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Resting-state functional MRI in
treatment-resistant schizophrenia

Noora Tuovinen* and Alex Hofer

Division of Psychiatry I, Department of Psychiatry, Psychotherapy, Psychosomatics and Medical

Psychology, Medical University of Innsbruck, Innsbruck, Austria

Background: Abnormalities in brain regions involved in the pathophysiology

of schizophrenia (SCZ) may present insight into individual clinical symptoms.

Specifically, functional connectivity irregularitiesmay provide potential biomarkers

for treatment response or treatment resistance, as such changes can occur before

any structural changes are visible. We reviewed resting-state functional magnetic

resonance imaging (rs-fMRI) findings from the last decade to provide an overview

of the current knowledge on brain functional connectivity abnormalities and

their associations to symptoms in treatment-resistant schizophrenia (TRS) and

ultra-treatment-resistant schizophrenia (UTRS) and to look for support for the

dysconnection hypothesis.

Methods: PubMed database was searched for articles published in the last 10

years applying rs-fMRI in TRS patients, i.e., who had not responded to at least two

adequate treatment trials with di�erent antipsychotic drugs.

Results: Eighteen articles were selected for this review involving 648 participants

(TRS and control cohorts). The studies showed frontal hypoconnectivity before

the initiation of treatment with CLZ or riluzole, an increase in frontal connectivity

after riluzole treatment, fronto-temporal hypoconnectivity that may be specific

for non-responders, widespread abnormal connectivity during mixed treatments,

and ECT-induced e�ects on the limbic system.

Conclusion: Probably due to the heterogeneity in the patient cohorts concerning

antipsychotic treatment and other clinical variables (e.g., treatment response,

lifetime antipsychotic drug exposure, duration of illness, treatment adherence),

widespread abnormalities in connectivity were noted. However, irregularities in

frontal brain regions, especially in the prefrontal cortex, were noted which are

consistent with previous SCZ literature and the dysconnectivity hypothesis. There

weremajor limitations, asmost studies did not di�erentiate between TRS andUTRS

(i.e., CLZ-resistant schizophrenia) and investigated heterogeneous cohorts treated

with mixed treatments (with or without CLZ). This is critical as in di�erent subtypes

of the disorder an interplay between dopaminergic and glutamatergic pathways

involving frontal, striatal, and hippocampal brain regions in separate ways is likely.

Better definitions of TRS and UTRS are necessary in future longitudinal studies to

correctly di�erentiate brain regions underlying the pathophysiology of SCZ, which

could serve as potential functional biomarkers for treatment resistance.
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1. Introduction

Following the consensus criteria of the Treatment Response
and Resistance in Psychosis (TRRIP) working group, failure of at
least two adequate treatment episodes with different antipsychotic
drugs is required to establish treatment-resistant schizophrenia
(TRS) (Howes et al., 2017). Approximately 30% of individuals
diagnosed with schizophrenia (SCZ) do not respond to first-
line antipsychotics and hence meet these criteria (Kane et al.,
2019). Of note, they have poorer outcomes when compared to
other individuals suffering from SCZ (Chakrabarti, 2021). Strong
predictors for TRS include young age of onset, poor premorbid
functioning, a higher severity of negative symptoms, a gradual
mode of onset, a longer duration of untreated psychosis, and
a higher number of relapses (Smart et al., 2021). Moreover, a
varied percentage (10–60%) of individuals who show symptom
improvement at the beginning of antipsychotic treatment develop
TRS over time (Kane et al., 2019).

Clozapine (CLZ) is considered the only indicated and evidence-
based treatment for TRS, and approximately 40% of people
with TRS show symptom improvement when treated with this
compound (Siskind et al., 2017). Resistance to treatment with CLZ
constitutes a distinct, probably the most severely ill subgroup,
namely CLZ-resistant or ultra-treatment-resistant SCZ (UTRS;
Campana et al., 2021). In this subgroup of patients, augmentation
of CLZ with electroconvulsive therapy (ECT) has been shown
to be one of the most efficacious treatment strategies (Grover
et al., 2022). During ECT, an electrical stimulus is used to elicit a
generalized seizure in the anesthetized patient. Although effective,
the exact mechanisms of ECT are unknown (Leaver et al., 2022).
As an alternative to CLZ and ECT, riluzole which reduces brain

Abbreviations: AAL, automated anatomical labeling; ACC, anterior cingulate

cortex; Ami, Amisulpride; Ari, Aripiprazole; AVH, SCZ individuals with

treatment-resistant auditory verbal hallucinations; AVLT, Rey Auditory and

Verbal Learning Test; BOLD, the blood-oxygen-level-dependent; BPRS,

Brief Psychiatric Rating Scale; CLZ, clozapine; CPZ, chlorpromazine; DMN,

default mode network; DSM, The Diagnostic and Statistical Manual of

Mental Disorders; DSZ, SCZ individuals taking only antipsychotics; ECT,

electroconvulsive therapy; ER, extended-release; F, female; FA, fractional

anisotropy; GAF, Global Assessment of Functioning; Glx, glutamate plus

glutamine; Hal, Haloperidol; ICA, independent component analysis;

ICD, International Classification of Diseases; M, male; M.I.N.I., the Mini-

International Neuropsychiatric Interview; MSZ, TRS individuals receiving

a regular course of modified ECT combined with antipsychotics; NAVH,

non-hallucinating SCZ individuals; NTRS, non-treatment-resistant SCZ; Ola,

Olanzapine; Pali, Paliperidone; PANSS, Positive andNegative Syndrome Scale;

PCC, posterior cingulate cortex; Per, Perphenazine; PFC, prefrontal cortex;

post-CG, post-central gyrus; preCG, precentral gyrus; Que, Quetiapine;

ReHo, regional homogeneity; Ris, Risperidone; ROI, region-of-interest;

rs-fMRI, resting-state functional magnetic resonance imaging; SCID-I,

Structured Clinical Interview for DSM for Axis I Disorders; SCZ, schizophrenia;

SMN, somatomotor network; SNRI, selective serotonin-noradrenaline

reuptake inhibitors; SSRI, selective serotonin reuptake inhibitors; TRS,

treatment-resistant SCZ; TRRIP, Treatment Response and Resistance in

Psychosis; UFM, una�ected familymembers; UTRS, ultra-treatment-resistant

SCZ; WM, white matter; Zip, Ziprasidone.

glutamate levels may improve symptoms in TRS (Farokhnia et al.,
2014). If clinical response to a single antipsychotic such as CLZ is
inadequate, combinations of antipsychotics may also be used.

Differences in symptom presentation and treatment
response make SCZ a heterogeneous disorder whose underlying
pathophysiology is not clear. However, an interplay between
dopaminergic and glutamatergic pathways involving frontal,
striatal, and medial temporal lobe (particularly hippocampi) brain
regions in separate ways in different subtypes of the disorder
has been suggested (Howes et al., 2015). In fact, abnormalities in
brain regions involved in the pathophysiology of SCZ may provide
insight into individual clinical symptoms and treatment response.
Knowledge of such regions may further help in diagnosing,
monitoring, and developing specific treatment strategies for SCZ.

To date, the diagnosis of SCZ relies on the use of diagnostic
manuals in the lack of reliable structural brain abnormalities. As
functional changes seem to precede structural changes in SCZ
(Friston et al., 2016), it has for a long while been hypothesized
that SCZ is a brain dysconnection syndrome (Stephan et al.,
2009). Automatic diagnosis of SCZ based on brain functional
connectivity is considered a promising tool (Algumaei et al.,
2022). Furthermore, functional connectivity may provide more
accurate prediction biomarkers and markers of response to
different treatment strategies comparedwith structural information
in SCZ. Communication between brain regions and networks
can be studied with resting-state functional magnetic resonance
imaging (rs-fMRI). The fMRI signal is based on a phenomenon
called the blood-oxygen-level-dependent (BOLD) effect, which is
an indirect measure of neural activity in which the electrical
activity of neurons is coupled with the hemodynamic response
function of the brain. Functional connectivity at rest, in the
absence of a specific task, can be estimated through seed-based
analysis or independent component analysis (ICA) approaches in
which a statistical correlation analysis is applied between BOLD
signal time courses of regions and networks in the brain. If
brain regions have similar time courses, they are considered to
be functionally connected and communicating with each other.
In a seed-based analysis, an a priori region of interest (ROI) is
selected, whereas the ICA is a data-driven method. As a result
from these analyses, spatially distributed regions of the brain
which present neuronal correlates of spontaneous fluctuations
are identified as the so-called resting-state networks such as the
frontal, the cerebellar, the visual, the somatomotor (SMN), the
default mode (DMN), and the auditory networks (Figure 1) which
may show abnormalities in the presence of SCZ. In addition to
seed-based and ICA-based approaches, graph theoretical methods
represent a powerful framework to study brain topology. They
can be deployed to understand the dynamics of the functional
networks and the architecture of the whole brain. By definition, a
network can be modeled as a graph consisting of nodes (regions)
linked through edges (connections between regions). Every edge
represents the strength of coupling between the involved nodes.
A network graph can be characterized by several nodal measures
such as global and local efficiency as well as betweenness and degree
centrality, which provide information on global and local brain
connectivity. In this way, functional integration and segregation
between different regions can be studied, and each region of the
brain can be assigned a role in these mechanisms and important
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FIGURE 1

Resting-state networks (in orange) which have been suggested to have abnormalities in schizophrenia (SCZ) and as presented by independent

component analysis (ICA): (A) frontal, (B) cerebellar, (C) visual, (D) somatomotor network (SMN), (E) default mode network (DMN), and (F) auditory

networks.

functional brain hubs can be identified (Sporns, 2013). In addition,
a regional homogeneity (ReHo) analysis approach can be applied to
depict local connectivity by looking at the synchronization between
BOLD signals of a given voxel with its neighboring voxels (Jiang
and Zuo, 2016).

Previous SCZ literature provided evidence for functional
dysconnectivity (Fornito et al., 2012) and an atypical topology of
important network hubs involving prefrontal, limbic, temporal,
and parietal brain regions (Rubinov and Bullmore, 2013). Up to
now, there is no clear consensus of the possible link of functional
irregularities to pathophysiological mechanisms in SCZ. Functional
connectivity increases and decreases may relate specifically to
response differences to pharmacological treatment (e.g., first-line
responders, initial and later onset TRS, UTRS) and this may explain
some inconsistencies in the results. In fact, a previous review
on treatment resistant and responding patients including rs-fMRI
studies concluded that there are disruptions in areas involved in
auditory and visual processing in both TRS and non-TRS (NTRS),
that SMN changes appear in the context of TRS but not in
NTRS, and that they are affected by treatment with CLZ (Chan
et al., 2019). Another review reported alterations of activation and
functional connectivity in fronto-temporal, corticostriatal, DMN,
and salience networks, and of their interplay in TRS, but concluded
that small sample sizes without adequate control cohorts limited
the generalizability of the results (Molent et al., 2019). Identifying
such irregularities in different SCZ subtypes represents a potential
biomarker for treatment response or resistance. Although previous
reviews gave support for functional differences in TRS, they had
some limitations: next to rs-fMRI studies, they included studies

which applied task-based fMRI and perfusion-based imaging.
Further, they included rs-fMRI studies which were acquired
with 1.5 Tesla (in addition to 3.0 Tesla) scanners and studies
which provided no clear definition for TRS or UTRS. Therefore,
the studies included may not have been well-comparable. In
addition, new studies in ECT cohorts have emerged since these
last reviews.

The aim of the present review is to summarize rs-fMRI
findings (acquired with 3.0 Tesla MRI scanners) from the last
decade to provide an overview of the current knowledge on
brain functional connectivity abnormalities and their associations
to symptoms in TRS and UTRS (in studies which applied the
TRRIP consensus guidelines) and to look for support for the
dysconnection hypothesis in SCZ.

2. Methods

2.1. Search strategy

PubMed database search was performed for articles published
in the last 10 years (i.e., December 2012-November 2022) with the
following terms in the title or in the abstract: schizophren∗ OR
psychosis AND functional connectivity OR rs-fMRI OR resting-
state OR rs OR resting AND resistance OR resistant OR non-
responsive OR TRS OR treatment resist∗ OR treatment refract∗ OR
treatment-resistant refract∗ OR treatment response OR response to
treatment OR electroconvulsive therapy OR clozapine.
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FIGURE 2

Flow chart review process for article selection. Rs-fMRI, resting-state functional magnetic resonance imaging; TRS, treatment-resistant

schizophrenia.

