ NR
2021b 22) sectional SW approach YMRS, years comorbidities close to high-level cognitive networks and low-
31.49 £ 8.17 k-means clustering ~ HAMD level sensory networks.
HC: 30 (15/15) NA NA NR NR
28.87 £7.25
Fateh BD: 40 (22/18) Cross- 3T DSM 1V, Depression 98.30 + No AD, MS, AP BD vs. HC: | dFC between right lateral basal NR
etal., 34.43 £ 10.76 sectional SW approach HAMD 92.16 comorbidities amygdala and left postcentral gyrus; tdFC
2020 ROLI: amygdala months between right centromedial amygdala and right
MDD: 61 (28/ Depression 58.59 + AD cerebellum.
33) 62.88 monotherapy
34.55 + 10.97 months
HC: 63 (33/30) NA NA NR NR
31.76 + 10.58
Hanetal., BD: 40 (18/22) Cross- 3T DSM-1V- Depression, NR No Medication BD vs. MDD vs. HC: different network switching NR
2020 34.43 +10.76 sectional SW approach (50 TR, euthymia, comorbidities 92.50% rate of regions in DMN, SAL, and the left
TRs 100 s and 25 HAMD mania with striatum.
TRs, 50 s) psychotic BD and MDD vs. HC: | network switching rate in
symptoms the key hubs of DMN.
MDD: 61 (33/ Depression Medication
28) 98.36%
34.56 + 11.07
HC: 63 (33/30) NA NA NR NR
31.76 + 10.50
Liang BDI1: 18 (10/8) Cross- 15T DSM-1V, Depression, NR No AP, MS BD I vs. HC: | dALFF in the posterior cingulate Positive correlation between
et al., 31.67 + NR sectional dALFF BRMS, euthymia, comorbidities cortex, between the posterior cingulate cortex the posterior cingulate cortex
2020 VFT mania with and middle prefrontal cortex. - middle prefrontal cortex
Psychotic dFC and the VFT in BD L.
symptoms
HC: 19 (12/7) NA NA NR NR
32.16 £ 10.35
Liu et al., BD: 20 (10/10)  Cross- 3T HAMD, First NR No Drug-naive BD depressed vs. BD euthymic: 1 between SM NR
2021 35.17 £ 9.94 sectional SW approach YMRS depressive and DMN and within DMN.
(window length = episode BD euthymic vs. HC: abnormalities fronto-
BD: 23 (13/10) 50 TRs, step Euthymia Lamotrigine striato-thalamic circuit.
39.17 +£13.10 length = 20 TRs)
HC: 31(16/15) NA NA NR NR
33.00 + 8.92
Luoetal., BD:106 Cross- 3T HAMD, Depression 46.02 No Drug-naive or BD and MDD vs. HC: | temporal variability of NR
2021 (63/65) sectional SW approach YMRS months + comorbidities free the dALFF in the bilateral posterior cingulate
26.08 + 8.66 dALFF NR cortex/precuneus; | dFC between the bilateral
MDD: 114 (56/ Seed: bilateral NA 29.39 £ NR Drug-naive or posterior cingulate cortex/precuneus and the
84) precuneus + PCC free left inferior parietal lobule.
27.81 £9.72

(continued on next page)
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Table 2 (continued)

Author, Subjects Study MRI acquisition Clinical Current Duration of Comorbidities Medications Neuroimaging findings Correlations with clinical
year number (M/F) design and DFNC analysis  scales clinical status  illness scales
Age (years)
mean + SD
HC: 130 (61/ NA NA NR NR
71)
28.64 + 8.4
Nguyen BD: 21 (7/14) Cross- 3T HAMD, euthymia NR No 48 CE%, BD vs. HC: altered dFC between the middle Association between |
etal., 47.2 £11.8 sectional ROI: DMN YMRS, comorbidities AP 52%, prefrontal cortex and posterior cingulate cortex,  connectivity variability and
2017 PANSS, MS 67%, | variability in the DMN. slower processing speed and
D-KEFS, anxiolytics 43% |cognitive set-shifting in BD.
HC: 20 (6/14) Trail NA NR NR NR
47.3 £13.1 Making,
CWI
Pang BD: 30 (14/16)  Cross- 3T HAMD Depression BDD: 90.23 No NR BD and MDD vs. HC: | dFC between right NR
etal., 35.13 +£9.25 sectional SW approach (50 + 84.17 comorbidities anterior insula and right ventrolateral prefrontal
2018 TR, 100 s) ROL: the months cortex.
MDD: 30 (15/ right anterior Depression MDD: 74.67  No NR
15) insula + 70.56 comorbidities
35.27 + 9.65 months
HC: 30 (15/15) NA NA NR NR
34.77 £ 11.17
Pang BD: 38 (19/19) Cross- 3T HAMD, Depression 91.21 + No AD + AP + MS BD vs. MDD and HC: t FCS in the thalamus. Combined static and dynamic
etal., 33.95 +9.83 sectional SW approach SHAPS- 76.01 comorbidities FCSs predicted anhedonia
2020 (50 TR,100 s) 14, months severity in BDd patients and
MDD: 40 (20/ PANAS-N Depression MDD: 69.25 negative mood severity in
20) + 68.64 MDD patients.
35.23 +10.29 Months
HC: 50 (24/26) NA NA NR NR
33.60 + 10.38
Tang BD: 56 (28/28) Cross- 3T HAMD Depression BDD: 99.14 No AD + few AP BD and MDD vs. HC: | DRePS in the bilateral No correlations in BD.
etal., 33.23 +10.79 sectional DRePS + 86.09 comorbidities and MS OFC extending to the insula, right insula
2022 months extending to the hippocampus, left
MDD: 98 (38/ Depression MDD: 52.63 hippocampus, right inferior frontal gyrus and
60) + 64.98 thalamus extending to caudate, right caudate,
34.51 + 12.15 bilateral superior frontal gyrus, and right middle
HC: 97 (49/48) NA NA NR NR frontal gyrus.
33.92 + 14.11
Wang BBD: 51 (24/ Cross- 3T HDRS, Depression NR No Drug-naive or BD VS. HC: 1 time in a state characterized by Positive correlation between
et al., 27) 26.35 + sectional SW approach (22 YMRS comorbidities free negative correlations between the SAL, CB, BG, time spent in State 2 and
2019b 8.79 TRs) and sensory networks (State 2), | time in a state HDRS in the BD.
HC: 50 (20/30) k-means clustering NA NA NR NR characterized by negative correlations between
28.60 + 9.87 k=3) the DMN and other networks (State 3); 1
graph theory transitions between states, 1 dynamic variance
method in the small-world properties of dFC.
Wang BD: 51 (24/27)  Cross- 3T HAMD- Depression NR No Drug-naive or BD and MDD vs. HC: | dFC variability between NR
et al., 26.35 + 8.79 sectional SW approach 24, comorbidities free posterior DMN and right EXE.
2020 MDD: 51 (22/ k-means clustering YMRS Depression NR
29) ROI: SAL, DMN,
28.45 + 8.47 EXE
HC:52 (20/32) NA NA NR NR
29.71 £ 11.19
Wen BBD: 50 (25/ Cross- NR HAMD-24 Depression NR No NR BD vs. MDD: | variability of dFC in SM NR
etal., 25) sectional SVM comorbidities
2019 33.7 £9.89

