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Abstract

Purpose of Review.—Over the last decade, evidence suggests that a combination of
behavioral and neuroimaging findings can help illuminate changes in functional dysconnectivity
in schizophrenia. We review the recent connectivity literature considering several vital models,
considering connectivity findings and relationships with clinical symptoms.

Methods.—We reviewed resting state fMRI studies from 2017-2023. We summarized the role of
two sets of brain networks (cerebello-thalamo-cortical (CTCC) and the triple network set) across
three hypothesized models of schizophrenia etiology (heurodevelopmental, vulnerability-stress,
and neurotransmitter hypotheses).

Recent Findings.—The neurotransmitter and neurodevelopmental models best explained
CTCC-subcortical dysfunction, which was consistently connected to symptom severity and motor
symptoms. Triple network dysconnectivity was linked to deficits in executive functioning, and the
salience network (SN) — Default Mode Network dysconnectivity was tied to disordered thought
and attentional deficits.

Summary.—This paper links behavioral symptoms of schizophrenia (symptom severity, motor,
executive functioning, and attentional deficits) to various hypothesized mechanisms.
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Introduction

Dysconnectivity is defined as “abnormal functional integration across brain circuits” [1].
“The dysconnection hypothesis” [2]; [3] posits that schizophrenia arises from deficits

in functional brain integration. These disconnections have been explained by multiple
biological, genetic, and computational models [4]; [5]; [6]; [7]. Dysconnectivity stemming
from genetic, neural, and cellular levels is most likely responsible for positive and negative
schizophrenia symptoms [8]; [9]. In addition to disruptions at these levels, the origins of
schizophrenia as a disrupted neurodevelopmental process were reviewed by Andreasen et al.
[10]. These neurodevelopmental delays are hypothesized to cascade to more specific neural
circuitry deficits. Consequences of disrupted circuitry in schizophrenia include reduced
modularity and disrupted networks, e.g., frontoparietal-cingulo opercular (FP-CO) [11].
Satterthwaite and colleagues also noted in their comprehensive review that the origins of
psychosis may stem from a developmental delay, affecting the development and refinement
of cortical association systems. Additional explanations regarding a neurodevelopmental
model include impaired metabolic activity due to oxidative stress [12]. Thus, it is essential
to contextualize widespread patterns of hypo/hyper-connectivity related to dysregulated
behavior concerning biological and neurodevelopmental models. No review paper has
identified the most salient models highlighting dysconnectivity trends in the last five years.

Given these gaps in the literature, the goals of this review paper are to 1) review the
functional connectivity literature in schizophrenia related to various hypotheses of causation,
2) delve into related hypo vs. hyperconnectivity patterns in specific networks, and 3)
identify which models best explain these connectivity findings to behavioral symptoms (e.g.,
executive dysfunction, positive and negative symptoms).

Literature Search Process

We performed initial keyword searches focused on fMRI and resting state studies in
schizophrenia, yielding over 20,000 articles (keywords: “schizophrenia,” “dysconnectivity,”
“resting state,” “fMRI"). To narrow the scope of the review, we limited papers to 2017—
2023, with occasional citations outside of this time range. We restricted the searches

to be more succinct, based on keywords falling into six domains: 1) serotonin, 2)

dopamine, 3) connectivity & neuromediators, 4) dysconnectivity, 5) salience, and 6)
effective connectivity. For each specific brain network (e.g., cerebello-thalamo-cortical,
triple networks), additional keywords such as cerebello-thalamo-cortical, thalamo-cortical,
cerebellar, cortical-subcortical-cerebellar, white matter, default mode network, salience
network, glutamate, neurodevelopmental, neurotransmitter, dopamine, vulnerability, stress,
and serotonin were added to reference specific large scale brain networks and the models.
Functional connectivity was defined as correlated blood oxygenation-level dependent
(BOLD) functional magnetic resonance imaging (fMRI) signals between brain regions.
Searches were conducted on both PubMed and Google Scholar. Studies unrelated

to schizophrenia and fMRI and studies falling outside of these six domains were
subsequently excluded (see Figure 1). The few animal studies that were included serve as
translational templates for future genetic research that could aid in understanding patterns of
dysconnectivity. 63 papers were included in this review, listed in the references. These were
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selected based on A.) topic fit, B.) mentioned at least one of the three models of interest, or
C.) included one or more of the two large-scale functional connectivity brain networks. See
Figure 1 for a flowchart of the process.