2.2. Study eligibility and selection

Article titles and abstracts were screened by one of the authors
(NT) from which articles were chosen for full-text review. They
were assessed for inclusion in the review against the following
eligibility criteria. Articles were included if the cohort investigated
individuals with SCZ as confirmed either by the Mini-International
Neuropsychiatric Interview (M.I.N.I.), or by the Structured Clinical
Interview for DSM, or by fulfilling the criteria according to ICD-10.
In addition, a failure of at least two adequate treatment episodes
with different antipsychotic drugs according to TRRIP working
group criteria for TRS was required (Howes et al., 2017). Articles
were excluded if: (1) there were either no rs-fMRI acquisition or no
rs-fMRI measures as an outcome, (2) the rs-fMRI was not acquired
with a 3.0 Tesla MR scanner, (3) the cohort did not include TRS
or TRS was not clearly defined as “not responding to at least two
different antipsychotics despite adequate dosage and duration,” or
(4) the article was a case report, a study protocol, or a review.
Figure 2 reports the flow chart of the article selection process.

2.3. Data collection

The following data were recorded: (1) study characteristics
(authors, year of publication, journal), (2) inclusion criteria
(diagnostic criteria for SCZ, TRS definition), (3) participant
cohorts (SCZ, control cohorts [e.g., healthy controls, NTRS],
sample size, age, sex), (4) treatment, type and dosage of
medication, (5) study design (cross-sectional, longitudinal), 6)
MRI methodology (scanner field strength, MRI metrics [rs-fMRI
sequence: length, parameters, sequence type (e.g., multiband),
additional fieldmap sequence acquisition, eyes open / closed
during rs-fMRI acquisition]), (7) functional connectivity analysis
(preprocessing, analysis methods), (8) correlation analyses of
clinical scores with connectivity, (9) main functional connectivity
results, (10) correlations between connectivity and clinical
variables, and prediction analysis findings.

3. Results

3.1. Study selection

Eighteen (out of 158) articles were selected for this review
involving 648 participants (TRS and control cohorts) as presented
in Table 1. Studies are presented by author and the year
of publication, cohort(s), diagnostic criteria, TRS definition,
experimental design (cross-sectional / longitudinal, treatment
regime), and current antipsychotic treatment (chlorpromazine
[CPZ] equivalents for TRS). Twelve of these studies were not
included in previous reviews by Chan et al. (2019) andMolent et al.
(2019).

3.2. Participant characteristics

Some of the studies presented patient cohort overlaps but
applied different analysis methods. The cross-sectional CLZ study
by Ganella et al. (2017) described with the same TRS and HC
cohorts as Ganella et al. (2018) where an additional cohort of 16
unaffected family members (UFM) was investigated. Blazer et al.
(2022) presented the data of three additional participants compared
to Sarpal et al. (2022a) in their longitudinal CLZ study. The study
on ECT by Huang et al. (2018), Jiang et al. (2019a,b), Wang et al.
(2020), Hu H. et al. (2022), and Hu Q. et al. (2022) reported on
exactly the same patient cohort of 21 TRS individuals receiving
a regular course of modified ECT combined with antipsychotics
(MSZ), 21 SCZ individuals taking only antipsychotics (DSZ), and
23 HC, although one of the mentioned studies (Hu H. et al., 2022)
listed (likely by mistake) different age characteristics for DSZ.

3.3. Study designs

Eight of the studies were cross-sectional [i.e., in individuals
who were CLZ-eligible (n = 1), currently on CLZ treatment (n =
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TABLE 1 Characteristics of included studies for treatment-resistant schizophrenia (TRS) which applied resting-state functional magnetic resonance imaging (rs-fMRI).

References Cohort (n):
Male/female, age years
(SD)

Diagnostic
criteria

TRS definition Design Current antipsychotic treatment,
CPZ equivalents for TRS [mg (SD)]

McNabb et al. (2018a) TRS (15), M/F= 13/2,
Age= 25.4 (5.1)
NTRS (10), M/F= 10/4,
Age= 29.1 (8.35)

DSM-IV diagnosis for
SCZ

Have failed at least two 6-week trials with first-line
antipsychotic drugs, present with persistent positive or
negative symptoms contributing to a PANSS score ≥50
during screening

Cross-sectional before CLZ
treatment

Ami= 1, Ari= 2, Ari+ Ola= 2, Ola= 3, Ola+
Que= 1, Pali= 3, Ris= 3
547.1 (263.7)

McNabb et al. (2018b) TRS (18): M/F= 13/5,
Age= 34.5 (15.4),
NTRS (18): M/F= 14/4,
Age= 30.0 (12.3),
UTRS (16): M/F= 13/3,
Age= 34.3 (10.8),
HC (17): M/F= 15/2,
Age= 32.7 (11.5)

DSM-IV diagnosis for
SCZ

TRS:
Had failed at least two previous (6–8 weeks) trials of
atypical antipsychotics, were receiving CLZ.
UTRS:
Had failed at least two previous (6–8 weeks) trials of
atypical antipsychotics and had also failed an adequate
trial of CLZ monotherapy (at least 8 weeks post
titration; Mouaffak et al., 2006)

Cross-sectional with TRS on
CLZ treatment

In TRS:
CLZ= 18
359.2 (275.5)
In UTRS:
CLZ+ Ami= 5, Ris+ Que= 1, CLZ+ Ari= 4,
Que+ Ari= 2, CLZ+ Que= 2, CLZ+ Ris= 2
772.1 (522.6)

Ganella et al. (2017) TRS (42): M/F= 30/13,
Age= 41.3 (10.0),
HC (42): M/F= 24/17,
Age= 38.4 (10.4)

M.I.N.I. to confirm
diagnosis of SCZ

At least two unsuccessful trials of two or more different
antipsychotic types and currently taking CLZ (Kane
et al., 1988; Suzuki et al., 2012)

Cross-sectional with TRS on
CLZ treatment

CLZ= 42, other information not reported, 615.4
(55.84)

Ganella et al. (2018) TRS (42): M/F= 30/13,
Age= 41.3 (10.0),
HC (42): M/F= 24/17,
Age= 38.4 (10.4),
UFM (16): M/F= 2/14,
Age= 57.5 (11.7)

M.I.N.I. to confirm
diagnosis of SCZ

At least two unsuccessful trials (4–10 weeks) of two or
more different antipsychotic types (dosage equivalent
to 1,000 mg/d CPZ) within the last 5 years, with a
PANSS total score ≥90 and currently taking CLZ (Kane
et al., 1988; Suzuki et al., 2012)

Cross-sectional with TRS on
CLZ treatment

CLZ= 42, other information not reported, 615.4
(55.84)

Kim et al. (2022) TRS (50): M/F=32/18,
Age= 42.64 (9.79),
HC (61): M/F= 29/32,
Age= 39.89 (9.52)

DSM-IV diagnosis for
SCZ

Failure to respond to at least two different antipsychotic
medications administered in adequate doses
(equivalent to ≥600 mg/day of CPZ) for at least 6
weeks, and persistence of clinically relevant positive or
negative symptoms (at least one positive or negative
symptom with a PANSS score ≥ 4)

Cross-sectional with (U)TRS
on mixed treatments
including CLZ

Rather high dosage 915.33 (411.41)

Gao et al. (2018) TRS (17): M/F= 10/7,
Age= 31.24 (9.40),
NTRS (17): M/F= 9/8,
Age= 36.82 (9.12),
HC (29): M/F= 16/13,
Age= 32.73 (7.61)

DSM-IV diagnosis for
SCZ

Criteria of International Psychopharmacology
Algorithm Project

Cross-sectional with (U)TRS
on mixed treatments
including CLZ

CLZ= 1, CLZ+ Ris= 3, CLZ+ Ari= 2, CLZ+

Ola= 2, CLZ+ Per= 1, Ola+Hal= 1, Ola+
Per= 5, Que+ Per= 1, Per= 1
696.47 (208.92)

(Continued)

F
ro
n
tie

rs
in

N
e
u
ro
im

a
g
in
g

0
5

fro
n
tie

rsin
.o
rg

https://doi.org/10.3389/fnimg.2023.1127508
https://www.frontiersin.org/journals/neuroimaging
https://www.frontiersin.org


T
u
o
v
in
e
n
a
n
d
H
o
fe
r

1
0
.3
3
8
9
/fn

im
g
.2
0
2
3
.1
1
2
7
5
0
8

TABLE 1 (Continued)

References Cohort (n):
male/female, age years
(SD)

Diagnostic
criteria

TRS definition Design Current antipsychotic treatment,
CPZ equivalents for TRS [mg (SD)]

White et al. (2016) TRS (16): M/F= 12/4,
Age= 36.69 (7.86),
NTRS (22): M/F= 19/3,
Age= 37.55 (9.60),
HC (20): M/F= 17/3,
Age= 36.30 (9.38)

DSM-IV diagnosis for
SCZ

Modified Kane criteria for TRS on the basis of:
completion of at least two sequential 4-week
antipsychotic trials at a daily dose of 400–600mg CPZ
(or equivalent); persistent psychotic symptoms of at
least moderate severity (as indexed by PANSS scores on
one or more positive subscale measure); and impaired
occupational functioning [as indexed by a score ≤59 on
the GAF scale (Conley and Kelly, 2001; Demjaha et al.,
2012)]

Cross-sectional with TRS on
mixed treatments including
CLZ

CLZ= 11, Ari= 2, Ola= 2, Ami= 1, Hal= 1,
Pali= 1 Que= 1, Zuclopenthixol= 1
764.06 (339.15)

Alonso-Solís et al.
(2015)

AVH (19): M/F= 13/6,
Age= 40.05 (8.9),
NAVH (14): M/F= 8/6,
Age=36.43 (7.1),
HC (20): M/F= 13/7,
Age=37.75 (7.4)

DSM-IV- TR
(Textrevision)

Medication-resistant AVH defined as daily presence of
AVH in the past year, in face of at least two adequate
trials of antipsychotic drugs at equivalent doses to 600
mg/day of CLZ

Cross-sectional with (U)TRS
on mixed treatments
including CLZ

Atypical Antipsychotics (i.e., Pali, Zip, CLZ, Ami,
Que, Ris, Ari, Ola)= 15, Combination of one
typical and one atypical antipsychotic= 4,
Biperiden and trihexfenidil= 3, Benzodiazepines
= 9, SSRI or SNRI= 5
CPZ not reported

Blazer et al. (2022) TRS (21∗∗): M/F= 16/6,
Age= 35.0 (9.2)

SCID-I (IV) Guided by recommendations of the TRRIP working
group; exhibited chronic psychotic symptoms with a
score of least a 4 (moderate) on one or more of the
BPRS psychosis measures (hallucinatory behavior,
unusual thought content, or conceptual
disorganization); had at least two failed trials of
non-CLZ antipsychotic drugs for at least 6 weeks; and
no CLZ for at least 4 weeks if prior CLZ treatment
occurred

Longitudinal: before CLZ
initiation and 12 weeks
thereafter

Baseline equivalent dose of non-CLZ
antipsychotic drugs= 550.65 (479.73)
Baseline CLZ dose= 69.79 (58.39)
Follow-up equivalent dose of non-CLZ
antipsychotic drugs= 288.61 (371.64)
Follow-up CLZ dose= 337.50 (119.21)

Sarpal et al. (2022a) TRS (18∗): M/F= 13/6,
Age= 36.0 (11.1)

SCID-I (IV) Guided by the TRRIP working group consensus
criteria: psychotic symptoms determined by a score of
least a 4 on one or more of the BPRS psychosis
measures; at least two failed trials of non-CLZ
antipsychotic drugs for documented periods of at least
6 weeks; no CLZ for at least 4 weeks if prior CLZ
treatment occurred

Longitudinal: before CLZ
initiation and 12 weeks
thereafter

Baseline Equivalent dose of non-CLZ
antipsychotic drugs= 398.11 (40.3)
CLZ dose at follow-up= 352.6 (109.6)

Pillinger et al. (2019) TRS (19): M/F= 16/3,
Age= 39.68 (10.92),
HC (17∗∗∗) : M/F= 15/3,
Age= 36.28 (9.17)

DSM-IV diagnosis for
SCZ

Presence of at least one positive and one negative
symptom rated ≥ 4 on the PANSS, indicative of at least
moderate severity, and a score of <60 on the GAF scale,
indicative of at least moderate functional impairment,
despite 2 trials of an antipsychotic