(continued on next page)
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© ERES E 3.4. dFC alterations in BD vs healthy subjects
E CR=I
= g 5 E 8
s Q [=Ir=] Y & = ..
2 £ B8 . SE% 3.4.1. Global connectivity
£ 9T e d EF ¢ T . L .
E g % TS A 29 5 & A heterogeneous picture of alterations in global dFC was observed in
E % %% g g 5 8 B 2‘ BD. The FCS between the right anterior insula and the right middle
) s . . . .
g ’g S g £ % z = = g occipital gyrus and the left inferior parietal lobule was increased (Pang
2 2 ; 3 5 B g & = !E“ et al., 2018). Furthermore, in patients with BD in the depressive phase,
% g g g3 = E § :“ S <<'=; 5 the dynamic interhemispheric connectivity, defined as the dFC between
=} > . . .
S SET> &z ] _E‘ E> a given voxel and the corresponding homologous voxel in the contra-
- - E 3 %E lateral hemisphere, was reduced in the superior parietal lobule, the
g 2 g é 5 & 4 angular gyrus, the precuneus, and increased in the cerebellum, orbito-
% = % § L:; T é’ % frontal cortex, postcentral gyrus, superior temporal gyrus and supple-
° 8.2 = g8 g mentary motor area. Notably, increased dynamic interhemispheric
59 8 S 238 < o : :
°53 1-) g x E é connectivity in the postcentral gyrus was associated with a greater
'E g 2‘ ;“ ; .5 £ s number of depressive episodes (Yang et al., 2020). When affective status
o— = «\ . .
S g = < 2 g 2 A was considered, depressed BD switched more between states and
@ - 28 E _g) g‘ '§ s dwelled more in a state characterized by a negative correlation between
ag E i é’ é £ g g é the SAL, cerebellum, and the subcortical network and the SM, AUD, and
& £2rg, 3 Eu = 28 VIS, and less in a state characterized by negative correlations between
= o> 2 .. . H
£ ; £% % g s E ~ g the DMN and other functional networks (Wang et al., 2020). Compared
s E = s . - . e
E Todg = g E E g E to MDD, unmedicated patients with BD-II showed greater variability in
] s .2 0 A % E=2 . . .
E Z8E = Z s S ‘g o dFC between the dorsal striatal putamen and sensory-motor regions (i.e.,
9o g 2 = . .
z mEcd @z Z § o § left supramarginal area) and the ventral rostral putamen and the parietal
E qa: § % cortex (i.e., right inferior parietal lobule), similarly to MDD, and be-
¢ ® ) ° © g % g tween the dorsocaudal putamen and the motor regions (i.e., precentral
2 )
5 £ 39L& 3 g2 gyrus) compared to MDD and HC (Chen et al., 2022). Lastly, a study
= < = © = — 4 . . PR
8 o8 5w g % "§ ‘g conducted on euthymic BD reported an increased number of transitions
g g o 2 g é E g § g 8 ER & between a high-level cognitive state and a low-level sensory state in BD
EEAR (Du et al., 2021b).
T282
2 8 g SE g
5 g g % 8 Sy 3.4.2. Default mode network
a a o = . . . . .
".é 5 5 3 L;‘ ) g BD was associated with decreased network switching rate in the
S £ 2 g 4 2 g & o 7‘1 E 5 DMN (Han et al., 2020). In particular, reduced dFC was present in
% § 3 é posterior DMN in depressed patients with BD (Luo et al., 2021), and
= % %’ g ] specifically BD-I (Liang et al., 2020). Also, FCS between DMN (middle
g . Ea £ %A 8 g temporal gyrus and the postcentral gyrus) and SM (superior temporal
g < & < HE HE K cé E g gyrus) was reduced during depression relative to euthymia in BD (Liu
[ = Z Z $SE ~8 2 ks E =2 et al., 2021). In BD-1, the FCS between the two hubs of the DMN (medial
2 R _ug e prefrontal cortex and posterior cingulate cortex) was less variable over
s £ g g £ S § g 5 time, indicating greater rigidity and this was associated with reduced
s 2 3 2 2 g —Sé SEY cognitive performance (Nguyen et al., 2017).
EE & & & & =5=83
33 g £ 8 2 & & 2 |£€29%:%w .
£ & LE g 3.4.3. Executive network
& SESES The dFC in the frontal-striatal-thalamic circuit was increased in
- S O — & . . . . .
S g a % a Qg ,g P -E euthymic BD (Liu et al., 2021) and in depressed BD relative to HC (Tang
£3 2 g2 22E5S  eral, 2022) and MDD and HC (Pang et al., 2020).
8 % =
M e .00
- A v &
2 - BE= ¢ § 3.4.4. Salience network
8 “E _@: - 8 a E‘ ‘i % Euthymic BD showed increased dFC variability of the right anterior
k2 S g g 'é A B i E insula. Notably, BD shared a reduced variability between the right
g % & o &z = %’ % v Z ventral anterior insula and the ventrolateral prefrontal cortex with MDD
§ 9 ) g % = ; 5 523 g = and had the greatest variability of the dFC of the right dorsal anterior
O 55 . . . .
© © e ~ = d2E 28 insula with temporo-occipital regions compared to MDD and HC (Pang
MmE oA s
o -
~ A = g et d]., 2018).
E = gEacs
=] =] S o =2 g 9
= 5 % S % 8 52 E8 ¢
o & gz 24 g 2.9
28 g8 E8 i gt PE 3.4.5. Sensory-motor network
7] @ u = . H
& § g o 2 A state-dependent increase of FCS between SM and DMN, which was
- . 90 wo® = E=G &S greater in depressed BD relative to euthymic BD relative to euthymic BD
g R 398358, © s IR SEEog .
2728|2 =339838 © S0 o2 SE. & T ?é and HC, was reported by one study (Liu et al., 2021).
258 H|B HgTSHSS N HER ZH[TA<AS
22og|8 82.%28% 4 ca8g8s|Ez35% ;
$E%:|8q¢g85¢Ys E58Sa-¢sg| gz pgE 346 Emotional network
65 <g Depressed BD was associated with changes in between-network FCS
@‘ g E -% S of the limbic system and precisely increased amygdala-cerebellar and
E" - o ch 3 = § % 20 E decreased amygdala-postcentral gyral dFC, respectively (Fateh et al.,
ER] E g°- ;. g & E E 2020). In addition, depressed BD showed reduced dynamic regional
<8384 phase synchrony, a measure of instantaneous coherence, in fronto-
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Table 3
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Selection of studies evaluating dynamic functional connectivity in bipolar disorder and schizophrenia.