3. Models of Interest

Luptak and colleagues [13e¢] recently outlined several models of schizophrenia, which
guided the focus of this paper. We concentrate on the genetic, neurodevelopmental,
vulner ability-stress-inflammation, and neurotransmitter (dopamine, glutamate, and
serotonin) dysfunction models. Given that models focusing on neurodevelopmental
delays and neurotransmitter dysfunctions have featured currently and historically in the
neuroimaging literature, we decided to take these models from Luptak’s paper to examine
the literature through this lens critically. We focus mainly on those models and the evidence
from dysconnectivity studies among two large-scale sets of brain networks: A) Cerebello-
Thalamo-cortical / Subcortical, and B) the Triple Network (comprised of the Salience,
Default Mode Network, Central Executive Networks). Finally, we discuss the model that
best explains schizophrenia behavioral symptoms based on aberrant connectivity patterns.
The hope is that this paper will aid schizophrenia researchers in picking the best models to
help guide future neuroimaging research.

3.1 Measuring Sources of Dysconnectivity in Schizophrenia

While this review paper has focused exclusively on understanding networks in the context
of various models and theories, it is essential to touch on multiple techniques utilized to
measure dysconnectivity patterns. Functional MRI has been around for over 20 years, with
the primary goal of resting state fMRI being to measure the changes in blood oxygen

level dependent (BOLD) signal at rest [14]. While diverse imaging methods have been
employed to study schizophrenia (see Keshavan et al. [15] for a comprehensive review),
questions remain concerning accurately classifying and predicting symptoms systematically.
Here, dimension reduction techniques such as independent components analysis, or ICA,
have played an essential role in helping identify and characterize schizophrenia related
patterns of functional connectivity. Group ICA is a widely used technique in which
components can be extracted from brain networks [16, 17]. Additional ICA techniques
(e.g., multiscale ICA, which investigates functional sources at multiple spatial scales) have
found sex-specific differences in schizophrenia [18] as well as increased predictive ability
in identifying FNC between spatial scales in schizophrenia and healthy controls [19]. The
use of ICA has demonstrated overall classification accuracy using large-scale FNC data in
schizophrenia [20] and successfully distinguished between schizophrenia, bipolar disorder,
and schizoaffective disorder using resting state fMRI networks alone [21]. Additional
techniques such as graph theory, decomposition (see [22] for a review of different imaging
methods), as well as seed-based techniques [23] have been used to understand disrupted
resting state networks.
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4. Dysconnectivity Across Large-Scale Brain Networks: Cerebello-

Thalamo-cortical Connectivity (CTCC) and Subcortical Dysconnectivity

4.1 CTCC Overview

We broadly investigated Friston’s dysconnectivity hypothesis [3] of schizophrenia

across large-scale brain networks, the first being the cerebello-thalamo-cortical and
subcortical networks. Consistent with Friston’s conjecture, exploration of thalamo-cortical
hypoconnectivity revealed a network of prefrontal and thalamic regions linked to motor
control and executive functioning deficits. We summarize the recent literature relating these
networks to various symptoms and models in schizophrenia.

4.2 CTCC Network: Motor Deficits, Symptom Severity, and Cortical Connectivity Trends

Dysconnectivity between the motor cortices and cerebellar areas has been noted as a

typical pattern in schizophrenia. However, schizophrenia has been characterized as a

series of hyperconnectivity links from the motor cortices -> thalamus ->; motor cortices

-> cerebellum ->, as well as links to the prefrontal cortex -> subthalamic nucleus [24].

In their study, Walther and colleagues found that connectivity between the motor cortex

and cerebellum was significantly correlated to spontaneous motor activity [24]. The main
conclusions to note were increased connectivity in these three linkages, and a significant
correlation was found between thalamo-cortical hyperconnectivity and motor dysfunction in
individuals with schizophrenia.