Longitudinal: Pre- and
post-riluzole treatment

Long-acting injectable antipsychotic medication=

9, Ris= 5, zuclopenthixol decanoate= 1, Ari= 2,
Pali= 5, Ola= 5, Ami= 3, Que= 1, dual
antipsychotic treatment= 2
CPZ not reported

(Continued)
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TABLE 1 (Continued)

References Cohort (n):
male/female, age years
(SD)

Diagnostic
criteria

TRS definition Design Current antipsychotic treatment,
CPZ equivalents for TRS [mg (SD)]

Huang et al. (2018),
Jiang et al. (2019a,b),
Wang et al. (2020), and
Hu Q. et al. (2022)

MSZ (21): M/F= 10/11,
Age= 29.2 (7.1), DSZ (21): M/F=

9/12,
Age= 30.7 (7.8), HC (23): M/F=

11/12,
Age= 31.2 (5.9)

SCID-I/P (IV-TR,
Patient edition)

Had not responded to two or more adequate
antipsychotic trials in the past 5 years

Longitudinal: Before modified
ECT and 4 weeks post-ECT

In MSZ:
Ris+ Ola= 3, Que+ Pali ER= 1, Ami+ Ari+
CLZ= 1, CLZ+ Ari= 1, Pali ER+Hal+ Que=
1, Ris+ Que= 1, Ris+ Pali ER= 1, Pali ER+

CLZ+ Ami= 1, Ola+Hal= 1, Ola+ per= 1,
CPZ+ Pali ER= 1, Zip+ Ola= 1, Zip+ Que+
Ami= 1, Ola+ Zip+ CLZ= 1, Ola+ Ami+ Ris
= 1, Ris= 2, Ola+ Pali ER= 1, Pali ER= 1
604.6 (565.6)

Hu H. et al. (2022) MSZ (21): M/F= 10/11,
Age= 29.2 (7.1),
DSZ (21∗∗∗∗) : M/F= 9/12,
Age= 30.7 (6.9),
HC (23): M/F= 11/12,
Age= 31.2 (5.9)

SCID-I/P (IV-TR,
Patient edition)

PANSS total score > 60 Longitudinal: Before modified
ECT and 4 weeks post-ECT

Ris+ Ola= 3, Que+ Pali ER= 1, Ami+ Ari+
CLZ= 1, CLZ+ Ari= 1, Pali ER+Hal+ Que=
1, Ris+ Que= 1, Ris+ Pali ER= 1, Pali ER+

CLZ+ Ami= 1, Ola+Hal= 1, Ola+ per= 1,
CPZ+ Pali ER= 1, Zip+ Ola= 1, Zip+ Que+
Ami= 1, Ola+ Zip+ CLZ= 1, Ola+ Ami+ Ris
= 1, Ris= 2, Ola+ Pali ER= 1, Pali ER= 1
604.6 (565.6)

Yang et al. (2020) TRS (47): M/F= 31/16,
Age= 30.23 (9.65)

ICD-10 Treated with ECT under two conditions: had received
at least two drugs in the acute phase (4 - 6 weeks each)
but had shown no significant improvement, and
assessed to have a very serious condition, such as
suicidal individuals, who need rapid symptom control

Longitudinal: Before ECT and
4 weeks post-ECT

Information not available (supplementary material
of the article not readable)

∗rs-fMRI imaging on N= 21, but participant characteristics based on N= 22.
∗∗rs-fMRI imaging on N= 18, but participant characteristics based on N= 19.
∗∗∗rs-fMRI imaging on N= 17, but participant characteristics based on N= 18.
∗∗∗∗Here the age SD for DSZ varies from what is reported for the other studies by the same research group (the original authors have confirmed that this is a typo).

Ami, Amisulpride; Ari, Aripiprazole; AVH, SCZ individuals with treatment-resistant auditory verbal hallucinations; BPRS, Brief Psychiatric Rating Scale (Hedlund and Vieweg, 1980); CLZ, clozapine; CPZ, chlorpromazine; DSM, The Diagnostic and Statistical

Manual of Mental Disorders; DSZ, SCZ individuals taking only antipsychotics; ECT, electroconvulsive therapy; ER, extended-release; F, female; GAF, Global Assessment of Functioning (Hall and Parks, 1995); Hal, Haloperidol; HC, healthy controls; ICD, International

Classification of Diseases; M, male; M.I.N.I., the Mini-International Neuropsychiatric Interview; MSZ, TRS individuals receiving a regular course of modified ECT combined with antipsychotics; NAVH, non-hallucinating SCZ individuals; NTRS, non-treatment-

resistant SCZ; Ola, Olanzapine; Pali, Paliperidone; PANSS, Positive and Negative Syndrome Scale (Kay et al., 1987); Per, Perphenazine; Que, Quetiapine; Ris, Risperidone; rs-fMRI, resting-state functional magnetic resonance imaging; SCID-I, Structured Clinical

Interview for DSM for Axis I Disorders; SCZ, schizophrenia; SD, standard deviation; SNRI, selective serotonin-noradrenaline reuptake inhibitors; SSRI, selective serotonin reuptake inhibitors; TRS, treatment-resistant SCZ; TRRIP, Treatment Response and Resistance

in Psychosis (Howes et al., 2017); UFM, unaffected family members; UTRS, ultra-treatment-resistant SCZ; Zip, Ziprasidone.
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TABLE 2 Major findings of TRS studies with rs-fMRI.

References Analysis methods Functional connectivity findings Clinical correlate and prediction findings

McNabb et al. (2018a) ICA CLZ-eligible > NTRS: within the SMN (precuneus) –

McNabb et al. (2018b) Graph theory (116 region AAL atlas, custom-made atlas of
272 regions from the Human Brainnetome
[Desikan-Killiany atlas] and the probabilistic MR atlas of the
human cerebellum)

UTRS < HC: in three sub-networks (cerebellar-frontal,
cingulo-frontal-temporal, frontoparietal)

No association.

Ganella et al. (2017) Graph theory (116 region AAL atlas, Craddock atlas), local
and global efficiency, strength of the network

TRS on CLZ treatment < HC: between fronto-temporal,
fronto-occipital, temporo-occipital, and temporo-temporal lobes.
The majority of reduced temporal lobe connections were located
between Heschl’s gyrus and the frontal lobe.
The majority of reduced occipital lobe connections were located
between the cuneus and the frontal lobe.
The majority of reduced frontal lobe connections were located between
the paracentral lobule and the occipital lobe.
Graph measures:

TRS on CLZ treatment < HC: Global efficiency
TRS on CLZ treatment > HC: Local efficiency

No association.

Ganella et al. (2018) Graph theory (116 region AAL atlas, 360 region Glasser
atlas)

TRS on CLZ treatment < HC > UFM: predominantly in temporal
(fusiform gyri) and occipital regions
TRS on CLZ treatment < HC, and HC = UFM: predominantly in
frontal (paracentral lobule and rolandic operculum) and temporal
regions (Heschl’s gyri)
Graph measures:

TRS on CLZ treatment < HC: Global efficiency
TRS on CLZ treatment > HC: Local efficiency

No association.

Kim et al. (2022) Seed-based [18 ROIs= 9 thalamus regions and 9 cortical
networks (DMN, cingulo-opercular occipital, SMN, frontal
parietal, lateral occipital, medial occipital, mediotemporal,
temporal, and superior frontoparietal networks; Hwang
et al., 2017)}, ROI-to-ROI, ROI-to-voxels

Between thalamus ROIs and networks:

TRS < HC: between thalamic region 1 and thalamic region 2 as well as
thalamic region 9; between thalamic region 2 and thalamic region 3 as
well as thalamic region 4; between the frontoparietal and the
mediotemporal as well as the superior frontoparietal networks;
between the DMN and the cingulo-opercular occipital network;
between the medial occipital and mediotemporal networks
TRS > HC: between thalamic region 2 and the medial occipital
network; between the cingulo-opercular occipital network and the
medial occipital as well as the superior mediotemporal networks;
between the mediotemporal network and the superior frontoparietal
network
ROI to voxels connectivity:

TRS < HC: between thalamic region 3 ROI and the left intracalcarine
cortex
TRS > HC: between thalamic region 1 ROI and the left lingual gyrus;
between thalamic 2 ROI and the left preCG; between thalamic region 3
ROI and the right supplementary motor cortex; between thalamic
region 6 ROI and the frontal medial cortex, the left post-CG as well as
the right preCG; between thalamic region 9 ROI and the left preCG

TRS: Connectivity between the frontoparietal and
mediotemporal network was negatively correlated with positive,
negative, and general symptoms, and PANSS total (sub)scores.
Connectivity between the DMN and the mediotemporal network
was negatively correlated with negative and general symptoms,
and the PANSS total (sub)scores.
Connectivity between thalamic region 3 and the right lingual
gyrus was negatively correlated with positive, negative, and
general symptoms, and the PANSS total (sub)scores.
Connectivity between thalamic region 2 and the left preCG was
positively correlated with general symptoms subscore of
the PANSS.

(Continued)
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TABLE 2 (Continued)

References Analysis methods Functional connectivity findings Clinical correlate and prediction findings

Gao et al. (2018) ReHo, classification (whether ReHo values differentiate
between TRS, NTRS or HC)

ReHo values

TRS on mixed treatments < NTRS: in the right angular gyrus
TRS on mixed treatments > NTRS: in the left post-CG
TRS on mixed treatments < HC: in the right fusiform gyrus, bilateral
middle occipital gyri/middle temporal gyri, the right superior occipital
gyrus, and the right superior parietal lobule
TRS on mixed treatments > HC: in the right middle frontal
gyrus/orbital part, the right putamen, bilateral inferior frontal
gyri/triangular part, and bilateral superior medial frontal gyri

No association
Prediction: The ReHo values in the left post-CG correctly
classified 16 of 17 patients with TRS and 14 of 17 patients with
NTRS. The optimal sensitivity of for differentiating TRS from
NTRS was 94.12%, and the optimal specificity was 82.35%.
The optimal sensitivity and specificity of the ReHo values in the
left inferior frontal gyrus for differentiating TRS from HC were
100% (17/17) and 86.21% (25/29), respectively.

White et al. (2016) Seed-based (four striatal ROIs= dorsal caudate, ventral
striatum/nucleus accumbens, dorsocaudal putamen,
ventral-rostral putamen; Dandash et al., 2014),
ROI-to-voxels; prediction analysis (whether current PANSS
subscores, or antipsychotic medication dosage predict
striatal connectivity in TRS and NTRS)

TRS on mixed treatments < HC: between the dorsal caudate ROI and
the sensorimotor cortex; between the ventral striatum ROI and the
middle frontal gyrus; between the ventral-rostral putamen ROI and the
striatum
TRS on mixed treatments < NTRS: between the ventral striatum ROI
and the substantia nigra; between the dorsocaudal putamen ROI and
the pulvinar of the thalamus
TRS on mixed treatments > NTRS: between the dorsal caudate ROI
and the medial and superior PFC

TRS on mixed treatments: Reduced connectivities between the
ventral striatum ROI and the PCC, the precuneus, as well as the
middle frontal gyrus were associated with higher PANSS positive
subscores.
Increased connectivities between the dorsal striatum ROIs and
the precuneus, the PCC, the medial PFC, the middle temporal
gyrus, as well as the inferior and superior parietal lobules were
associated with higher PANSS positive subscores.
Prediction: In TRS, CPZ dosage positively predicted
connectivities between the dorsal caudate and the lingual gyrus,
the cerebellum, the fusiform gyrus, as well as the occipital lobe;
between the dorsocaudal putamen and the lingual gyrus as well as
the cuneus; and between the ventral-rostral putamen and the
medial frontal gyrus.
CPZ dosage negatively predicted connectivities between the
ventral striatum and the PCC, the lingual gyrus, the middle
frontal gyrus, as well as the cerebellum; and between the dorsal
caudate and the post-CG.