Author, Subjects Study MRI Clinical Current Duration Comorbidities ~ Medications  Neuroimaging Correlations with
year number design acquisition scales clinical of illness findings clinical scales
(M/F) Age and DFNC status
(years) analysis
mean +
SD
Das Psychotic Cross- 3T SSPI, euthymia 12.1 + NR NR SCZ vs. BD: Positive correlation
etal., BD: sectional ~ SW DSST 8.0 years asymmetric left between
2020 16 (11/5) approach hemispheric | in FC. disorganization and
37.0 £ 9.6 ROIL: AAL | left parietal d FC in
SCZ: 34 atlas clinically 9.6 +8.1 NR NR SCZ.
(25/9) stable years
41.1 £9.1
HC: 32 NA NA NR NR
(22/10)
33.4+91
Du Psychotic Cross- NR PANSS euthymia NR No stable 22 instances of Negative correlation
et al., BD: 140 sectional SW comorbidities medication hypoconnectivity between
2017 (53/87) approach regimens (HC 1 BD, BD 1 SCZ) hypoconnectivities
36 + ROIL: AAL involving post- in postcentral and
12.57 atlas central, frontal, and frontal gyri and
SCZ: 113 clinically NR No stable cerebellar cortices. PANSS positive and
(56/58) stable comorbidities medication 34 instances of negative scores.
35.57 + regimens hyperconnectivity
12.29 (HC |SCZ) involving
HC: 238 NA NA NR NR thalamus and
(100/138) temporal cortices.
38.15 + Frontal connectivity:
12.55 BD similar to HC
Du Psychotic Cross- NR DSM-1V- Depression NR NR AP 72.14%, SCZ vs. HC: altered NR
et al., BD: 140 sectional ROL: AAL TR or euthymia 41.43 CE%, FC between the left
2020 (53/87) atlas or mania MS 69.29% postcentral gyrus and
36 + with right thalamus.
12.57 psychotic BD vs HC: altered FC
symptoms between the left
SCZ: 113 NR NR NR AP 88.50%, postcentral gyrus and
(56/58) 38.94 CE%, left thalamus regions
35.57 + MS 23.01% and between right
12.29 thalamus and left
HC: 238 NA NA NR NR cerebellum.
(100/138) SCZ vs. BD: similarity
38.15 + in the connectivity
12.55 changes between
cuneus and insula,
between cuneus and
putamen, and
between cuneus and
supramarginal gyrus.
Disorder-common
impairments
primarily included
the | FCS between
thalamus and
cerebellum and 1 FCS
between postcentral
gyrus and thalamus.
Liet al., BD: 100 Cross- 3T HAMD, NR 36.61 + NR Medicated SCZ vs. BD: | NR
2021 (36/64) sectional SW HAMA, 36.09 65% connectivity within
24.56 + approach YMRS, months VIS, SM, SAL and
5.95 K-means BPRS EXE.
SCZ: 150 clustering NR 23.27 £ NR Medicated
(59/91) ROI 34.97 74%
23.67 + months
8.77
HC: 210 NA NA NR NR
(86/124)
24.37 +
5.74
Long BDI: 53 Cross- 3T SAPS, NR 56.99 + No NR SCZ and BD vs. HC: NR
et al., (26/27) sectional SW SANS, 53.91 comorbidities tregional FC
2020 25.34 + approach YMRS, months variabilities in
4.09 ROI: AAL HAMD, thalamus and basal
SCZ: 66 atlas WAIS-I, NR 22.21 + No 63 AP ganglia.
(38/28) WAIS- 24.97 comorbidities SCZ vs. HC: 1
243 +6.1 DS months regional FC
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Table 3 (continued)

Progress in Neuropsychopharmacology & Biological Psychiatry 127 (2023) 110827

Author, Subjects Study MRI Clinical Current Duration Comorbidities ~ Medications Neuroimaging Correlations with
year number design acquisition scales clinical of illness findings clinical scales
(M/F) Age and DFNC status
(years) analysis
mean +
SD
HC: 66 NA NA NR NR variabilities in
(28/38) precentral gyrus,
23.38 + postcentral gyrus,
4.42 inferior parietal
lobule, hippocampus
and amygdala, |
regional FC
variabilities in the
superior frontal
gyrus.
SCZ vs. BD: | regional
FC variabilities in the
posterior cingulate
gyrus.
SCZ and BD vs. HC: 1
variability for inter-
network FC between
the SM and thalamus.
SCZ vs. HC: t
variabilities of both
intra-network and
inter- network FC in
SM, VIS and
subcortical networks.
Rashid BD: 38 Cross- 3T NR euthymia NR NR NR SCZ vs. BD vs. HC: NR
etal., (18/20) sectional ~ SW tdifferences in SCZ
2014 38.96 + approach from HC than BD
10.90 (22 TRs, 33 SCZ vs. BD:
SCZ: 60 s) clinically NR NR NR differences in states
(47/13) K-means stable of connectivity
35.85 + clustering involving
12.01 (k =5) frontal-parietal
HC: 61 NA NA NR NR regions
(33/28)
35.44 +
11.57
Zhu BD: 44 Cross- 3T DSM-1V, NR NR NR NR SCZ vs. HC: 1 No significant
et al., (19/25) sectional Functional SAPS, functional stability in correlations between
2020 35.0+9.1 stability SANS, the bilateral inferior functional stability
SCZ: 47 HAMD, NR NR NR NR temporal gyrus and |  and clinical
(12/35) YMRS stability in the symptoms.
36.5 + 8.8 bilateral calcarine
HC: 115 NA NA NR NR sulcus and left insula.
(53/62) BD vs. HC: | local
31.1+8.6 stability in the left

inferior temporal
gyrus.

SCZ and BD vs. HC: t
functional stability in
the left inferior
temporal gyrus.

SCZ vs. BD: |
functional stability in
the right calcarine
sulcus.