Increased resting state connectivity between the cerebellum and other brain areas has been
noted after analyzing inter-regional correlations and functional integration of widespread
brain regions [25]. This review also noted decreased connectivity among the insula,
temporal lobe, prefrontal cortex, and basal ganglia. Clark and colleagues reported that
when comparing schizophrenia patients to healthy controls (HCs), HCs showed more
robust connectivity than patients between several cerebellar lobules and cortical regions;
specifically, these relationships were strong between motor-related cerebellar lobules (V
and VIlla/b) as well as the temporal and parietal cortices [26¢]. Notably, Clark et al.

found that disrupted cerebellocortical connectivity was chiefly associated with reduced
processing speed in individuals with schizophrenia. In addition to reduced processing speed,
Anticevic et al. [27] noted thalamic hyperconnectivity noted with bilateral sensory-motor
cortices; however, thalamic hypoconnectivity was linked to prefrontal-striatal-cerebellar
regions compared to healthy controls. These were reported to be influenced by sensory
gating and other factors.

Additional findings noted that thalamic hypoconnectivity was coupled with prefrontal—
striatal-cerebellar regions relative to controls [28]. In addition to this hypoconnectivity,
hyperconnections were identified in sensory regions (i.e., motor, somatosensory, temporal,
occipital, and insular cortical regions). Patients had greater thalamic connectivity with
multiple sensory-motor areas, including bilateral pre- and post-central gyri, middle/inferior
occipital gyrus, and middle/superior temporal gyrus [29]. Thalamus-to-middle temporal
gyrus connectivity correlated positively with hallucinations and delusions, while thalamus-
to-cerebellar connectivity negatively correlated with delusions and bizarre behavior [29].
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The strong negative relationship between these thalamo-cortical deflections suggests that
they share a common mechanism and may account for some psychosis symptoms. Taken
together, these results suggest patterns of both hypo and hyperconnectivity through the
thalamus and its connections across regions in the cortex, and cerebellum have a relationship
with both positive and negative psychotic symptoms.

4.4 CTCC: Neurodevelopmental Model

The neurodevelopmental model is particularly salient to thalamo-cortical dysconnectivity,
as multiple aberrant connectivity patterns emerge when adolescent brains develop toward
adulthood. Giraldo-Chica et al. [5] systematically reviewed thalamo-cortical dysconnectivity
in schizophrenia, noting that thalamo-cortical network dysconnectivity might arise from
atypical neurodevelopment between childhood and adolescence [5]. Specifically, studies
have shown that abnormal brain maturation combined with thalamo-cortical network
dysfunction (e.g., reduced PFC-thalamic connectivity increased somatomotor connectivity)
contributed to atypical development in childhood and adolescence [11]. Benoit et al. [30¢]
concluded that disrupted thalamo-cortical connectivity development observed in youth
coincided with early psychotic symptom onset and increases in symptom severity, which
also has implications for disrupted prefrontal cortex (PFC) functioning. In addition to

these critical linkages between CTCC regions, Bernard et al. [31] noted that cerebello-
thalamo-cortical network connectivity was linked to positive symptoms in schizophrenia.
Specifically, the team pointed out that the neurodevelopmental model was the best model to
explain links between disrupted cerebello-thalamo-cortical networks chiefly associated with
positive symptoms. In addition to positive symptoms, Bernard et al. noted relationships
between motor-striatal connectivity in addition to increased connectivity between the
primary motor cortex and basal ganglia were chiefly associated with negative symptoms
[32]. In summary, the neurodevelopmental model seems to be a predominant model seen

in the current literature to explain disrupted thalamo-cortical dysfunction in schizophrenia.
Both positive and negative symptoms are strongly tied to dysconnectivity present in different
CTCC regions.