Arango et al. (2003) Seed-based (eleven DMN ROIs= PCC, anteromedial PFC,
dorsomedial PFC, temporal parietal junction, lateral
temporal cortex, temporal pole, ventromedial PFC, posterior
inferior parietal lobule, retrosplenial cortex,
parahippocampal cortex, hippocampal formation;
Andrews-Hanna et al., 2010), ROI-to-voxels

AVH (on mixed treatments) < HC, and AVH < NAVH: between the
ventromedial PFC ROI and bilateral paracingulate cortices, bilateral
anterior cingulate cortices, as well as bilateral subcallosal cortices;
between the hippocampal formation ROI and bilateral PCC as well as
bilateral precunei
AVH > HC, and AVH > NAVH: between the dorsomedial PFC ROI
and bilateral central opercular cortices, bilateral insular cortices,
bilateral preCG, as well as bilateral superior temporal gyri; between the
temporal pole ROI and the cerebellum
AVH > HC, and NAVH > HC: between the posterior inferior parietal
lobule ROI and bilateral occipital fusiform gyri, bilateral lingual gyri, as
well as the left occipital pole; between the retrosplenial cortex ROI and
bilateral occipital cortices, bilateral intracalcarine cortices, the left
occipital fusiform gyrus, as well as bilateral lingual gyri

–

(Continued)
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TABLE 2 (Continued)

References Analysis methods Functional connectivity findings Clinical correlate and prediction findings

Blazer et al. (2022) Seed-based (seven ROIs= bilateral dorsal caudate, nucleus
accumbens, bilateral ventral caudate, bilateral ventral rostral
putamen; Di Martino et al., 2008), ROI-to-voxels;
connectivity of networks (DMN, frontoparietal network, and
the salience networks) with the striatum; prediction analysis
(whether connectivity before initiation of CLZ treatment
predicts antipsychotic efficacy)

ROI analysis:

Post-CLZ treatment > before initiation of CLZ treatment: between
the right dorsal caudate ROI and the right anterior insula as well as the
right inferior frontal lobe
Network to ROI analysis:

Post-CLZ treatment > before initiation of CLZ treatment: between
the frontoparietal network and the right dorsal caudate

Increased connectivities between the right dorsal caudate and the
right anterior insula, the right inferior frontal lobe, as well as the
frontoparietal network associated with a higher percent reduction
in psychotic symptoms of the BPRS after 12-week CLZ treatment
Prediction: Corticostriatal connectivities, i.e., between the right
dorsal caudate and the right anterior insula as well as the right
inferior frontal gyrus, before initiation of CLZ treatment
predicted CLZ efficacy (reduction in positive symptoms).

Sarpal et al. (2022a) Seed-based [three ROIs= bilateral cholinergic basal
forebrain based on Eickhoff-Zilles atlas (Eickhoff et al., 2005;
Zaborszky et al., 2008), the bilateral dorsolateral PFC (Sarpal
et al., 2022b), bilateral anterior hippocampus (Neurosynth;
https://neurosynth.org/), ROI-to-voxels]

– Connectivity before initiation of CLZ treatment between the basal
forebrain and the dorsolateral PFC was negatively correlated with
the BPRS psychosis measure score.
Connectivity change between the basal forebrain and the
dorsolateral PFC was positively correlated with
CLZ/n-desmethylclozapine ratio.

Pillinger et al. (2019) Seed-based (Six ACC ROIs; Margulies et al., 2007),
ROI-to-voxels

Pre-riluzole TRS < HC: between the ACC ROI and the right anterior
PFC
Post-riluzole TRS > HC: between the ACC ROI and the right
anterior PFC

Pre-riluzole TRS: Lower functional connectivity between the
ACC and the anterior PFC was associated with lower verbal
learning scores of the AVLT

Hu Q. et al. (2022) Seed-based [six ROIs= PCC (Buckner et al., 2008), medial
PFC, bilateral angular gyri, bilateral middle temporal gyri
(Groppe et al., 2011; Liao et al., 2011; Luo et al., 2011)],
ROI-to-ROI

MSZ pre-ECT > HC: between the left angular gyrus and the right
middle temporal gyrus
MSZ post-ECT > HC: between the right angular gyrus and the left
middle temporal gyrus; between the left angular gyrus and the right
middle temporal gyrus
MSZ post-ECT > DSZ (treatment as usual) followup:

between the left angular gyrus and the right middle temporal gyrus;
between the right angular gyrus and the left middle temporal gyrus
MSZ post-ECT > MSZ pre-ECT: between the left angular gyrus and
the right middle temporal gyrus; between the right angular gyrus and
the left middle temporal gyrus

MSZ: The connectivity change between the right angular gyrus
and the right middle temporal gyrus was positively associated
with a reduction of the PANSS negative subscore.
The connectivity change between the right angular gyrus and the
right middle temporal gyrus was positively correlated with the
post-treatment reduction ratio of the PANSS total score.
The connectivity change between the left angular gyrus and the
right middle temporal gyrus was positively correlated with the
reduction of the PANSS general symptoms subscore.

Hu H. et al. (2022) Graph theory (116 region AAL atlas), topological properties
of brain networks (i.e., global efficiency, local efficiency,
clustering coefficient, small-worldness), node metrics (i.e.,
degree, efficiency, betweenness centrality)

MSZ pre-ECT versus post-ECT: 22 brain regions change in at least
one of the nodal measure (i.e., efficiency, betweenness centrality,
degree), mainly located in the frontal lobe and cerebellum.
MSZ post-ECT > MSZ pre-ECT: between several DMN regions and
cerebellar regions,
Local efficiency
MSZ post-ECT < MSZ pre-ECT: Global efficiency

MSZ: The connectivity change between the left middle temporal
gyrus and left cerebellar crus region 2 was correlated with the
post-treatment reduction ratios of the PANSS total score and the
PANSS general symptoms subscore.
The connectivity change between the left inferior temporal gyrus
and left cerebellar crus region 2 was correlated with the general
symptoms reduction ratio of the PANSS.
The connectivity change between the right angular gyrus and left
cerebellar region 45 was correlated with the reductive ratio of the
PANSS general psychopathology.

(Continued)
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TABLE 2 (Continued)

References Analysis methods Functional connectivity findings Clinical correlate and prediction findings

Wang et al. (2020) Seed-based (16 thalamic ROIs; Fan et al., 2016),
ROI-to-voxels

MSZ post-ECT > pre-ECT: between the right sensory thalamus ROI
and the right putamen
MSZ post-ECT < pre-ECT: between the left rostral temporal thalamus
ROI and the left superior occipital cortex; between the left caudal
temporal thalamus ROI and the left middle frontal cortex; between the
right caudal temporal thalamus ROI and the left superior occipital
cortex
MSZ > HC: between the left rostral temporal thalamus ROI and the
left superior occipital cortex; between the right caudal temporal
thalamus ROI and the left superior occipital cortex
Refractory MSZ post-ECT > pre-ECT: between the right posterior
parietal thalamus ROI and the right inferior temporal cortex, as well as
right cerebellar region 6
Non-refractory MSZ post-ECT < pre-ECT: between the right
posterior parietal thalamus ROI and the right inferior temporal cortex,
the right precuneus, as well as right cerebellar region 6

No association.

Jiang et al. (2019b) Seed-based (four hippocampal substructure ROIs= bilateral
rostral hippocampus, bilateral caudal hippocampus; Fan
et al., 2016), ROI-to-voxels

MSZ with symptom remission: post-ECT > pre-ECT: between the
left rostral hippocampus ROI and the left middle temporal gyrus, the
left middle frontal gyrus, as well as the left angular gyrus; between the
right rostral hippocampus ROI and the left angular gyrus; between the
right caudal hippocampus ROI and the left middle temporal gyrus, the
right angular gyrus, as well as the right middle frontal gyrus
MSZ no symptom remission: post-ECT < pre-ECT: between the left
rostral hippocampus ROI and left inferior temporal gyrus; between the
left caudal hippocampus ROI and the right inferior temporal gyrus, the
left superior temporal gyrus, as well as the post-CG; between the right
caudal hippocampus ROI and the right inferior temporal gyrus, the left
middle occipital cortex, the left superior temporal gyrus, as well as the
right post-CG
MSZ > DSZ (treatment as usual) baseline: between bilateral caudal
hippocampus ROIs and bilateral superior temporal gyri

MSZ ECT responders: The change in connectivity between the
left caudal hippocampus and the right angular gyrus was
correlated with the general symptoms reduction ratio of the
PANSS.

Jiang et al. (2019a) Seed-based (six insular ROIs= bilateral dorsal anterior
insulae, ventral anterior insulae, posterior insulae; Chen
et al., 2016), ROI-to-voxels

MSZ post-ECT < pre-ECT: between the left posterior insula ROI and
the left middle occipital gyrus; between the right posterior insula and
the left orbitofrontal cortex
MSZ < DSZ (treatment as usual) followup: between the left posterior
insula ROI and the left middle occipital gyrus; between the right
posterior insula ROI and the left orbitofrontal cortex
MSZ post-ECT > HC: between the right posterior insula ROI and the
cerebellum, the thalamus, as well as the post-CG; between the left
posterior insula ROI and the thalamus as well as the middle
occipital gyrus

MSZ: The change of the connectivity between the right posterior
insula and the left orbitofrontal cortex was associated with the
negative symptoms and general symptoms reduction ratios of the
PANSS.
The change of the connectivity between the left posterior insula
and the left middle occipital gyrus was correlated with the
negative symptoms reduction ratio of the PANSS.

(Continued)
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3, two patient cohorts), currently on mixed treatments including
CLZ (n = 4)], and the other ten studies were longitudinal from
which two studies had a 12-week before and after CLZ treatment
design (same patient cohort), one study applied rs-fMRI pre- and
post-riluzole treatment, and seven studies had a 4-week pre- and
post-ECT design (two patient cohorts).

3.4. Rs-fMRI sequence designs

A common length for the rs-fMRI sequence was between 7
and 10 minutes. There were, however, variations and the shortest
rs-fMRI sequence lengths were only 5min (McNabb et al., 2018a;
Kim et al., 2022). The study by McNabb and coworkers applied a
multiband fMRI acquisition with an additional fieldmap sequence
(McNabb et al., 2018a). There were other studies which acquired
longer rs-fMRI sequences (totaling 11.5min over two separate
acquisitions) with a multiband sequence (Blazer et al., 2022; Sarpal
et al., 2022a). Multiecho fMRI sequence was also reported (Pillinger
et al., 2019).

During rs-fMRI acquisition, some studies told the participants
to keep their eyes open and to look at a fixation cross (White et al.,
2016; McNabb et al., 2018a,b; Pillinger et al., 2019; Blazer et al.,
2022; Sarpal et al., 2022a), while in other studies, they were asked
to close their eyes (Alonso-Solís et al., 2015; Huang et al., 2018;
Jiang et al., 2019a,b; Wang et al., 2020; Hu H. et al., 2022; Hu Q.
et al., 2022; Kim et al., 2022). Some studies did not report whether
the acquisitions were done with open or closed eyes (Ganella et al.,
2017, 2018; Gao et al., 2018; Yang et al., 2020).

3.5. Data analysis methods

Data analysis methods, major significant functional
connectivity results and their correlations to clinical symptoms,
as well as prediction findings are displayed in Table 2. The studies
reviewed applied ICA (n = 1), seed-based (n = 10), ReHo (n =

1), graph theory based (n = 4), graph-based global functional
connectivity density (n = 1), and graph-based approaches for
prediction (n = 1) analyses. Seed-based studies applied as seeds
the striatum, the prefrontal cortex (PFC), the thalamus, cortical
networks, the posterior cingulate cortex (PCC), the temporal
parietal junction, the temporal region, the posterior inferior
parietal lobule, the retrosplenial cortex, the hippocampus, the
basal forebrain, the insula, and the anterior cingulate cortex (ACC)
ROIs. Due to the unavailability of supplementary material for the
study by Yang et al. (2020), it was not clear which were the 23 seed
ROIs that have been used in their analysis. However, from their
results it was possible to collect information for some of the regions
studied (i.e., orbital PFC, superior and mediotemporal lobe,
insula, hippocampus, parahippocampal gyrus, amygdala). Whole
brain graph theory based (n=4) analyses used the automated
anatomical labeling (AAL; Tzourio-Mazoyer et al., 2002) atlas for
the main analyses.

The main findings are presented in the following chapters
based on the followed treatment regimes. Of note, two studies
did not look at or report having studied associations of functional
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connectivity with clinical scores (Alonso-Solís et al., 2015; McNabb
et al., 2018a). Six studies found no association of functional
connectivity with clinical variables (Ganella et al., 2017, 2018; Gao
et al., 2018; Huang et al., 2018; McNabb et al., 2018b; Wang et al.,
2020).