AAL: Automated Anatomical Labeling, AD: Antidepressants, AP: Antipsychotics, ATT: attentional, BP: Bipolar Disorder, BPP: Bipolar disorder with Psychosis, BPRS:
Brief Mania Rating Scale, dFC: Dynamic Functional Connectivity, DMN: Default Mode Network, DSST: Digit Symbol Substitution Test, FC-rs: Functional connectivity
resting state, HAMD: Hamilton Depression Scale, HAMA: Hamilton Anxiety Scale, HC: Healthy Control, MD: mood stabilizer, NA: not assessed, NR: not reported,
PANSS: Positive and Negative Symptoms Scale, ROI: regions of interest, SAPS: Assessment of Positive Symptoms, SANS: Assessment of Negative Symptoms, SCZ:
Schizophrenia, SSPI: Sing and Symptoms of Psychiatric Illness, WAIS-I: Wechsler Adult Intelligence Scale, WAIS-DS: Wechsler Adult Intelligence Scale Digit Symbol,

YMRS: Young Mania Rating Scale.
striato-limbic areas (Tang et al., 2022).
3.5. dFC differences between SCZ and BD
Studies comparing SCZ and BD indicated greater dysconnectivity in

SCZ relative to BD, with a pattern of decreased within-network dFC in
VIS, SM, SAL and EXE, increased dFC between the VIS and the EXE, SAL

18

and limbic networks, and decreased dFC between the SAL and EXE,
DMN and SM, and EXE and DMN (Li et al., 2021). SCZ had more
widespread dFC changes relative to BD, involving increased FC vari-
ability in the SM, VIS, attention, limbic and subcortical areas at the
regional and network levels, as well as decreased regional FC variabil-
ities in the DMN areas (Long et al., 2020). In line with this, a similar
aberrant FC pattern was reported in DMN, VIS, SM, and EXE in SCZ and
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Table 4

Processing steps for the calculation of dynamic functional connectivity.

Signal extraction

Method Statistics Signal Pros and cons
Independent Multivariate Time courses of Pros: effective at a
component several independent group scale, no prior
analysis components from spatial assumptions
(ICA) the mixing matrix Cons: a priori number
of components
Seed-based Univariate Representative time Pros: effective at a
functional (correlation) course from a single  subject level
connectivity ROI Cons: a priori selection
of seeds
Regional Univariate Time course Pros: no prior spatial

Homogeneity  (KCC)

Low-frequency
fluctuations
(ALFF,
fALFF)

Mirrored
homotopic
connectivity

Univariate

Univariate
(correlation)

similarity among
neighboring voxels

Low-frequency
spectrum of the
voxel time course

Time course of
mirror areas

assumptions

Cons: local measure
(classically 27 voxels)
Pros: no prior spatial
assumptions

Cons: limited to low-
frequency band

Pros: interhemispheric
connectivity
estimation

Cons: only homotopic
regions are considered

dFC calculation

Method

Signal

Pros and cons

Sliding window

Filtered bank on connectivity

domain

Dynamic directional functional

domain connectivity

Weighted average of shared

trajectory

Voxel-wise
correlation maps

Connectivity
matrices

domain-level
“dynamic states™

Trajectory of time
courses

Pros: Easy to
implement

Cons: window size (too
large does not detect
small fast changes; too
small does not capture
variability)

Low-pass filtering due
to the size

Pros: no low-pass filter
Cons: window size;
high-frequency noise
effects

Pros: domain-level
Cons: window length
and domain
assignment

Pros: short window
length

Cons: nonlinear mixing

Estimation of connectivity states

Method

Description

Pros and cons

k-means clustering

Principal component analysis

(PCA)

Spatial and temporal

independent component

analysis (s-ICA)

Affinity propagation

Statelets

Algorithm to
partition data based
on the nearest
means (centroid)

Decomposition in
linear orthogonal
combinations of FC
patterns

Decomposition in
linear spatially or
temporally
combinations of FC
patterns

Pairwise similarity
that is propagated

Similarity metric for
motifs comparison

Pros: easy to
implement, scales to
large data sets

Cons: local minima;
influenced by noise
Pros: removes
correlated features and
overfitting

Cons: reduced
variables become less
interpretable,
information loss

Pros: effective at a
group scale, no prior
spatial assumptions
Cons: a priori number
of components

Pros: no a priori
selection of the number
of clusters

Cons: difficult to scale
to large datasets

Pros: estimation of
brief, repetitive co-
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Table 4 (continued)

Signal extraction

Method Statistics Signal Pros and cons

fluctuations
Cons: high time
complexity and
parameter tuning

(earth mover
distance)

ALFF: Amplitude of low frequency fluctuations, dFC: Dynamic functional con-
nectivity, fALFF:,Fractional amplitude of low frequency fluctuations; FC: Func-
tional connectivity, KCC: Kendall’s coefficient of concordance, ROI: region of
interest.

BD, with a greater magnitude of changes in SCZ relative to HC (Rashid
et al.,, 2014). Parieto-parietal inter-hemispheric network dFC was
greater in both SCZ and BD in the right hemisphere, and in BD only in
the left hemisphere, respectively, compared to HC (Das et al., 2020).
Furthermore, an increase in functional stability in VIS (i.e., calcarine
sulcus) was reported in BD relative to SCZ, indicating a higher concor-
dance of dynamic FC over time in these patients (Zhu et al., 2020). When
compared within the bipolar-schizophrenia spectrum, a reduced dFC
fronto-parieto-cerebellar circuit with increased dFC in corticothalamic
networks was observed, and the magnitude of this dysconnectivity
increased from HC to BD, schizoaffective disorder (SAD), and SCZ. SCZ,
BD, and SAD shared a decrease in FCS between the thalamus and cere-
bellum and an increase in FCS between the postcentral gyrus and the
thalamus (Du et al., 2017). A follow-up study showed that BD and SCZ
had similar connectivity changes between VIS (i.e., cuneus) and the
insula, the putamen, and the supramarginal gyrus (Du et al., 2020).

3.6. Brain-behavior correlations

3.6.1. PANSS positive

In SCZ, the PANSS positive score was associated with the variability
of dFC and cross-domain mutual information (Dong et al., 2019; Salman
et al.,, 2019) and sample entropy (Jia and Gu, 2019) of the VIS, in
addition to dynamic time-varying measures of SAL (He et al., 2021;
Supekar et al., 2019). Furthermore, a correlation was observed between
PANSS positive scores and FCS of the left thalamus (Luo et al., 2020) and
temporal regional efficiency in the left inferior orbitofrontal gyrus (Sun
et al.,, 2019). In BD, SAD, and SCZ, hypoconnectivity between post-
central and frontal gyri was negatively correlated with PANSS positive
scores (Du et al., 2017).

3.6.2. PANSS negative

In SCZ, the PANSS negative scores were correlated with the vari-
ability of dFC and temporal regional efficiency (Deng et al., 2019; Sun
etal., 2019), and the entropy (Jia and Gu, 2019) of VIS and abnormal FC
variability (Dong et al., 2019). Additionally, an association was also
observed between PANSS negative and FCS in the right insula and the
left orbital inferior frontal gyrus (Luo et al., 2020) and the left cere-
bellum crus 1 (Wang et al., 2019a). Moreover, negative symptom
severity was associated with the probability of transition from a state
with predominant anterior-to-posterior DMN (lower precuneus/poste-
rior cingulate cortex and higher anterior cingulate cortex) FC relative to
a state with reverse pattern (higher precuneus/posterior cingulate cor-
tex and lower anterior cingulate cortex) (Sendi et al., 2021b). Dwelling
longer in a state characterized by sparse and weak connectivity pre-
dicted PANSS negative scores, with reduced DMN and VIS dFC pre-
dicting greater attention domain impairment (Yang et al., 2022).