5. Triple Network Dysconnectivity

5.1. Triple Network Overview

The triple network includes the Central Executive Network (CEN), the Default Mode
Network (DMN), and the Salience Network (SN), with their interactions proposed to

be deficient in schizophrenia [33, 34]. The CEN is the specifically lateral frontoparietal
network (L-FPN), primarily composed of the dorsolateral prefrontal cortex (DLPFC) and
posterior parietal cortex. It is involved in sustained attention, complex problem-solving and
working memory. The bilateral frontoparietal network (FPN) more broadly serves as an
important functional module specific to executive control, e.g., [35]. The DMN is composed
primarily of medial prefrontal cortex, posterior cingulate cortex/precuneus and angular
gyrus, as well as the inferior and mesial temporal lobe [36]. The SN is primarily anchored
in anterior insula (Al) and dorsal anterior cingulate cortex (dACC), but also includes rostral
prefrontal cortex (PFC), supramarginal gyrus (SMG) and subcortical limbic areas (striatum,
thalamus and amygdala); it facilitates switching between the FPN and DMN [37].
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The triple network has been defined as these three essential networks that are considered
brain “hubs” for perceptual, emotional, and behavioral processing [33] as well as
introspection, theory of mind (TOM), and self-awareness. Studies suggest that SN, FPN,

and DMN dysconnectivity plays an important role in the cognitive impairment seen in
schizophrenia [38] with some studies indicating the SN, the CEN, and the DMN as “the holy
trinity” as outlined in [33].

Triple network aberrations have been notably found in schizophrenia (see comprehensive
review by Menon et al.) [33]. Jiang et al. [39] compared individuals with depression and
schizophrenia, showing that dysconnectivity patterns differed between the two groups;
DMN-CEN connectivity was increased in schizophrenia while CEN-SN connectivity was
decreased in both groups. This differing pattern was thought to be linked to self-referential
processing in both the depression and schizophrenia patient groups. Neuroimaging

studies comparing fractional amplitude of low frequency fluctuations (fALFF), regional
homogeneity (ReHo) and FC techniques have notably found that overall, fALFF in the
central executive network (CEN) was increased in drug naive first episode schizophrenia
(dn-FES) patients and ultra-high risk groups of psychosis compared to healthy controls [40].
However, a limitation of this finding was difficulty distinguishing the dn-FES group from
the ultra-high-risk group based on fMRI data, which needs to be explored in greater detail.

In conjunction with trends towards hypoconnectivity, hyperconnectivity trends have also
been reported, for example right ITG and MTG, SN and right precentral gyrus [41], SN and
cortico-cerebellar sub-circuit and prefrontal cortex [42], within the lateral part of the left
middle occipital gyrus [43], and within the frontoparietal modular region [44]. Furthermore,
distinctive features of schizophrenia patients include the presence of amygdala (AMY)-SPL
(superior parietal lobule) and Al-AMY connections as detailed in effective connectivity
studies [45]. [45] also noted that dysfunctions in self-regulation of the salience network
may underlie some of the features of dysconnectivity seen in schizophrenia. The most
pronounced changes are observed in both intra-network and inter-network connections of
the SN. Huang and colleagues showed that first-episode schizophrenia (FES) was associated
with reduced functional connectivity within cortico-striatal-thalamic-cortical (CSTC) sub-
circuit of the SN [41]. In general, schizophrenia patients tend to show reduced functional
connectivity between distinct networks but not within-networks [46]. Additional psychosis
related alterations have been examined in first episode groups compared to healthy controls
with Sarpal and colleagues [47] indicating lower background connectivity (i.e. removal of
task effects) between the DLPFC and the bilateral superior parietal lobule (SPL) and left
inferior parietal lobule [47]. Results of this study showed intact frontoparietal connectivity,
but impaired cognitive functioning when participants had to perform a cognitive task. Thus,
it is clear that patients with schizophrenia demonstrate impaired cognitive functioning (i.e.
executive functioning deficits) that correlate with deficits broadly in various triple network
regions. Taken together, these studies demonstrate the importance of further examining
salience network and DLPFC dysconnectivity in conjunction with social cognition, self-
referential processing, and executive functioning deficits.
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5.2 Triple Network, Symptom Severity and Cognitive Associations

Triple network dysconnectivity has been hypothesized to play an essential role in symptoms
including executive functioning deficits, negative symptoms, and abnormal salience and
mood states [33]. One effective connectivity measuring approach is dynamic causal
modeling (DCM), which shows how coupling among brain regions changes over time [48].
Evidence from DCM dysregulation across the three networks suggested that dysconnectivity
between the DMN-CEN was a critical potential biomarker [49]. Specifically, Rodriguez

et al. [50] teased apart cognitive profiles of first episode schizophrenia based on a

cluster analysis correlated with clinical variables, and resting state fMRI data. [50]. They
found that for Cluster 1, hyperconnectivity between the cerebellum-precentral gyrus, SN-
insula cortex, and reduced connectivity between the DMN-SN were noted. For Cluster