3.6. Functional connectivity before the
initiation of treatment with riluzole or CLZ

Four studies (three cohorts) could be reviewed for TRS
individuals before the initiation of treatment with CLZ or riluzole.
In general, they noted frontal hypoconnectivity as follows. Before
the start of additional treatment (with riluzole), there was lower
functional connectivity in TRS between the bilateral ACC seed
ROI and the right anterior PFC compared with healthy controls,
and this was associated with lower verbal learning scores in
the Rey Auditory and Verbal Learning Test (AVLT; Schmidt,
1996) in TRS (Pillinger et al., 2019). In addition, in the study
by McNabb et al. (2018a), CLZ-eligible individuals had higher
functional connectivity within the precuneus of the SMN compared
to NTRS. Another study noted that corticostriatal connectivities
(i.e., between the right dorsal caudate and the right anterior
insula as well as the right inferior frontal gyrus) before the
initiation of treatment with CLZ could predict CLZ efficacy, i.e., a
reduction in positive symptoms post-treatment (Blazer et al., 2022).
Furthermore, another study noted that functional connectivity
between the basal forebrain and the dorsolateral PFC before the
initiation of treatment with CLZ correlated negatively with scores
on the Brief Psychiatric Rating Scale (BPRS; Hedlund and Vieweg,
1980; Sarpal et al., 2022a).

3.7. Functional connectivity during
treatment with riluzole

In one longitudinal study reviewed, an increase in frontal
connectivity after riluzole treatment was found. In particular, in
individuals with TRS had a higher functional connectivity between
the ACC seed ROI and the right anterior PFC post-treatment
compared with HC (Pillinger et al., 2019).

3.8. Functional connectivity during
treatment with CLZ

Based on studies in CLZ-treated patients, it seems that
the fronto-temporal hypoconnectivity may be specific for non-
responders. Five studies (three separate cohorts) investigated
individuals with TRS treated with CLZ and reported consistently
lower functional connectivity compared to controls (Ganella et al.,
2017, 2018; McNabb et al., 2018b; Blazer et al., 2022; Sarpal
et al., 2022a). TRS had lower connectivity predominantly in
frontal, temporal, and occipital regions compared to HC (Ganella
et al., 2017), and in frontal and temporal regions compared to
UFM (Ganella et al., 2018). Lower connectivities were further

noted in frontal networks (i.e., cerebello-frontal, cingulo-fronto-
temporal, frontoparietal) of UTRS patients in comparison to HC
(McNabb et al., 2018b). No study reported higher functional
connectivity in TRS currently on CLZ compared to HC. When
looking at graph measures, TRS had lower global efficiency and
higher local efficiency compared to HC (Ganella et al., 2017).
Longitudinal comparisons revealed that the initiation of treatment
with CLZ led to an increase in functional connectivities between
the right dorsal caudate seed ROI and the right anterior insula,
the right inferior frontal lobe, as well as the frontoparietal
network in TRS (Blazer et al., 2022). The increase in the
mentioned connectivities after 12-weeks of CLZ treatment was
associated with a higher percent reduction in positive symptoms
(i.e., hallucinations, conceptual disorganization, unusual thought
content) of the BPRS. In addition, the connectivity change between
the basal forebrain and the dorsolateral PFC correlated positively
with the CLZ/N-desmethylclozapine ratio (Sarpal et al., 2022a).

3.9. Functional connectivity during mixed
treatments

Four studies in SCZ patients who were currently taking either
CLZ, other antipsychotics, or a combined treatment with CLZ plus
another antipsychotic drug [i.e., (U)TRS] could be reviewed. These
studies noted widespread abnormal functional connectivity. It was
noted that patients had lower functional connectivities between
several brain regions compared to HC. In particular, patients
had lower connectivities between thalamic regions, between the
DMN and the cingulo-opercular occipital network, between the
medial occipital and the mediotemporal networks, between the
thalamic region 3 seed ROI and the left intracalcarine cortex,
and between the frontoparietal and the mediotemporal as well
as the superior frontoparietal networks compared to HC (Kim
et al., 2022). This lower connectivity between the frontoparietal and
the mediotemporal networks further correlated with the severity
of positive, negative, and general symptoms, as well as with
the Positive and Negative Syndrome Scale (PANSS; Kay et al.,
1987) total score (Kim et al., 2022). Further, patients had lower
functional connectivities between the dorsal caudate seed ROI and
the sensorimotor cortex, between the ventral-rostral putamen seed
ROI and the striatum, and between the ventral striatum seed ROI
and the middle frontal gyrus compared to HC (White et al., 2016).
In patients, lower functional connectivities between the ventral
striatum and the cingulate cortex, the precuneus, as well as the
middle frontal gyrus were associated with a higher severity of
PANSS positive symptoms (White et al., 2016). The connectivity
between the DMN and the mediotemporal network negatively
correlated with the severity of negative and general symptoms,
and the PANSS total score, and the connectivity between the
thalamic region 3 seed ROI and the right lingual gyrus negatively
correlated with the severity of all PANSS (sub)scores (Kim et al.,
2022). SCZ individuals with treatment-resistant auditory verbal
hallucinations (AVH) had lower functional connectivities between
the ventromedial PFC seed ROI and bilateral paracingulate cortices,
bilateral ACC, as well as bilateral subcallosal cortices, and between
the hippocampal formation seed ROI and bilateral PCC as well
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as bilateral precunei in comparison to HC and non-hallucinating
SCZ individuals (NAVH; Alonso-Solís et al., 2015). In comparison
to NTRS, (U)TRS had lower functional connectivities between the
ventral striatum seed ROI and the substantia nigra, and between the
dorsocaudal putamen seed ROI and the pulvinar of the thalamus
(White et al., 2016).

Higher functional connectivities in patients compared to HC
were noted between the thalamic region 2 seed ROI and the
medial occipital network as well as the left precentral gyrus
(preCG), between the cingulo-opercular occipital and the medial
occipital as well as superior mediotemporal networks, between the
mediotemporal and the superior frontoparietal networks, between
the thalamic region 1 seed ROI and the left lingual gyrus, between
the thalamic region 3 seed ROI and the right supplementary motor
cortex, between the thalamic region 6 seed ROI and the frontal
medial cortex, the left post-central gyrus (post-CG) as well as
the right preCG, and between the thalamic region 9 seed ROI
and the left preCG (Kim et al., 2022). In another study, AVH
had higher functional connectivities between the posterior inferior
parietal lobule seed ROI and bilateral occipital fusiform gyri,
bilateral lingual gyri, as well as the left occipital pole, and between
the retrosplenial cortex seed ROI and bilateral occipital cortices,
bilateral intracalcarine cortices, the left occipital fusiform gyrus, as
well as bilateral lingual gyri compared to HC (Alonso-Solís et al.,
2015). Higher functional connectivities between the dorsal striatum
seeds and the precuneus, the PCC, the medial PFC, the middle
temporal gyrus, as well as the inferior and superior parietal lobules
were associated with higher PANSS positive subscores (White et al.,
2016). In addition, functional connectivity between the thalamic 2
seed ROI and the left preCG positively correlated with the PANSS
general symptoms subscore (Kim et al., 2022). In AVH, higher
functional connectivities were noted between the dorsomedial
PFC seed ROI and bilateral central opercular cortices, bilateral
insular cortices, bilateral preCG, as well as bilateral superior
temporal gyri, and between the temporal pole seed ROI and the
cerebellum compared to HC and NAVH (Alonso-Solís et al., 2015).
Furthermore, higher functional connectivities between the dorsal
caudate seed ROI and the medial as well as the superior PFC were
noted in (U)TRS compared to NTRS (White et al., 2016).

When looking at the local synchronization of rs-fMRI signals,
one study (Gao et al., 2018) noted that (U)TRS had higher ReHo
in the right middle frontal gyrus (orbital part), the right putamen,
bilateral inferior frontal gyri, and bilateral superior medial frontal
gyri and lower ReHo in the right fusiform gyrus, bilateral middle
occipital gyri / middle temporal gyri, the right superior occipital
gyrus, and the right superior parietal lobule compared to HC.
The optimal sensitivity and specificity of the ReHo in the left
inferior frontal gyrus for differentiating (U)TRS from HC were
100% (17/17) and 86.21% (25/29), respectively. Compared to
NTRS, (U)TRS had higher ReHo in the left post-CG, and lower
ReHo in the right angular gyrus. Additionally, the ReHo in the
left post-CG correctly classified 16 of 17 patients with (U)TRS
and 14 of 17 patients with NTRS. The optimal sensitivity for
differentiating (U)TRS from NTRS was 94.12%, and the optimal
specificity was 82.35%.

It was noted that in (U)TRS, CPZ dosage positively predicted
functional connectivities between the dorsal caudate and the lingual

gyrus, the cerebellum, the fusiform gyrus, as well as the occipital
lobe, between the dorsocaudal putamen and the lingual gyrus as
well as the cuneus, and between the ventral-rostral putamen and
the medial frontal gyrus. CPZ dosage also negatively predicted
functional connectivities between the ventral striatum and the PCC,
the lingual gyrus, themiddle frontal gyrus, as well as the cerebellum,
and between the dorsal caudate and the post-CG in (U)TRS (White
et al., 2016).

3.10. Functional connectivity in TRS before
the initiation of treatment with ECT

Widespread abnormal functional connectivity was present
before the initiation of treatment with ECT. Seven studies (with
two patient cohorts) were reviewed to cover this topic. In ECT-
eligible TRS individuals, higher functional connectivities were
noted between the left angular and the right middle temporal gyri
(Hu Q. et al., 2022), and between the left superior occipital cortex
and the left rostral temporal thalamus seed ROI as well as the right
caudal temporal thalamus seed ROI (Wang et al., 2020) compared
to HC. The same cohort of patients exhibited higher functional
connectivities between bilateral caudal hippocampus seed ROIs and
bilateral superior temporal gyri compared to DSZ (Jiang et al.,
2019b). One study did not find any significant differences between
patients and control cohorts before the initiation of treatment with
ECT (Huang et al., 2018), and two studies did not differentiate
between MSZ and DSZ but investigated them as a single group
(Jiang et al., 2019a; Hu H. et al., 2022). These studies did not report
any associations to pre-treatment clinical scores.

Although the second ECT cohort (Yang et al., 2020) had
no control cohorts to compare to, the authors investigated
predictive values of functional connectivity within the patient
sample. They noted that a regression model constructed using
functional connectivity before the initiation of treatment with
ECT within regions with strong electric field strength during ECT
generated a good prediction of outcome. Specifically, the predictive
connectivities were noted between the left inferior orbitofrontal
cortex and the left insula as well as the left inferior temporal lobe,
between the right insula and the left middle orbitofrontal cortex as
well as the left inferior temporal lobe, between the right amygdala
and the left hippocampus as well as the right parahippocampal
gyrus, between the right superior temporal pole and the left insula
as well as the middle temporal lobe, between the left middle
temporal pole and the left parahippocampal gyrus, and between the
right middle temporal pole and the left hippocampus.

3.11. Functional connectivity in TRS after
treatment with ECT

In general, the reviewed studies noted ECT-induced effects
specifically on the limbic connectivity. A decrease in functional
connectivity was noted post-ECT compared to pre-treatment
between the right amygdala and the left hippocampus, and this
correlated positively with the percentage reduction in the PANSS
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total score (Yang et al., 2020). Post-ECT, reduced connectivities
were found between the left rostral temporal thalamus seed ROI
and the left superior occipital cortex, between the left caudal
temporal thalamus seed ROI and the left middle frontal cortex, and
between the right caudal temporal thalamus seed ROI and the left
superior occipital cortex compared to pre-treatment (Wang et al.,
2020).

Increased functional connectivities post-ECT compared to pre-
treatment were noted between the right sensory thalamus seed
ROI and the right putamen (Wang et al., 2020), between the right
angular and the left middle temporal gyri (Hu Q. et al., 2022), and
between several DMN and cerebellar regions (Hu H. et al., 2022).

Several associations to clinical scores were found. The higher
functional connectivity between the left angular and the right
middle temporal gyri correlated with the reduction of the PANSS
general symptoms subscore (Hu Q. et al., 2022). In addition,
the connectivity change (pre- vs. post-treatment) between the
right angular and the right middle temporal gyri correlated with
reductions of the PANSS negative and total (sub)scores (Hu Q. et
al., 2022), and the connectivity change between the right posterior
insula and the left orbitofrontal cortex positively correlated with
a reduction in general and negative symptoms of the PANSS,
and the connectivity change between the left posterior insula
and the left middle occipital gyrus positively correlated with an
improvement of PANSS negative symptoms (Jiang et al., 2019a).
Further, the connectivity change between the left middle temporal
gyrus and the left cerebellar crus region 2 positively correlated
with improvements in the PANSS general symptoms and total
(sub)scores (Hu H. et al., 2022). The connectivity changes between
the left inferior temporal gyrus and the left cerebellar crus region 2,
as well as between the right angular gyrus and the left cerebellar
region 45 positively correlated with an improvement of PANSS
general symptoms (Hu H. et al., 2022).