In a study conducted in a small sample of adolescent-onset SCZ,
reduced dFC between the left middle temporal gyrus and the left
extrastriate visual area predicted increased emotional withdrawal
evaluated with item 2 of PANSS negative (Sun et al., 2021). Lastly,
hypoconnectivities linking postcentral and frontal gyri were negatively
correlated with the PANSS negative scores in BD, SAD, and SCZ (Du
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Fig. 2. Estimation of functional network connectivity starts from A) the time series of regions of interest or independent component analysis or other measures from
resting state fMRI data; B) the signal is then analyzed across several sliding windows to calculate the correlation between signals that is C) entered in correlation

matrices; D) these matrices are clustered in connectivity states.

et al., 2017).

3.6.3. PANSS general

Scores of general psychopathology were correlated with dynamic
measures of the nodes of the VIS (Jia and Gu, 2019) VIS, SM and thal-
amus (Dong et al., 2019), left inferior orbitofrontal gyrus (Sun et al.,
2019), right supramarginal gyrus (Wang et al., 2019a), right amygdala
and left inferior parietal gyrus (Jia et al., 2017).

3.6.4. ANSS total

The FCS of the cortico-thalamic circuits (i.e., the bilateral insula, left
thalamus, and left paracentral lobule) (Luo et al., 2020), of temporal (i.
e., right amygdala and left temporal pole) (Sun et al., 2019), and striato-
parietal networks (i.e., right supramarginal gyrus and right putamen)
(Wang et al., 2019a), reduced dALFF of the SAL-EXE connection (He
et al., 2021), and increased variability of dFC of the frontal-amygdala
connection (Yue et al., 2018) were associated with a higher PANSS
total score, thus supporting the dysconnectivity hypothesis of SCZ (Yue
et al., 2018). Additionally, the overall symptom severity was associated
with the greater probability of transitioning from a state with predom-
inant anterior-to-posterior DMN (lower precuneus/posterior cingulate
cortex and higher anterior cingulate cortex) FC relative to a state with
reverse pattern (higher precuneus/posterior cingulate cortex and lower
anterior cingulate cortex) (Sendi et al., 2021b). The FC variability of VIS

20

(Deng et al., 2019) and VIS, SM, and thalamus (Dong et al., 2019) was
associated with a higher PANSS total score.

The correlations between PANSS scores and dFC measures are
summarized in Table 5.

3.6.5. Other symptom scales

In SCZ, trait hallucination proneness over one year showed a sig-
nificant association with dwell times in a state characterized by strong
positive FC within the DMN and negative FC between the DMN and the
insula (Weber et al., 2020), while hallucination severity measured with
BPRS was positively correlated with the temporal instability of lateral
occipital cortex connectivity (Li et al., 2020). Additionally, illness
duration was associated with the entropy of the VIS (i.e., left superior
occipital gyrus) (Jia and Gu, 2019), cortico-limbic networks (i.e., right
amygdala, right superior orbital frontal gyrus, and left inferior parietal
gyrus) (Jia et al., 2017). In depressed BD, depression severity (HAMD
score) was positively correlated with the dFC between the right anterior
insula and inferior parietal lobule (Pang et al., 2018) and with dwelling
in a state with decreased FC between DMN, SAL, and EXE (Wang et al.,
2019b). Moreover, in depressed BD, the abnormal dynamic FCS in the
frontal-striatum-thalamic circuit predicted anhedonia measured with
the Snaith-Hamilton Pleasure Scale (Pang et al., 2020). Disorganization
evaluated with the SSPI was associated with dFC in the SCZ, but not in
BD (Das et al., 2020). The correlations between clinical scales and dFC
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Fig. 3. Dynamic Network Functional connectivity (dFC) changes in schizophrenia (SCZ) and bipolar disorder (BD). Correlograms display differences in functional
connectivity strength in SCZ (A), in BD (C) relative to healthy controls (HC) and between diagnosis (E) and in the dFC variability for SCZ (B), BD (D) relative to
healthy controls (HC) and between diagnosis (F) for each cross-correlation in a lower triangular matrix. The color intensity and circle size reflect the number of
studies reporting a difference, with red and blue color indicating greater and reduced dFC in the diagnostic groups relative to HC in the first two rows and in SCZ
relative to BD in the last row, respectively. The color bar indicates the number of studies reporting a difference. In a circle, a sector with different color indicates
contrasting results and each color reflects the number of studies supporting each direction. EXE, executive; SAL, salience; DMN, default mode network; SM, sensory-
motor; AUD, auditory; VIS, visual; EMO, emotional; SC, subcortical. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
measures are summarized in Table 5.

3.6.6. Cognitive performances
Four studies explored the relationship between dFC measures and
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cognitive performance in SCZ and BD (Table 6). In SCZ, dwell time in a
state with positive FC within the middle temporal gyrus and between the
middle temporal gyrus with other regions predicted visual learning
memory (Sendi et al., 2021a). The variability of FC in cortico-limbic
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circuits (i.e., amygdala-medial prefrontal cortex) was associated with
poorer performance on the digit symbol coding task (Yue et al., 2018),
while the temporal instability of the lateral occipital cortex connectivity
predicted higher switching costs during task performance in SCZ (Li
et al., 2020). In BD, reduced connectivity variability within the DMN
was associated with slower processing speed and impaired set-shifting
(Nguyen et al., 2017).

3.7. Effect of medications on dFC

Four studies explored the effects of second-generation antipsychotics
on dFC in SCZ and they all described a normalizing effect on dFC and
clinical symptoms. Unfortunately, the sample size of these studies was
considerably smaller compared to most cross-sectional studies. Two
longitudinal trials focused on risperidone (Duan et al., 2020; Lottman
et al., 2017). The first employed risperidone at a dosage of 4-6 mg/day
for 8 weeks in antipsychotic-naive first-episode patients with SCZ and
observed a normalization of the dFC variance of the abnormal connec-
tions (Duan et al., 2020), while the second showed a normalization of
mean dwell times in a sparsely connected state with a dosage of 4.4 mg/
day after 6 weeks (Lottman et al., 2017). In both studies, the treatment
also resulted in clinical improvement. Wang et al. (2021) explored dFC
after 12 weeks of treatment with various atypical antipsychotics,
including olanzapine, risperidone, paliperidone, ziprasidone, quetia-
pine, amisulpride, and aripiprazole in monotherapy (62.5%) or in
combination (37.5%) and showed that, compared with HC, SCZ pre-
sented more unstable brain states, which normalized to some extent
after antipsychotic treatment. Furthermore, in this case, antipsychotic
treatment was associated with a decrease in PANSS scores (Wang et al.,
2021). Lastly, after 8 weeks of various antipsychotic treatments,
including paliperidone, clozapine, risperidone, olanzapine, aripiprazole,
and quetiapine, a significant increase in the symptomatic improvement-
related occurrence of a dFC state characterized by greater inter-network
integration was observed. Furthermore, the reduction in symptoms was
correlated with increased FC variability in the connections within the
DMN and between the AUD, EXE, and cerebellar network to other net-
works (Zhang et al., 2021).