2, hyperconnectivity between the DMN- cerebellum, SN-precentral gyrus, and FPN-IFG
were found; finally, hypoconnectivity between the DMN-insula and SN-pallidum were
noted for Cluster 3. Taken together, distinct cognitive profiles were noted with Cluster

1 being linked to decline in attention, working memory/flexibility, and verbal memory
deficits. Cluster 2 was linked to decline in verbal memory and increased performance in the
attention domain. Finally, Cluster 3 was linked to severe deficits in all cognitive domains.
Additional studies by Xu et al. [51] also noted relationships between disrupted intrinsic
connectivity in midbrain dopaminergic regions, specifically finding a link between social
amotivation and a negative relationship with functional connectivity in key regions. These
regions included the substantia niagra, ventral tegmental area, medial-and lateral prefrontal
cortex, temporoparietal junction, and dorsal and ventral striatum. In summary, decreased
connectivity of dopaminergic areas was chiefly associated with social amotivation, and
these brain regions were linked with reward, social and executive functioning [51]. Thus,

a constellation of positive and negative symptoms are associated with dysconnectivity in a
variety of brain regions spanning the triple network and other areas.

Wylie and colleagues [52] measured working memory using the MATRICS Consensus
Cogpnitive Battery (MCCB), to assess the dysfunction of various components of working
memory in relationship to intrinsic connectivity networks measured using ICA. Overall,
the study found a strong relationship between working memory task performance and
functional connectivity, including both voxel-wise global connectivity measures across
frontal, temporal, and parietal regions, and the connectivity of the ICA networks identified
with the CEN to these inferior frontal and parietal regions.

In addition to disruptions in cognitive and attentional functioning, additional triple network
studies have also noted links to hallucinatory symptoms with triple network dysfunction.
For example, compared to healthy controls, patients with visual hallucinations had lower
functional connectivity in all vision-related networks, both intra-network and inter-network.
This decrease was most prominent for intra-network functional connectivity in the Ventral
Attention Network (VAN; that has also been equated with the SN) and the Dorsal Attention
Network [43]. Hallucinations have been suggested to stem from a selection mechanism,
where sensory representations become chosen in an atypical fashion (compared to healthy
controls) rather than being filtered out [53]. Indeed, the SN-DMN connectivity pattern has
also been demonstrated as a critical network linked to positive and negative symptoms
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[54]. Specifically, Hare and colleagues showed that SN-DMN FC was associated with key
symptoms such as disordered thought and attentional deficits in schizophrenia, even after
participants were controlled for confounding effects of medication. Kandilarova et al. [45]
showed that measures of overall schizophrenia symptom severity correlated with reduced
connectivity between the anterior insula and the inferior frontal gyrus. Specific network
alterations, particularly related to self-inhibitory connection of the anterior insula was noted
as a dysconnectivity pattern [45].

5.3 Triple Network: Neurotransmitter, Vulnerability/Stress, and Glutamate Hypothesis

Theories

The triple network has been associated with multiple theories, including the
neurotransmitter, vulnerability/stress and glutamate hypotheses. McCutcheon et al. [9] noted
in a relatively recent review that environmental and genetic risk factors such as disrupted
neurodevelopment led to increased risk of prodromal symptomatology; and cortical
excitatory-inhibitory imbalance poses individuals to be at risk for developing both cognitive
and negative symptoms of schizophrenia [9]. Finally, a combination of psychosocial,
psychological stressors in combination with dopamine dysfunction in subcortical regions
may play a significant role in the onset of positive symptoms of schizophrenia [9].