In refractory MSZ, functional connectivities increased post-
ECT between the right posterior parietal thalamus seed ROI and the
right inferior temporal cortex as well as the right cerebellar region
6 compared to pre-treatment (Wang et al., 2020). In MSZ with no
symptom remission, functional connectivities decreased post-ECT
between the left rostral hippocampus seed ROI and the left inferior
temporal gyrus, between the left caudal hippocampus seed ROI and
the right inferior temporal gyrus, the left superior temporal gyrus,
as well as the post-CG, and between the right caudal hippocampus
seed ROI and the right inferior temporal gyrus, the left middle
occipital cortex, the left superior temporal gyrus, as well as the
right post-CG compared to pre-treatment (Jiang et al., 2019b). In
non-refractory MSZ, functional connectivities decreased post-ECT
between the right posterior parietal thalamus seed ROI and the
right inferior temporal cortex, the right precuneus, as well as the
right cerebellar region 6 compared to pre-treatment (Wang et al.,
2020). In MSZ with symptom remission, functional connectivities
increased post-ECT between the left rostral hippocampus seed
ROI and the left middle temporal gyrus, the left middle frontal
gyrus, as well as the left angular gyrus, between the right rostral
hippocampus seed ROI and the left angular gyrus, and between
the right caudal hippocampus seed ROI and the left middle
temporal gyrus, the right angular gyrus, as well as the right middle
frontal gyrus compared to pre-treatment (Jiang et al., 2019b).

In individuals who responded to modified ECT, the connectivity
change between the left caudal hippocampus and the right angular
gyrus was associated with the general symptomatology reduction
ratio of the PANSS (Jiang et al., 2019b).

Graph theoretical approaches noted nodal changes in 22 brain
regions post-ECT compared to pre-treatment, which were mainly
located in the frontal lobe and the cerebellum (Hu H. et al., 2022).
Post-ECT, increased global functional connectivity densities of the
dorsal medial PFC, the ventromedial PFC, and the left precuneus
were noted compared to pre-treatment (Huang et al., 2018). In
addition, local efficiency increased, and global efficiency decreased
compared to pre-treatment (Hu H. et al., 2022).

The studies found differences in (U)TRS in comparison with
control cohorts. Post-ECT, higher functional connectivities were
noted in MSZ between the right posterior insula seed ROI and
the cerebellum, the thalamus, as well as the post-CG, between the
left posterior insula seed ROI and the thalamus as well as the
middle occipital gyrus (Jiang et al., 2019a), between ROIs of the
right angular and the left middle temporal gyri, and between ROIs
of the left angular and the right middle temporal gyri (Hu Q. et
al., 2022) compared with HC. In comparison with DSZ, MSZ had
higher functional connectivity between the left angular and the
right middle temporal gyri, and between the right angular and the
left middle temporal gyri (HuQ. et al., 2022) and lower connectivity
between the left posterior insula seed ROI and the left middle
occipital gyrus, as well as between the right posterior insula seed
ROI and the left orbitofrontal cortex (Jiang et al., 2019a).

ECT treated patients had higher global functional connectivity
density of the ventromedial PFC compared with DSZ (Huang et al.,
2018).

3.12. Multimodal MRI

Some of the studies reviewed combined rs-fMRI results with
additional imaging findings, i.e., with striatal tissue iron measures
as studied with R2∗ mapping during CLZ treatment (Blazer et al.,
2022), with neurometabolite levels of the ACC as studied with
1H-MR spectroscopy as well as regional cerebral blood flow
information from arterial spin labeling sequences during riluzole
treatment (Pillinger et al., 2019), and hippocampal (Jiang et al.,
2019b) as well as insular (Jiang et al., 2019a) volumetric information
from structural MR sequences during ECT.

A CLZ study did not observe any significant relationship
between changes in striatal tissue iron measures and CLZ efficacy,
neither were there any correlations to the connectivity findings
(Blazer et al., 2022).

The study that combined neurometabolite levels and regional
cerebral blood flow information (Pillinger et al., 2019) with
connectivity findings noted that pre-riluzole treatment glutamate
plus glutamine (Glx) levels correlated positively with the negative
symptom severity of the PANSS and negatively with verbal learning
scores assessed by the AVLT in TRS. Riluzole decreased Glx levels
and increased the connectivity between the ACC and the anterior
PFC in TRS relative to HC. Riluzole did not alter regional cerebral
blood flow.
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An ECT study looked into hippocampal volumetry in addition
to functional connectivity (Jiang et al., 2019b). Baseline results
showed that non-responders had lower volumes in the left
hippocampus-amygdala transition area compared with responders
and HC, that both non-responders and responders had lower
volumes in the right hippocampus-amygdala transition area
compared with HC, and that responders had higher volumes in
the cornu ammonis area 4 bilaterally compared with HC. ECT
induced significant volume increases in bilateral hippocampi and
hippocampal subfields in both responding and non-responding
MSZ. In responders, a significant association was observed between
the left cornu ammonis area 4 volume increase and the general
symptoms reduction ratio of the PANSS.

Another ECT study looked for associations between the
changes of insular volumetry and functional connectivity (Jiang
et al., 2019a). In MSZ, they found increased volumes in bilateral
posterior insulae post-ECT. The volume increase in the right
posterior insula was associated with reductions of PANSS positive
and general symptoms as well as the PANSS total score in MSZ.
In addition, increased volume in the left posterior insula was
associated with reduced functional connectivity between the left
posterior insula and the right middle temporal gyrus.

4. Discussion

In this review, we investigated rs-fMRI findings and their
associations to clinical symptoms in TRS and UTRS from the
last decade in order to look for support to the hypothesis that
SCZ is a brain dysconnection syndrome (Stephan et al., 2009).
The 18 studies reviewed included treatment with CLZ (and/or
mixed medication), riluzole, and ECT. They showed widespread
functional connectivity abnormalities in (U)TRS and some of
this variability was linked to symptoms, treatment response,
and multimodal image findings. Predictions based on functional
connectivity, CPZ-equivalent dosage, and symptom scores were
also presented.

4.1. The relevance of rs-fMRI sequence
designs and connectivity methods

Most of the studies had cross-sectional designs where TRS
patients had already been exposed to antipsychotic medication for
a longer while (Alonso-Solís et al., 2015; White et al., 2016; Ganella
et al., 2017, 2018; Gao et al., 2018; McNabb et al., 2018b; Kim
et al., 2022). Therefore, it was not possible to investigate possible
functional connectivity changes induced by CLZ treatment based
on the aforementioned studies. Treatment response to CLZ was
studied in one longitudinal TRS cohort, however, the design of that
study did not include any control cohorts (Blazer et al., 2022; Sarpal
et al., 2022a).

The rs-fMRI sequence designs (e.g., length, instructions
given) and different preprocessing methods applied (e.g., fieldmap
correction) could have affected the functional connectivity results
obtained. Some studies applied more advantageous multiband
fMRI sequences (McNabb et al., 2018a; Blazer et al., 2022; Sarpal
et al., 2022a) and an additional fieldmap sequence for distortion

corrections (McNabb et al., 2018a). In addition, some studies
benefited from acquiring more information by the application
of longer duration multiband (Blazer et al., 2022; Sarpal et al.,
2022a) and multiecho (Pillinger et al., 2019) fMRI sequences
where more acquisitions can be made in the same timeframe
in comparison with traditional fMRI sequences and where the
reliability of connectivity measures is improved (Lynch et al., 2020).

Most of the studies reviewed applied seed-based methods
(n=10) where a priori hypothesis on regions with connectivity
abnormalities are given. Although the exact selection of the seed
locations may have affected the results, all the studies reviewed
based their seed selections on previous research or predefined
atlases and graph-based analyses applied the widely used AAL atlas
(Tzourio-Mazoyer et al., 2002). Thus, analyses are repeatable and
findings can be compared to studies that applied the same atlases
or regions.

4.2. Frontal hypoconnectivity before the
initiation of treatment with CLZ or riluzole

According to the dysconnectivity hypothesis (Stephan et al.,
2009) functional communication between regions of the brain
is affected in SCZ. At a later stage of the disorder, this may
lead to structural abnormalities. We reviewed TRS studies before
the initiation of treatment with CLZ or riluzole in individuals
who had not responded to at least two antipsychotic trials. TRS
had higher connectivity in the precuneus as part of the SMN
compared to NTRS (McNabb et al., 2018a) and lower connectivities
within frontal regions (i.e., ACC, PFC) compared to HC (Pillinger
et al., 2019). In particular, it was noted that connectivities within
frontal brain regions (i.e., ACC, PFC, inferior frontal gyrus, basal
forebrain) correlated with verbal learning scores assessed by the
AVLT (Pillinger et al., 2019) and psychosis symptoms assessed
by the BPRS (Sarpal et al., 2022a). It was also observed that
corticostriatal connectivities (i.e., between the right dorsal caudate
and the right anterior insula as well as the right inferior frontal
gyrus) before the initiation of treatment may predict CLZ efficacy
in TRS, i.e., a reduction in positive symptoms (Blazer et al., 2022).
Such abnormalities in the frontal brain regions, especially in the
PFC, are consistent with previous SCZ literature (Zhou et al.,
2015) and the dysconnectivity hypothesis. Interestingly, previous
dynamic causal modeling studies reported abnormal directed
connectivity involving the PFC in SCZ (Friston et al., 2016). This
supports the idea that functional connectivity originating from the
PFC causes abnormal communication. Although it is not possible
to rule out the effects of antipsychotics based on the studies
reviewed, previous studies have found connectivity irregularities in
the PFC in drug-naïve first-episode SCZ as well as in individuals
with a history of short duration of antipsychotic medication use in
first-episode SCZ (Mwansisya et al., 2017). Although these findings
support frontal hypoconnectivity in TRS, the conclusions that can
bemade are limited, as only one of the studies (Pillinger et al., 2019)
made comparisons of TRS (n= 19) with HC (n= 17) and only one
of them (McNabb et al., 2018a) made comparisons of TRS (n= 15)
with NTRS (n= 10) with limited sample sizes.
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4.3. Increase in frontal connectivity during
treatment with riluzole

The within frontal brain regions connectivity (i.e., ACC-PFC)
was noted to increase above the levels of HC after treatment with
riluzole (Pillinger et al., 2019). As this study focused solely on
functional connectivity differences of the ACC, further conclusions
in terms of PFC or other brain regions cannot be drawn.
Unfortunately, post-riluzole clinical scores were not collected,
neither did the authors include NTRS for comparison. Accordingly,
the follow-up findings cannot be specifically attributed to TRS.

4.4. Fronto-temporal connectivity during
treatment with CLZ

Five rs-fMRI studies with CLZ monotherapy treatment were
identified (Ganella et al., 2017, 2018; McNabb et al., 2018b;
Blazer et al., 2022; Sarpal et al., 2022a). Among them, two
TRS cohorts (Ganella et al., 2017, 2018; McNabb et al., 2018b)
were compared to control cohorts. Both of these studies used
the AAL atlas to study brain connectivity and should therefore
be comparable. However, different treatment responses may
explain some of the inconsistencies found. McNabb et al. (2018b)
specified a UTRS subgroup and noted that they presented with
lower connectivity between cerebellar-frontal, cingulo-frontal-
temporal, and frontoparietal regions compared to HC. As no
significant differences were found in TRS compared to UTRS
and HC (McNabb et al., 2018b), this supports the idea that in
treatment-responsive TRS the connectivity may have returned to
a normalized level somewhere between the connectivity levels
of UTRS and HC after the initiation of treatment with CLZ.
However, the other research group reported lower functional
connectivity between fronto-temporal, fronto-occipital, temporo-
occipital, and temporo-temporal brain regions in TRS compared
to HC (Ganella et al., 2017) and in frontal and temporal regions
compared to UFM (Ganella et al., 2018). It is important to
note that they, however, did not specify whether the TRS cohort
had responded to CLZ treatment, although this is rather likely
in view of the relatively low mean PANSS total score. Rather
differing CPZ-equivalent doses (615.4 ± 55.84; Ganella et al.,
2017, 2018) compared to the other study (McNabb et al., 2018b)
with lower CPZ equivalents in TRS (359.2 ± 275.5) and higher
CPZ-equivalents in UTRS (772.1 ± 522.6) were reported though.
Therefore, some of the mentioned connectivity differences noted
in fronto-temporal regions in TRS during CLZ treatment could
be partly driven by UTRS patients in the study by Ganella et al.
(2017, 2018). This, however, does not rule out the possibility that
connectivity abnormalities may remain in treatment responders,
although in somewhat normalized levels. Indeed, no associations
of functional connectivity to clinical symptoms were noted in
the studies reviewed. Whether hypoconnectivity is specific for
non-responding individuals remains unanswered. However, in line
with the dysconnectivity hypothesis, there is previous evidence for
functional abnormalities between frontal and temporal regions in
SCZ (Friston et al., 2016).