4. Discussion

Our systematic review aimed at summarizing all available evidence
on dFC alterations at resting state in SCZ and BD and their association
with psychiatric symptoms and behavior. We found a global alteration
of dFC in SCZ, while a more heterogeneous picture of altered dFC was
observed in BD. However, in both disorders, dysfunction of the triple
network involved in the performance of goal-directed behavior
emerged. A direct comparison between SCZ and BD confirmed a pre-
dominant pattern of dysconnectivity in the triple network in SCZ. Psy-
chopathological measures showed an association with dFC metrics in
almost all the studies on SCZ, with positive and negative symptoms
demonstrating an association with abnormal dFC. Remarkably, dFC al-
terations were normalized after antipsychotic treatment in responders.

4.1. Schizophrenia

Overall, the findings of our review show a consistent pattern of dFC
alterations in SCZ compared to HC, involving abnormal FCS and an
increased dwell time and a number of transitions to states characterized
by weaker connectivity within and between all major resting-state
networks.

Significant progress in the neuroimaging field in recent decades has
provided robust evidence to the so-called “dysconnectivity” theory,
postulated to explain the core psychopathological characteristics of SCZ.
First described in the 1990s, this theory was based on the observation of
abnormal functional integration between anatomically distinct brain
regions (Friston and Frith, 1995; Stephan et al., 2009) at the core of
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symptomatology in SCZ. Importantly, SCZ is characterized by both
global dysconnectivity, as demonstrated by global signal abnormalities,
and alterations at the topographic level in lower-order sensory and
higher-order cognitive regions that may underlie sensory and cognitive
symptoms (Yang et al., 2014; Zhang and Northoff, 2022). Accordingly, a
consistent pattern of dFC alterations in the triple network has been
suggested to play a prominent role in the pathogenesis of SCZ (Dong
et al., 2018; Menon, 2011). Interestingly, structural and functional al-
terations in SAL have been commonly associated with impaired attri-
bution of salience to stimuli, which, in turn, is associated with delusions
and hallucinations in SCZ (Palaniyappan et al., 2011). Furthermore,
altered FC between SAL, EXE, and DMN has been associated with pos-
itive and negative symptoms (Hare et al., 2019b; Manoliu et al., 2014).
In our review, alterations in dFC involving areas of the triple network
appeared to be associated with psychiatric symptoms in SCZ (Dong
et al., 2019; He et al., 2021; Luo et al., 2020; Salman et al., 2017; Sun
et al.,, 2019). Among these, Supekar et al. (2019) showed a positive as-
sociation between the lack of dynamic engagement of the SAL with the
EXE and DMN and disorganized thought (Supekar et al., 2019). Overall,
our results suggest that patients with SCZ present a reduction in dynamic
connectivity metrics in the triple network, which may underlie psy-
chotic symptoms for altered salience attribution, negative symptoms for
altered DMN persistence, and cognition for impairment of EXE con-
nectivity. In addition, abnormalities in dFC were reported in sensori-
motor circuits, particularly in the VIS (Deng et al., 2019), AUD (Geng
et al., 2020), and SM (Sambataro et al., 2021b), suggesting that altered
FC metrics in these areas could be associated with deficits in the pro-
cessing of external stimuli, which may lead to psychotic symptoms
(Kubera et al., 2019; Thoma et al., 2016). In particular, abnormalities in
the VIS and AUD pathways have been commonly reported in SCZ
(Harvey et al., 2011; Kaufmann et al., 2015), and appear to be associated
with hallucinations and negative symptoms (Orliac et al., 2017).

Interestingly, several studies have shown a relationship between
changes in SM network dynamics and psychopathological measures,
such as PANSS total (Deng et al., 2019; Dong et al., 2019), general (Dong
etal., 2019; Jia and Gu, 2019) and negative scores (Deng et al., 2019; Jia
and Gu, 2019; Wang et al., 2019a). Furthermore, changes in dFC in
sensory networks showed a correlation with positive symptoms evalu-
ated with PANSS (Dong et al., 2019; Jia and Gu, 2019; Salman et al.,
2017; Sun et al., 2019), as well as with hallucination severity measured
with BPRS (Li et al., 2020). These results align with the spatiotemporal
model of psychopathology proposed by Northoff and Duncan (Northoff,
2015; Northoff and Duncan, 2016), according to which temporal and
spatial changes in spontaneous brain activity affect cognitive and af-
fective processing in SCZ. In particular, abnormalities in the SM and the
sensory networks dFC could be associated with altered perceptions of
spatial relationships with respect to the body and the environment in
patients with SCZ, which might lead to delusions and hallucinations.
Furthermore, as previously demonstrated in depression (Northoff,
2016), affective and cognitive symptoms such as anhedonia could be the
phenotypic manifestation of spatiotemporal disturbances of the activity
of the resting state that in SCZ appear to be prevalent in the VIS network,
frontal areas, insula, and cerebellum.

Interestingly, dFC abnormalities have also been reported in in-
dividuals at genetic risk for SCZ (Braun et al., 2016). Meta-analytic ev-
idence from task-based fMRI studies has shown that unaffected relatives
of SCZ present a pattern of functional abnormalities involving the
cortico-striato-thalamic network (Cattarinussi et al., 2022), while the
few available rs-fMRI studies showed alterations in the prefrontal,
thalamic, limbic, and SAL networks (Li et al., 2015; van Leeuwen et al.,
2021; Xi et al., 2020). Abnormal dFC in subjects at risk for SCZ suggests
that these alterations are not related to the pathology itself but may be a
risk phenotype of the disorder (intermediate phenotype).

Finally, studies investigating the effect of antipsychotics on dFC in
SCZ showed a normalization of the metrics of dFC after treatment, which
was accompanied by a symptomatic improvement (Duan et al., 2020;
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Table 5
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Associations between clinical scales and dFC measures in schizophrenia and bipolar disorder.