Taken together, these findings demonstrate a close relationship between the functions of

the salience network and mesolimbic dopamine system [9]. In the serotonergic pathway,
5-HT signaling through the raphe nuclei related pathways was associated with decreased
sensorimotor network activity and increased DMN activity [55]. Han et al. [56] confirmed
decreased functional connectivity of bilateral striatum, pallidum, and thalamus with the
salience network and raphe nucleus [56] which also correlated with total negative scores

on the Positive and Negative Syndrome Scale (PANSS). Decreased functional connectivity
was also shown between SN and left caudate in schizophrenia patients [42]. Moreover,

the FPN-SN connection exhibited aberrant age-associated alteration in adolescent-onset
schizophrenia (AQS) [57]. Maximo et al. [58¢] investigated the role of glutamatergic
metabolism related to SN dysconnectivity in first-episode psychosis (FEP) subjects,
reporting complex neurotransmitters related between group connectivity differences [58].
Specifically, they found that when measuring glutamate and glutamine (GIx) in the dorsal
anterior cingulate cortex (dACC) that positive FC in the SN was found to be disrupted in
medication naive first episode patients compared to healthy controls. Shukla and colleagues
also speculated that GABA and glutamate relationships may modulate the reduced FC of key
DMN regions in schizophrenia (right posterior cingulate cortex, precuneus, bilateral anterior
cingulate, parahippocampal gyrus, and medial frontal gyrus) [59]. In summary, a complex
cocktail of environmental, biological, and neurotransmitter dysfunctions cascade into
dysconnectivity disruptions that adversely affect triple network function. These cascading
effects seem to have a critical role in the development of both positive and negative
symptoms.

6. Summary and Conclusions

We summarize the overall findings across these networks in Figure 2. We noted that the
CTCC dysconnectivity was chiefly associated with the neurodevelopmental model (e.g.
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atypical development that occurred during childhood and adolescence) supporting patterns
of abnormal connectivity in the CTCC network. Although the CTCC network includes all
cortical regions and the cerebellum, we chose to focus on organization from the cerebellum
to the thalamus and on thalamo-cortical connectivity. The neurotransmitter model was
associated as well with CTCC-subcortical dysfunction. Behavioral deficits associated

with this network included motor symptoms and the positive and negative symptoms of
schizophrenia.

Next, we investigated the triple network for various links between dysconnectivity,
behavioral deficits and symptoms. SN-DMN dysconnectivity was tied specifically to
hallucinations and symptom severity in schizophrenia. Links between disrupted cognitive
control, executive functioning, and attention were noted with disruptions in the triple
network. Consequently, a mix of environmental, biological, and neurotransmitter related
dysfunctions were noted to contribute to the development of positive and negative symptoms
in schizophrenia.

7. Limitations

As demonstrated in Figure 1, many thousands of papers on neuroimaging and schizophrenia
have been published in recent years. The scope of this review was on recent resting

state fMRI connectivity studies and their findings considering two primary networks. The
CTCC focuses on cerebello-thalamic and thalamo-cortical networks and their relationship;
the triple network framework focuses on a subset of cortico-cortico connections. Many
papers which focused on individual regions or analyses which did not consider connectivity
measures were outside the scope of this review.

Similarly, there are many other considerations in the neural deficits in schizophrenia. We
touched on environmental stressors [9], and there are many considerations of genetic risk
both from individual genetic loci or combined genetic effects that can lead to neural circuitry
deficits with disruptions that occur in early brain development [7]. Recent approaches

that combine neuroimaging connectivity measures with post-mortem genetic expression
atlases have shown that expression profiles of SZ risk genes within the cortex significantly
correlate with known dysconnectivity patterns in Sz, for example [60], and the potential
for these approaches to examine trajectories of disease progression in dysconnectivity
patterns is becoming clear. Thus, a single model of dysconnection is less explanatory

than one integrating genetic (specifically Genome-Wide Association Studies (GWAS)),
neurotransmitter, and neurodevelopmental models. Additionally, no papers in the literature
search yielded links between the neurotransmitter model and the CTCC network. Thus,
more research should be conducted to broadly investigate potential links in this area.

It is also important to note that medication effects are commonly confounded with
disease effects in schizophrenia studies, including those examined here. As shown in the
Supplementary Table 1, 16 out of 42 papers included only medicated subjects. However,
in these papers, the clinical high risk and first episode studies complement the studies

of medicated individuals, without identifying fundamentally different patterns of deficits.
Additionally, while the CTCC and triple networks were examined for this paper, several

Curr Neurol Neurosci Rep. Author manuscript; available in PMC 2024 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harikumar et al.