A higher local efficiency in TRS compared to HC was noted
(Ganella et al., 2017) which suggests a topological organization
indicative of segregated neural processing (Rubinov and Sporns,
2010). This is in line with other studies in SCZ (Hadley et al.,
2016) suggesting that functional integration and segregation can be
modulated with antipsychotic medications, but only in those who
respond to treatment.

Only two of the studies reviewed were longitudinal and
consisted of a TRS cohort overlap (Blazer et al., 2022; Sarpal
et al., 2022a). Interestingly, in these seed-based studies (i.e.,
seeds in the striatum, the basal forebrain, the PFC, and bilateral
hippocampi) connectivity increases between the striatum (i.e.,
dorsal caudate) and the frontal lobe, the insula, as well as the
frontoparietal network correlated with a reduction of psychotic
symptoms (Blazer et al., 2022). Moreover, connectivity changes
within frontal regions (between the basal forebrain and the
dorsolateral PFC) correlated with the CLZ/N-desmethylclozapine
ratio (Sarpal et al., 2022a). Specifically, response to CLZ as well
as higher CLZ/N-desmethylclozapine ratios were associated with
increases in functional connectivity (Blazer et al., 2022; Sarpal et al.,
2022a). Therefore, the suggested fronto-temporal hypoconnectivity
during CLZ treatment may be specifically related to non-response.

4.5. Widespread abnormal functional
connectivity during mixed treatments

Probably due to the high heterogeneity in the patient
cohorts concerning medications and other clinical variables
(e.g., lifetime antipsychotic drug exposure, duration of illness,
treatment adherence), widespread abnormalities in connectivity
were noted. Three of the mixed-treatment studies (Alonso-
Solís et al., 2015; White et al., 2016; Kim et al., 2022)
applied seed-based methods (i.e., thalamus, striatum, PCC,
PFC, temporo-parietal junction, temporal cortex, hippocampi,
parahippocampi, retrospenial cortex). Among these studies, several
regions (i.e., superior frontoparietal network, striatum, PFC, PCC,
precuneus, mediotemporal network, thalamus, cingulo-opercular
occipital network, medial occipital network, intracalcarine cortex)
showed both higher and lower connectivities in (U)TRS on mixed
treatments compared to HC and NTRS (Alonso-Solís et al., 2015;
White et al., 2016; Kim et al., 2022). The noted connectivity between
the frontoparietal and the mediotemporal networks correlated
negatively with all PANSS (sub)scores (Kim et al., 2022). This
further supports the dysconnectivity hypothesis with fronto-
temporal abnormalities (Friston et al., 2016) which could be related
to differences in individual treatment response.

It was also observed that CPZ-equivalents could negatively
predict functional connectivities between the ventral striatum and
DMN regions (i.e., PCC, middle frontal gyrus), the lingual gyrus,
as well as the cerebellum, and between the dorsal caudate and the
post-CG in (U)TRS (White et al., 2016). It is interesting to note
that further negative correlations were shown in the connectivities
between the ventral striatum seed and DMN regions and positive
symptoms (White et al., 2016). Similarly, CPZ-equivalents in
(U)TRS positively predicted connectivities between the dorsal
caudate and the lingual gyrus, the cerebellum, the fusiform gyrus,
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as well as the occipital lobe, between the dorsocaudal putamen
and the lingual gyrus as well as the cuneus (part of the DMN),
and between the ventral-rostral putamen and the medial frontal
gyrus (part of the DMN). Further, higher connectivities between
the dorsal striatum seeds and DMN regions, the middle temporal
gyrus, as well as the inferior and superior parietal lobules were
associated with higher PANSS positive subscores (White et al.,
2016). Another study found negative correlations between the
DMN and the mediotemporal networks connectivity and negative
and general symptoms, as well as the PANSS total score (Kim
et al., 2022). Interestingly, in the reviewed studies, CPZ equivalents
could be used to predict connectivity between the striatum and
the DMN which further correlated with symptoms along with
associations with DMN-temporal network connectivity. As these
participants were on mixed medications, some of the connectivity
abnormalities may be caused by antipsychotic medication affecting
the dopamine system of the striatum (McCutcheon et al., 2019),
which may in turn modulate DMN connectivity (Hu et al.,
2017). The effect may also partly be explained by glutamatergic
signaling in CLZ-responders, although the cohorts likely consisted
of mixed responders.

The connectivity between the thalamus and the lingual gyrus
correlated negatively with all PANSS (sub)scores (Kim et al., 2022).
Positive correlation was also found between the thalamus—preCG
connectivity and the PANSS general symptoms subscore (Kim
et al., 2022). In line with that study, abnormalities of thalamo-
cortical connectivity were noted previously in SCZ, including
higher connectivity between the thalamus and the sensorimotor
cortex (Pergola et al., 2015). In fact, the thalamus has been
suggested to be involved in the pathogenic mechanisms underlying
the psychotic symptoms of SCZ (Jiang et al., 2021). However,
there has been inconsistencies in the findings, and it was suggested
that thalamic subregions should be specifically studied (Pergola
et al., 2015). Kim et al. (2022) applied nine thalamic seeds and
found connectivity differences between thalamic and frontal brain
regions between TRS and HC, which, however, did not correlate
with symptoms. As the TRS cohort may have consisted of both
treatment responders and non-responders, their brain connectivity
might rely on different mechanisms and separate investigations of
these subgroups may be necessary.

Although Alonso-Solís et al. (2015) did not find any significant
correlations between connectivity and clinical scores, they defined
AVH and NAVH subgroups and reported significantly lower
connectivities in AVH between the PFC and the cingulate as well
as the subcallosal cortices, and between the hippocampus and the
bilateral PCC as well as the precunei. In addition, they noted
higher connectivity between the PFC and the central opercular
cortices, the insular cortices, bilateral preCG, as well as the temporal
gyri, and between the temporal pole and the cerebellum in AVH
compared to NAVH. In fact, there is some previous evidence
that prefrontal-temporal connectivity and specifically hippocampal
regions may contribute to hallucinations (Lawrie et al., 2002;
Cachia et al., 2020).

When looking at local connectivity, (U)TRS had lower ReHo
in the right fusiform gyrus, bilateral middle occipital gyri / middle
temporal gyri, the right superior occipital gyrus, and the right
superior parietal lobule, and higher ReHo in the right middle
frontal gyrus, the right putamen, bilateral inferior frontal gyri,

and bilateral superior medial frontal gyri compared to HC (Gao
et al., 2018). In fact, the ReHo in the left inferior frontal gyrus
could reliably differentiate (U)TRS from HC (Gao et al., 2018).
In addition, (U)TRS had lower ReHO in the right angular gyrus
compared to NTRS (Gao et al., 2018), and higher ReHo in the left
post-CG which could differentiate nearly all (U)TRS patients from
NTRS patients (Gao et al., 2018).

In conclusion, widespread connectivity abnormalities were
found specifically in frontal, thalamic, and hippocampal regions, as
well as in regions of the DMN and SMN, and between frontal and
temporal regions in TRS.

4.6. Functional connectivity in TRS before
the initiation of treatment with ECT

Only two different patient cohorts investigating functional
connectivity are reported on the included ECT studies. Study
participants on these studies were on mixed treatments, which
partly included CLZ. Therefore, some of them might have been
CLZ-resistant while others were not. These mixed treatment and
response subgroups may explain some of the widespread functional
connectivity irregularities pre-ECT. The study which included
comparisons to control cohorts showed higher connectivity in
(U)TRS (Jiang et al., 2019b; Wang et al., 2020; Hu Q. et al.,
2022). In particular, (U)TRS had higher connectivities between
the angular gyrus and temporal regions, between thalamic and
occipital regions, and between hippocampal and other temporal
regions compared to HC (Wang et al., 2020; Hu Q. et al.,
2022). Although no differences in frontal connectivity were
reported, the other regions with noted irregularities (e.g., temporal,
occipital, thalamus) are in line with our previous discussion. In
addition, higher connectivity was shown between temporal and
mediotemporal (i.e., hippocampal) regions in MSZ compared to
DSZ (Jiang et al., 2019b). However, here the DSZ cohort consisted
of individuals who were not necessarily first-line responders, e.g.,
they were on antipsychotics instead of ECT but the reason for this
could also have been refusal of ECT. Therefore, a clear distinction
to this control cohort with regard to treatment non-response is
not possible. Unfortunately, the other study (Yang et al., 2020) did
not include any control cohorts for comparison. However, their
regressionmodel using functional connectivity before the initiation
of treatment within regions with strong electric field strength
during ECT found ten connections (i.e., fronto-insular, fronto-
temporal, insular-temporal, temporal-temporal) which generated a
good prediction of outcome (Yang et al., 2020). This is in line with
previous reports on fronto-temporal connectivity predictions in
individuals with major depression treated with ECT (Leaver et al.,
2018).

4.7. Functional connectivity changes
induced by ECT

ECT has the possibility to modulate brain connectivity, which
may lead to symptom improvement. We reviewed two patient
cohort studies that investigated rs-fMRI post-ECT. However, they
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were not completely comparable due to different approaches. Yang
et al. (2020) specifically studied regions which were covered by
strong electric fields during bitemporal ECT and reported on
decreased connectivity between regions of the mediotemporal
lobe (i.e., right amygdala and hippocampus) post-ECT compared
to pre-treatment and this correlated with a reduction in the
PANSS total score (Yang et al., 2020). Functional changes in
these structures following ECT have been reported in previous
SCZ studies (Thomann et al., 2017). Further, there is robust
evidence on structural changes of the limbic system (e.g.,
hippocampi, amygdala) induced by ECT in major depression
as well as in SCZ (Moon et al., 2021; Leaver et al., 2022).
In fact, it has been suggested that ECT improves symptoms
by correcting hippocampal-amygdala dysfunction through the
action of cerebello-thalamo-cortical circuits (Leaver et al., 2022).
Modulation of hippocampal connectivity in association with
symptom reduction induced by ECT would be consistent with both
dopamine and glutamate hypotheses of SCZ (Moon et al., 2021).
However, the relevance of (well-replicated) hippocampal changes
induced by ECT is not completely understood (Leaver et al., 2022).

The second cohort consisted of separate articles applying
multiple analysis methods and seed ROIs (Huang et al., 2018; Jiang
et al., 2019a,b; Wang et al., 2020; Hu H. et al., 2022; Hu Q. et
al., 2022) which together reported both decreased and increased
connectivities post-ECT, changes in graph measures, as well as
connectivity differences between groups which varied depending
on response to bitemporal ECT. When looking at the correlations
to symptoms, it was noted that increased connectivity between the
left angular and the right middle temporal gyri, and decreased
connectivity between the right angular gyrus and the cerebellar
region 45 were correlated with reductions of PANSS general and
negative symptoms, and of the PANSS total score (Hu H. et al.,
2022; Hu Q. et al., 2022). Moreover, the decreased connectivities
between bilateral posterior insulae and the left orbitofrontal cortex
as well as the left middle occipital gyrus correlated with an
improvement of negative symptoms (Jiang et al., 2019a). The
decreased connectivities between the right posterior insula and
the left orbitofrontal cortex (Jiang et al., 2019a), and between the
cerebellar crus region 2 and the left middle temporal as well as
the left inferior temporal gyri correlated with reductions in PANSS
general symptoms (Hu H. et al., 2022). Further, the decreased
connectivity between the left middle temporal gyrus and the left
cerebellar crus region 2 was associated with reduction in PANSS
total score (Hu H. et al., 2022). Although these studies found
no correlations to positive symptom reductions, it seems that
fronto-temporo-occipital regions, the insula, and the cerebellum
are involved in the symptomatology of (U)TRS.We have previously
discussed the relevance of frontal and temporal regions in SCZ.
In addition, a recent study noted abnormalities in cerebellar
connectivity in first-episode SCZ in correlation to symptoms (Feng
et al., 2022). Furthermore, structural changes of the insula, a
part of the limbic system, were previously noted by both of
these research groups (Wang et al., 2019; Gong et al., 2020) who
now presented functional changes induced by ECT. Such findings
support previous results on both structural and functional changes
of the insula following ECT (Thomann et al., 2017; Leaver et al.,
2022). ECT may induce functional (and structural) changes which
further lead to symptom reduction in SCZ.