Clinical scales

Associations between clinical scales and dFC measures

PANSS
positive

SCZ

- negative correlation with the variability of region-to-whole-brain FC in the right lingual gyrus (Dong et al., 2019)
- negative correlation with dFC of insula within SAL (He et al., 2021)

- positive correlation with sample entropy of the right inferior occipital gyrus (Jia and Gu, 2019)

- positive correlation with FCS of the left thalamus (Luo et al., 2020)

- positive correlation with VIS-FRN vs. VIS-DMN CDMI (Salman et al., 2019)

- positive correlation with temporal regional efficiency in the left inferior orbitofrontal gyrus (Sun et al., 2019)
- positive correlation with SAL-centered time-varying cross-network interactions (Supekar et al., 2019)

BD and
SCz
PANSS SCZ

negative

- negative correlation with the hypoconnectivities linking the postcentral and frontal gyri (Du et al., 2017)

- positive correlations with the FC variability of the right fusiform gyrus (Deng et al., 2019)
- positive correlation with the variability of region-to-whole- brain FC in the right insula (Dong et al., 2019)

- positive correlation with sample entropy of the right middle occipital gyrus (Jia and Gu, 2019)
- negative correlation with the FCS of the bilateral insula and positive correlation with the FCS of the left orbital inferior frontal gyrus (Luo et al., 2020)
- positive correlation with the probability of transitioning from a state with predominant anterior-to-posterior DMN FC relative to a state with a reverse

pattern (Sendi et al., 2021b)

- negative correlation with temporal regional efficiency in the right precuneus and left temporal pole (Sun et al., 2019)
- negative correlation with the dFC between the left middle temporal gyrus and the visual area (Sun et al., 2021)

- negative correlation with FCS in the left cerebellum crus 1 (Wang et al., 2019a)

- positive correlation with dwell time in a state characterized by sparse and weak connectivity (Yang et al., 2022)

BD and
SCZ
PANSS SCZ

general 2019)

- negative correlation with the hypoconnectivities linking the postcentral and frontal gyri (Du et al., 2017)

- negative correlation with the variability of region-to-whole-brain FC in the right lingual gyrus, bilateral precentral gyrus, and thalamus (Dong et al.,

- positive correlation with the sample entropy of the right amygdala and left inferior parietal gyrus (Jia et al., 2017)
- positive correlation with sample entropy of the right inferior occipital gyrus (Jia and Gu, 2019)

- positive correlation with the temporal regional efficiency in the left orbitofrontal gyrus (Sun et al., 2019)

- negative correlation with FCS in the right supramarginal gyrus (Wang et al., 2019a)

PANSS total SCZ

- positive correlation with the FC variability of the right fusiform gyrus (Deng et al., 2019)

- negative correlation with FCS of the left insula, positive correlation with FCS of the left thalamus, negative correlation with FCS of the left paracentral

lobule (Luo et al., 2020)

- negative correlation with FCS of the striato-parietal networks (Wang et al., 2019a)

- negative correlation with the connectivity between dALFF in SAL and EXE (He et al., 2021)

- negative correlation with temporal regional efficiency in the right amygdala and left temporal pole (Sun et al., 2019)

- positive correlations with FC variability of amygdala — prefrontal cortex (Yue et al., 2018)

- positive correlation with the probability of transitioning from a state with predominant anterior-to-posterior DMN FC relative to a state with a reverse

pattern (Sendi et al., 2021b)

- negative correlation with the FC variability of VIS, SM, and thalamus (Dong et al., 2019)

BPRS
HAM-D

SCZ

BD positive correlation between:

- positive correlation between hallucination severity and temporal instability of lateral occipital cortex dFC (Li et al., 2020)

- depression severity and the dFC between the right anterior insula and the inferior parietal lobule (Pang et al., 2018)
- dwell time in a state with decreased FC between DMN, SAL, and EXE (Wang et al., 2019b)

SHAPS
SSPI

BD
SCZ

- positive correlation between FCS in the frontal-striatum-thalamic circuit and anhedonia in depressed BD (Pang et al., 2020)
- positive correlation between parietal dFC and disorganization (Das et al., 2020)

BD: Bipolar Disorder, BPRS: Brief Psychiatric Rating Scale, dFC: Dynamic functional connectivity, CDMI, Cross-domain mutual information, DMN: Default mode
network, EXE: Executive network, FC: Functional connectivity, FCS: Functional connectivity strength, FRN: Frontoparietal network, HAM-D: Hamilton Depression
Scale, LOC: Lateral occipital cortex, PANSS: Positive and Negative Syndrome Scale, SAL: Salience network, SCZ: Schizophrenia, SHAPS: Snaith-Hamilton Pleasure
Scale, SSPI: Sign and Symptoms of Psychiatry illness, SM: Sensorimotor network, VIS: Visual network.

Lottman et al., 2017; Wang et al., 2021; Zhang et al., 2021). It is plau-
sible that dFC abnormalities may reflect disorganized patterns of
neuronal activity that could result in the inability of patients to reside in
globally coherent states, leading to an impaired ability to perceive,
process, and filter out external information. Antipsychotic medications,
which decrease neurotransmitter hyperactivity, might attenuate aber-
rant brain dynamics and result in a decrease in symptoms (see below).

4.2. Bipolar disorder

A more heterogeneous picture is derived from studies conducted in
patients with BD. Here, previous findings at rest commonly reported
topographical alterations in the motor cortex and hippocampus that
vary with mood phase and reflect behavioral and cognitive symptoms,
while the global signal does not appear to change (Zhang and Northoff,
2022). The abnormalities of the dFC involved a wide range of cortical
and subcortical areas, including frontal areas, limbic lobe, basal ganglia,
and thalamus, along with large brain networks, such as DMN, EXE, SAL,
and SM. Our results are in line with static rs-fMRI investigations that
showed that BD was characterized by hypo and hyperconnectivity
within the DMN, affective, EXE, ventral attention, SM and thalamic
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networks (Gong et al., 2021). In particular, in BD we found that the
anterior insula, which is a key node of the SAL, had greater connectivity
to the inferior parietal cortex, a node of the EXE, and reduced connec-
tivity to the right ventrolateral FPC, which is another important region
of this network for the control of cognition and impulsivity. Addition-
ally, the DMN showed reduced integrity and modulation both in terms of
lower network switching and reduced connectivity between its sub-
networks, reduced dALFF, and altered interplay with anticorrelated
networks, including EXE and SM. Abnormal thalamocortical connec-
tivity may be a part of EXE dysfunction and may contribute to emotional
dysregulation (Ramsay, 2019), which is a prominent feature of this
disorder (Miola et al., 2022). Altered connectivity of the SAL can result
in impaired cognition-emotion interaction and therefore contribute to
the well-known mood and cognition impairments reported in BD (Ellard
et al., 2019). Furthermore, altered amygdala connectivity has been
extensively studied in BD for its role in emotional processing and for its
widespread interaction with brain networks (Rey et al., 2021).
Abnormal connectivity of the amygdala may contribute to the
pathogenesis of the emotional and behavioral symptoms that are present
in BD (Luo et al., 2018) by: 1) increased connectivity with the cere-
bellum, which has been implicated not only in sensorimotor function but
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Table 6
Associations between cognition and dFC measures in schizophrenia and bipolar
disorder.