Page 10

other networks disrupted in schizophrenia (i.e., Theory of Mind (TOM) could be further
examined to understand future clinical interventions and treatment. [61, 62]. Consequently,
a comprehensive review of Positron Emission Tomography (PET) studies to understand
neurotransmitter deficits about dysconnectivity would also be helpful. While a few studies
understanding neurotransmitter imbalances were noted in the literature [58, 59, 63], a more
comprehensive review of PET studies tied to patterns of dysconnectivity across various brain
regions in schizophrenia is needed.

In conclusion, the findings of this review demonstrate the need to incorporate a translational,
multidisciplinary approach to schizophrenia research. Many gaps remain when attempting
to understand the origins of dysconnectivity. Understanding these gaps will be particularly
useful as research expands into investigating global patterns of dysconnectivity both in
schizophrenia, and with other linked, comorbid disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A flowchart explaining the literature review process. The initial search performed on
PubMed and Google Scholar yielded over 20,000 papers. After removing studies outside
our keyword search, 63 articles were included in this review.
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Figure 2.
A graphical summary demonstrating the interplay of the different brain regions and

networks associated with FC connections in patients with schizophrenia. Blue arrows
indicate decreased functional relationships in schizophrenia vs. healthy controls; red arrows
indicate functional relationships that increase in patients vs. healthy controls. In summary, a
complex “highway” of brain regions such as various sensorimotor, thalamic, and prefrontal
areas that moderate behavioral and cognitive symptoms seen in schizophrenia. From L-

R: 1.) Left top: a graphical summary of the cerebello-thalamo-cortical and subcortical
dysconnectivity. 2.) Right top: Neurodevelopmental model 3.) Bottom left: Neurotransmitter
model. Bottom right: 4.) Triple Network dysconnectivity represented graphically.
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Table 1.

Summarizing key findings for the CTCC network. See supplementary table for a full list of papers

Paper Citations

Summary of Findings Model or Theory

Walther et al.; Calhoun 2009; Clark
et al., 2020; Anticevic et al. 2014;
Ramsay, 2019; Ferri et al., 2018

Benoit et al., 2022; Bernard et al.,
2017a, 2017b

Overall, these papers found various results related to resting state functional N/A
connectivity within CTCC nework in schizophrenia. They correlate hyper/
hypoconnectivity and less robust connections with motor dysfunctions and
schizophrenia symptoms.

The development and connectivity of the cerebello-thalamo-cortical network Neurodevelopmental
at baseline are linked to a positive symptoms in schizophrenia, indicating that

these cerebellar networks could serve as a biomarker for the progression of the

disease.
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Summarizing key findings for the Triple network. See supplementary table for a full list of papers

Paper Citations

Summary of Findings

Model or Theory

Menon, 2019; Jiang et al., 2017; Ma et al., 2023;
Huang et la., 2020; Huang et al., 2022; van Ommen et
al., 2022; Xiang et al., 2019; Kandilarova et al., 2021;
Hummer et al., 2020; Sarpal et al., 2022

van Ommen et al., 2022; Kandilarova et al., 2021; Xi
et al., 2021; Rodriguez et al., 2019; Xu et al., 2019;
Hare, 2021; Hare et al., 2019

McCutcheon et al, 2020; Huang et al., 2022; Conio et
al., 2020; Han et al., 2020; Fan et al., 2021; Maximo
etal., 2021

McCutcheon et al, 2020

Disconnectivity between Salience Network, Central
Executive Network and Default Mode Network is related to
cognitive impairments in schizophrenia. Connectivity within
SN, CEN and DMN networks is usually increased, however
the connections between them are decreased.

Triple network disconnectivity and aberrant patterns
between and within networks are associated with
schizophrenia negative and positive symptoms.

Mesolimbic dopamine system, serotonergic pathways,
glutamatergic metabolism and GABA may modulate
functional disconnectivities and that are associated with
particular schizophrenia symptoms.

The interplay of psychosocial and psychological stressors,
coupled with dopamine dysfunction in subcortical regions,
may significantly contribute to the emergence of positive
symptoms in schizophrenia.

N/A

N/A

Neurotransmitter
Theory

Vulnerability/Stress
Model
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