In line with this, it has been suggested that networks relevant
to seizure physiology (involving, for example, the thalamus and the
cerebellum) are important for ECT outcomes (Leaver et al., 2022).
In fact, decreased connectivities between the thalamus and inferior
temporal regions, the precuneus, as well as the cerebellum were
noted in non-refractory MSZ (Wang et al., 2020). Moreover, in line
with well-known hippocampal changes following ECT, increased
connectivities between the hippocampus and the middle temporal,
the middle frontal, as well as the angular gyri were noted in MSZ
with symptom remission (Jiang et al., 2019b). In addition, the
connectivity change between the left caudal hippocampus and the
right angular gyrus was associated with PANSS general symptom
reduction (Jiang et al., 2019b).

There were nodal changes (i.e., efficiency, betweenness
centrality, degree) in the frontal lobe and the cerebellum post-
ECT (Hu H. et al., 2022), although the authors did not state the
directions of the changes. Post-ECT, global functional connectivity
densities of the dorsal medial PFC, the ventromedial PFC, and the
left precuneus increased (Huang et al., 2018) but no associations to
clinical scores were found. In addition, local efficiency increased,
and global efficiency decreased post-ECT (Hu H. et al., 2022). It
seems, however, that associations of these local and global measures
to clinical symptoms were not studied. Although it was noted
that the global functional connectivity density of the ventromedial
PFC was higher in MSZ patients post-ECT compared to DSZ
(Huang et al., 2018), these findings may solely reflect differences
between ECT and antipsychotic treatment and not response-related
characteristics per se.

4.8. Multimodal MRI findings

Functional regions showing abnormal connectivity according
to the reviewed studies are in line with findings from multimodal
MR studies in TRS. However, it is good to keep in mind that
although anatomical abnormalities are common in SCZ, they seem
to evolve over time as a consequence of the disorder (Friston et al.,
2016). Therefore, it is likely to see widespread changes in TRS
patients with a relatively long duration of illness. Interestingly,
however, the reviewed studies that combined multimodal MRI
found associations between metabolic and structural brain
abnormalities and changes in functional connectivity.

A study that combined information on neurometabolite levels
and functional connectivity noted that riluzole (a glutamate
modulator) decreased Glx levels in the ACC and increased
functional connectivity between the ACC and the anterior PFC in
TRS relative to HC (Pillinger et al., 2019). In fact, previous studies
have implicated metabolic changes in frontal brain regions and the
striatum (as studied by MR spectroscopy) which were associated
with treatment response and clinical symptoms (Goldstein et al.,
2015; Mouchlianitis et al., 2016; Iwata et al., 2019; Tarumi et al.,
2020; McQueen et al., 2021).

In the other study reviewed (Jiang et al., 2019b), ECT
responders had lower volumes in the right hippocampus-amygdala
transition area and higher volumes in bilateral hippocampal
areas (i.e., cornu ammonis area 4) at baseline compared to
HC. This was in line with the finding on ECT responders who
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exhibited increased connectivities between the hippocampus and
the PFC as well as regions of the DMN post-treatment. In the
same cohort, an increased volume of the left posterior insula
correlated negatively with functional connectivity between the left
posterior insula and the right middle temporal gyrus (Jiang et al.,
2019a). In fact, other structural MRI studies revealed widespread
reductions in thickness in several cortical (e.g., frontal, parietal,
temporal, occipital) and subcortical structures (e.g., striatum
[nucleus accumbens, putamen], thalamus, mediotemporal lobe
[amygdala, hippocampus]) in TRS compared to HC and NTRS
(Zugman et al., 2013; Liu et al., 2022), and in UTRS compared to
HC and first-line responders (Shah et al., 2020). Similar regions
have now been associated with functional changes in the reviewed
studies. In particular, although treatment with CLZ was associated
with global cortical thinning and reductions in the medial PFC and
the periventricular area volumes regardless of treatment response
(Ahmed et al., 2015), other studies noted that larger temporal and
prefrontal volumes and thinner frontal cortices before the initiation
of treatment correlated with the improvement of symptoms post-
treatment (Arango et al., 2003;Molina et al., 2003, 2014). Treatment
with CLZ was associated with a reduction in the caudate volume
in correlation with clinical improvement (Scheepers et al., 2001;
Tronchin et al., 2020) and further correlated with caudal N-
acetylaspartate level reductions as studied by MR spectroscopy
(Krajner et al., 2022). In addition, reductions of the thalamus and
putamen volumes were associated with symptom improvement
(Tronchin et al., 2020). Treatment-related reductions were further
noted in the hippocampal volumes, as well as in the thickness of the
temporal and caudal middle frontal cortices (Tronchin et al., 2020;
Krajner et al., 2022).

The reviewed studies did not combine any measures from
diffusion tensor imaging which can be used to assess the directional
preference of diffusion (i.e., fractional anisotropy [FA]), diffusion
rates (e.g., radial diffusivity), and white matter (WM) connectivity
in the brain. However, long-term functional abnormalities may
lead to changes in the WM tracts. Moreover, previous SCZ studies
suggested that lower FA and greater radial diffusivity values in
the corpus callosum exist as biomarkers for TRS with association
to the severity of symptoms (McNabb et al., 2018c). In fact,
FA values in several brain tracts were lower in individuals with
TRS compared to HC and increased after 12 weeks of treatment
with CLZ compared to pre-treatment (Ozcelik-Eroglu et al.,
2014). In line with this, after 6 months of switching to CLZ,
individuals with TRS displayed a reduction of FA values in the
corpus callosum and in the anterior and superior corona radiata
compared to HC (Tronchin et al., 2021). Similarly, another study
reported lower FA values in multiple tracts (e.g., corona radiata,
corpus callosum, superior longitudinal and uncinate fasciculi) with
correlations to symptoms in TRS compared to HC and NTRS
(Ochi et al., 2020). However, another study reported higher FA
and radial diffusivity values in individuals treated with CLZ in
the prefronto-subcortical and fronto-subcortical tracts compared
to SCZ individuals on first-generation antipsychotics (Leroux et al.,
2018). In CLZ-treated and never-treated individuals, a relatively
stronger disrupted FA organization of WM structural networks
as well as decreased graph connectivity measures (e.g., in the
thalamus, the hippocampus, prefrontally, occipitally) were found

compared to risperidone-treated individuals with associations to
cognitive function (Luo et al., 2020). Individuals diagnosed with
TRS showed a higher WM regional vulnerability index compared
to individuals with treatment-responsive SYZ (Kochunov et al.,
2019). In summary, in addition to the functional abnormalities
reported in the reviewed studies, treatment-related effects on WM
connectivity in SCZ have been suggested in other studies that
applied diffusion imaging.

5. Limitations

This review summarized rs-fMRI findings from the last decade
to provide an overview of the current knowledge on brain
functional connectivity abnormalities and their associations to
symptoms in TRS and UTRS and looked for support for the
dysconnection hypothesis in SCZ. However, our methods and
the ones from the reviewed articles were not without limitations.
First, we limited the time window search to the last decade,
and therefore any previous findings that may have supported or
provided additional information were ignored. However, we have
looked for support for the presented findings from additional
literature. Furthermore, although we included studies which
specifically defined TRS as having failed at least two adequate
treatment episodes with different antipsychotic drugs, we might
have excluded studies which in fact included TRS patients but did
not provide this information in the methods section. In addition,
we did not carry out meta-analysis due to the heterogeneity in
the methods applied in the reviewed studies. In fact, the different
analytical approaches applied in the reviewed studies may not
be comparable and may measure different phenomena, which
limits the possibility for meta-analysis. In addition, we have not
defined symptom severity or antipsychotic dosage limits due to
inconsistencies in the reviewed studies.

As many of the included studies were cross-sectional and did
not include any “baseline” acquisitions in TRS before the initiation
of treatment with CLZ, the differences noted could partly be related
to different drug treatments in TRS and NTRS patients and not to
differences in the subgroups of the disorder per se. Furthermore,
trial durations, CPZ equivalent doses, lifetime antipsychotic drug
exposure, duration of illness, and treatment adherence limit the
generalizability of the findings. For example, response to CLZ has
been shown to depend on the time of initiation (Yoshimura et al.,
2017). This could eventually lead to more persistent irregularities
in brain function as well as structure. In addition, functional
irregularities could differ between individuals with initial or later
onset TRS.

The major limitation, though, was that most of the studies
did not differentiate between TRS and UTRS and investigated
heterogeneous patients cohorts treated with mixed treatments
(with or without CLZ). This is critical as in different subtypes of
the disorder an interplay between dopaminergic and glutamatergic
pathways involving frontal, striatal, and temporal brain regions
in separate ways is likely. Although many of the studies defined
both TRS and NTRS for group comparisons, it was often unclear
whether study participants were responding to their current
treatment (e.g., CLZ or ECT combined with antipsychotics). Future
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FIGURE 3

Functional connectivity in TRS. The reviewed studies noted frontal

hypoconnectivity before the initiation of treatment with clozapine

(CLZ) or riluzole (e.g., anterior cingulate cortex [ACC] and prefrontal

cortex [PFC]), an increase in frontal connectivity after riluzole

treatment (green arrow), fronto-temporal hypoconnectivity that

may be specific for non-responders (blue arrow), widespread

abnormal functional connectivity during mixed treatments, and

electroconvulsive therapy (ECT)-induced e�ects specifically on the

limbic system (red arrow).

studies should, for example, define response as a certain percentage
PANSS reduction. One cross-sectional study on CLZ treatment
defined UTRS in addition to TRS (McNabb et al., 2018b), and
two ECT studies reported results on ECT responders and non-
responders (Jiang et al., 2019b; Wang et al., 2020). Others reported
results based on covariation of treatment response, probably due
to low sample sizes, which would have limited the power to
study UTRS separately. It is likely that the ECT cohorts included
individuals who were not responding to previous CLZ treatment,
i.e., UTRS, and participants who never had a trial of CLZ, which
further limits the generalizability of the findings.

In addition, differences in sequence designs (e.g., length,
instructions given) could have led to variations in functional
connectivity results that cannot be controlled for.

6. Future directions

This review indicates that connectivity abnormalities are
associated with symptoms in TRS. In particular, the studies noted
frontal hypoconnectivity before the initiation of treatment with
CLZ or riluzole, an increase in frontal connectivity after riluzole
treatment, fronto-temporal hypoconnectivity that may be specific
for non-responders, widespread abnormal functional connectivity
during mixed treatments, and ECT-induced effects specifically
on the limbic system (Figure 3). Functional irregularities in
frontal brain regions, especially in the PFC, are consistent
with previous SCZ literature and the dysconnectivity hypothesis.
Although different treatment methods have the possibility to

improve symptoms and abnormal functional connectivity in
SCZ, individuals who benefit from each treatment may vary.
Whether functional connectivity could help to answer the
better treatment method for each individual, remains unknown.
However, better definitions of treatment responders and non-
responders (according to the TRRIP guidelines) are necessary
in future longitudinal studies to correctly differentiate brain
regions underlying the pathophysiology of SCZ, which could serve
as potential functional biomarkers for treatment resistance. In
addition, both the initiation and the duration of TRS should be
taken into account. Longitudinal studies with MRI acquisitions
both before and after the initiation of different treatments are
needed, and the recruitment of additional control cohorts (e.g.,
NTRS andHC) is necessary. Future studies should be acquired with
standardized MRI protocols to facilitate multi-site studies in order
to reach larger sample sizes and to improve the reproducibility
of the results. Replicability could be further improved with
data sharing. The reliability of the rs-fMRI findings could be
improved by acquisitions of multiband or multiecho sequences
together with fieldmaps. In addition, multimodal MRI studies
which consist of structural, diffusion tensor imaging, fMRI, and
MR spectroscopy sequences may provide more accurate measures
than one modality alone. An interesting future research direction
would be to study differences in the effective and dynamic
functional connectivity (Ramirez-Mahaluf et al., 2022). In fact,
none of the studies reviewed applied these connectivity methods
in TRS. In addition, studies which combine MRI information
with other clinical and biological parameters could provide
important information on the pathophysiology of SCZ and
particularly TRS.
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