Group  Cognitive tests Associations between cognition and dFC
measures
SCZ visual learning - dwell time in a state with positive FC within the
memory middle temporal gyrus and between the middle
temporal gyrus with other regions predicted
visual learning memory performances (Sendi
et al., 2021a)
digit symbol coding - variability of FC in cortico-limbic circuits was
task associated with poorer performance on the digit
symbol coding task (Yue et al., 2018)
switching costs - temporal instability of lateral occipital cortex
connectivity predicted higher switching costs
during task performance (Li et al., 2020)
BD processing speed and - reduced FC variability within the DMN was

set-shifting associated with slower processing speed and

impaired set-shifting (Nguyen et al., 2017)

BD: Bipolar Disorder, DMN: Default mode network, FC: Functional connectivity,
SCZ: Schizophrenia.

also in emotion and motivational processing and in several psychiatric
disorders (Phillips et al., 2015); 2) reduced connectivity with the so-
matosensory cortex (postcentral gyrus) that could be responsible for the
interaction between emotion and motor control and its subjective
experience (Toschi et al., 2017). Remarkably, these functional coupling
changes were also present in studies that focused only on BD-I, which is
more closely related to SCZ, suggesting partial shared pathophysiolog-
ical mechanisms for these disorders (Trevisan et al., 2022). These het-
erogeneous results could be explained by the manifold clinical
characteristics of patients with BD, both in terms of mood state (i.e.,
depression, euthymia, mania), presence/absence of psychotic symptoms
and duration of the disease. Interestingly, half of the studies that
explored the correlations between dFC metrics and psychopathology
observed an association with depressive symptoms evaluated with
HAMD (Pang et al., 2018; Wang et al., 2019b) and the severity of
anhedonia (Pang et al., 2020), while the others did not.

4.3. Disorder-specific changes

Investigations comparing dFC in SCZ and BD showed that these
disorders present some commonalities, however FC alterations twere
more pronounced in SCZ compared to BD. Notably, studies exploring the
association between psychopathology and dFC in BD and SCZ showed
that dynamic FC parameters in SCZ were correlated with the disorga-
nization evaluated with the SSPI scale in the SCZ group, while no cor-
relations were observed in the BD group (Das et al., 2020). Interestingly,
a correlation was observed between PANSS scores and dFC in BD, SAD,
and SCZ (Du et al., 2017). Furthermore, dFC metrics were also corre-
lated with cognitive performance in SCZ and BD, suggesting that brain
dynamics could be involved not only in the development of psychopa-
thology but also in cognition.

4.4. Altered connectivity and signaling pathophysiological models

At the level of brain circuits, the dynamics of functional connectivity
can arise from changes in local cortical states that can interact with
remote regions within large-scale networks (Hutchison et al., 2013).
Additionally, subcortical circuits, including subthalamic and brainstem
regions, could affect the reconfiguration of these brain networks by
modulating neurotransmitter signaling systems. Dopamine has been
associated with the dynamics of brain networks (Sambataro et al., 2009)
for its role in stabilizing cortical responses through the modulation of
cortical pyramidal neurons and GABA-inhibitory interneurons.
Furthermore, GABA can modulate the frequency of membrane oscilla-
tions and result in increased synchronization within large-scale
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networks (Seamans and Yang, 2004). Increased presynaptic dopamine
signaling has been implicated in SCZ, in the so-called “dopamine hy-
pothesis”, and similarly, albeit of a small magnitude, increased D2/D3
availability and striatal dopamine amino transporter levels have been
reported in BD (Ashok et al., 2017). The normalizing effects of anti-
psychotics that are mostly D2 antagonists seem to corroborate these
results.

Furthermore, glutamate signaling (particularly N-methyl-p-aspar-
tate, NMDA) has also been implicated in modulating brain dynamics and
in SCZ. Braun et al. (2016) showed that, during working memory pro-
cessing, dextromethorphan, an NMDA-receptor antagonist, can increase
network flexibility, a measure of the ability to reconfigure a node within
a network, which suggests temporal disorganization of the community
structure of the brain (Braun et al., 2016). Similar hyperflexibility was
also found in SCZ in the same study. In particular, altered glutamatergic
signaling with hypoactivity of the NMDA system in excitatory pyramidal
cortical cells and in fast-spiking GABA inhibitory interneurons can affect
the synchrony of brain oscillations and their discharge, ultimately
translating into reduced stability of brain networks (Uhlhaas and Singer,
2010), and can result in positive, negative, and cognitive symptoms of
SCZ (Merritt et al., 2013). Moreover, converging evidence from pre-
clinical and clinical studies suggests an increased activity of NMDA in
BD, with mood stabilizers modulating the glutamatergic signaling
(Fountoulakis, 2012). Pharmacological studies with NMDA antagonists,
including ketamine, memantine, and magnesium, have also shown some
efficacy in BD depression, although further studies are needed to
confirm these results (Delfino et al., 2020). Finally, antipsychotics can
modulate NMDA activity and this effect can contribute to their clinical
effects (Choi et al., 2009). In general, alterations in dopamine and
glutamate signaling can alter dFC and contribute to the pathophysiology
of SCZ and BD.

Overall, brain connectivity at rest is not static but oscillates over time
across several brain states, which can be defined as spatial patterns of
signals that are stable for a certain period of time. The study of dFC is
complex as the time scale of the phenomena that occur in the brain can
be highly variable, the number of states is unknown, and they can be
intertwined and interact with each other. Furthermore, cross-frequency
coupling may drive the self-organized dynamics of brain states with low-
frequency oscillations modulating the synchronization patterns of faster
rhythms (Vanhatalo et al., 2004). Recent approaches have tried to un-
ravel the interaction between brain states and have considered the
coexistence of multiple states at a specific time point rather than an all-
or-nothing phenomenon (Miller et al., 2016c¢). These achievements have
contributed to a better understanding of SCZ and BD in terms of brain
dynamics. Future studies on the physiology, reliability, and replicability
of dFC indexes are needed to create gold standard measures for this
novel field, thus allowing the comparability across studies, and more
thorough analyses of the molecular and electrophysiological correlates
of these phenomena (Hutchison et al., 2013).

4.5. Limitations

The results of this review must be interpreted in light of some limi-
tations. First, there was considerable heterogeneity in the image
acquisition parameters and dFC techniques used by the included studies.
Second, the characteristics of the patients differed between the studies,
increasing the ecological validity of this study, but, at the same time,
contributing to the heterogeneity of our findings. Third, the majority of
patients were taking psychotropic medications, which could have
influenced our results.

5. Conclusions
In conclusion, a pattern of abnormal dFC was observed in SCZ,

involving mainly the EXE, SAL, DMN, and sensorimotor circuits, and
these alterations are associated with psychopathological features such as
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hallucinations and delusions. In BD, a mixed picture of altered dFC was
observed, with only some studies reporting an association with affective
symptoms. Alterations in dFC have also been observed in unaffected
relatives of SCZ, but not in individuals at clinical risk of psychosis.
Lastly, antipsychotic treatment, when effective in relieving psychiatric
symptoms, seems to play a normalizing role in dynamic abnormalities,
thus suggesting a potential avenue for developing effective treatments.
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