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ARTICLE INFO ABSTRACT

Keywords: Recent evidence highlights the role of the cerebellum-cerebral loop in the pathophysiology of schizophrenia (SZ).

Schizophrenia Electroconvulsive therapy (ECT) is clinically applied to augment the effect of antipsychotic drugs. The study aims

IéCTb 1 to address whether the cerebellum-cerebral loop is involved in the mechanisms of ECT’s augmentation effect.
erepellum

Forty-two SZ patients and 23 healthy controls (HC) were recruited and scanned using resting-state functional
MRI (rs-fMRI). Twenty-one patients received modified ECT plus antipsychotics (MSZ group), and 21 patients
took antipsychotics only (DSZ group). All patients were re-scanned four weeks later. Brain functional network
was constructed according to the graph theory. The sub-network exhibited longitudinal changes after ECT or
medications were constructed. For the MSZ group, a sub-network involving default-mode network and cere-
bellum showed significant longitudinal changes. For the DSZ group, a different sub-network involving the
thalamus, frontal and occipital cortex was found to be altered in the follow-up scan. In addition, the changing FC
of the left cerebellar crus2 region was correlated with the changing scores of the psychotic symptoms only in the
MSZ group but not in the DSZ group. In conclusion, the cerebral-cerebellum loop is possibly involved in the
antipsychotic mechanisms of ECT for schizophrenia.

Large scale network

1. Introduction

Nearly 30% of schizophrenia (SZ) patients, who constitute a signif-
icant proportion of chronic schizophrenia, do not respond well to anti-
psychotics, especially those who exhibited sustained positive symptoms
(Meltzer, 1997). Recent evidence shows that SZ with negative symptoms
and cognitive deficits also responds poorly to antipsychotics (Elkis,
2007, Howes et al., 2017). In clinical practice, electroconvulsive therapy
(ECT) has been applied to augment antipsychotic effects, especially for
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treatment-resistant SZ (Tharyan and Adams, 2005, Lally et al., 2016).
However, the underpinning mechanisms of antipsychotic effects of ECT
remain largely unknown. Although the mechanisms have been explored
in several domains, including dopamine serotonin neurotransmitter
activity, neurotrophic effects, immune system modulation, and func-
tional disconnections (Jiang et al., 2017), no consensus has been
achieved.

Recently, the role of the cerebellum in the pathophysiology of SZ has
attracted attentions from researchers. The cerebellum is highly
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developed in humans and proved to be involved in several essential
higher-order processes. Recent studies show that the cerebellum is
involved in the process of emotion (Flace et al., 2018), cognition
(Sokolov et al., 2017, Wang et al., 2019, Castellazzi et al., 2018), or even
social behaviors (Carta et al., 2019), and suggest the cerebellum as one
key candidate for the prevalence of psychiatry disease (Villanueva,
2012, Andreasen and Pierson, 2008, Hirjak et al., 2015, Sathyanesan
et al., 2019, Chen et al., 2019). Evidence shows that the
cerebellum-cortical neural loop might be involved in the mechanism of
both negative and positive symptoms of schizophrenia. For example,
decreased functional activity in the cerebellum in SZ is observed during
the emotional task (Surguladze et al., 2011). Negative symptoms
significantly correlated with functional connectivity (FC) between the
cerebellum and prefrontal cortex, and the abnormality could be restored
by transcranial magnetic stimulation (TMS) targeting the cerebellum
midline (Brady et al., 2019). The FC between right-hemispheric VI in the
cerebellum and right fusiform cortex was decreased in SZ and correlated
with positive symptoms (Zhuo et al., 2018). The involvement of the
cerebellum in the mechanism of SZ is further supported by one recent
research, which indicated that impaired FC of cerebellum with cerebrum
could be restored by antipsychotics (Guo et al., 2018), providing one
potential mechanism of antipsychotics’ SZ. In the present study, we
proposed that the cerebellum played a crucial role in the antipsychotic
mechanisms of ECT.

Evidence shows that ECT relieves psychotic symptoms. The negative
symptom has long been considered drug-resistant yet can be signifi-
cantly reduced by ECT (Pawelczyk et al., 2014). ECT is also reported to
improve both positive and negative symptoms, as reported by one
naturalistic observational study (Usta Saglam et al., 2020). Considering
cognition impairment, ECT is mainly applied in treatment-resistant SZ as
an augmentation on antipsychotics, which limits the number of re-
searches focusing on the efficacy mechanism of ECT on SZ. However,
one recent research shed light on the awkward situation. Thomann and
colleagues conducted a longitudinal study focusing on the different
mechanisms regarding the efficacy effects of ECT on SZ and major
depression disorder (MDD). They found that there is a transdiagnostic
effect of ECT on FC regardless of diagnosis (Thomann et al., 2017). The
seizure induced by ECT is thought to alter functions of the whole brain,
including the cerebellum. Previous research indicated that the regional
blood flow in the cerebellum was increased following ECT, suggesting
ECT might alter the functional state of the cerebellum (Takano et al.,
2011). One ECT research revealed that cerebellum-cerebral FC alter-
nations might be contributed to the mechanism of ECT efficacy on MDD
(Wei et al., 2020). Given the evidence mentioned above,
cerebellum-cerebrum FC may also be involved in the mechanism of ECT
efficacy on SZ.

The current study investigated the mechanism of ECT’s efficacy on
SZ via resting-state MRI. We hypothesized ECT would improve positive
symptoms and negative symptoms by mainly acting on FC between the
cerebellum and cerebrum. More specifically, some features of the
cerebellum-cortical neural loop might change in response to ECT.

2. Methods
2.1. Participants

Forty-two acute SZ patients were allocated into two groups under the
psychiatrists’ strategy. Twenty-one patients received a 4-week course of
modified ECT treatment plus antipsychotics (MSZ group). Meanwhile,
the other 21 patients only received antipsychotic drugs for 4-weeks (DSZ
group).

SZ patients were recruited from the inpatient department of
Shanghai Mental Health centre (SMHC). Senior psychiatrists made these
patients’ diagnoses with SCID-I/P (Structural Clinical Interview for
DSM-IV-TR, Patient edition). All patients were not treated with ECT
within the previous six months. The symptoms’ severity was assessed
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with the Positive and Negative Syndrome Scale (PANSS). The baseline
clinical assessments were conducted within two days after the patients
signed the consent forms. For the MSZ group, their clinical assessment
must be finished before the first session of ECT. The baseline PANSS total
score of included subjects had to be higher than sixty. The antipsychotic
dosage was measured by chlorpromazine equivalents (mg/d) according
to the conversion protocol as proposed by Andreasen and his colleagues
(Andreasen et al., 2010). For the MSZ group, we did the follow-up
clinical assessment two days after the final session of ECT. For the
DSZ group, their follow-up clinical assessment would be conducted four
weeks after their initial assessment. Exclusion criteria were brain in-
juries; history of neurological illness; severe physical diseases; dementia;
substance abuse or dependence within six months; contraindications to
MRI. The dosages of antipsychotic drugs were constant during the whole
study phase.

Twenty-three healthy controls were recruited in parallel, with age
and sex-matched with the patients’ group. Exclusion criteria included a
history of current or past diagnosis of mental disorders; positive family
history of psychosis; brain injuries; history of neurological illness; severe
physical illnesses; dementia; substance abuse or dependence within six
months; contraindications to MRI. The study protocol was approved by
Ethnic Committee in Shanghai Mental Health Center. Written informed
consent for participation was obtained from each subject and their
family. All study procedures were under the Declaration of Helsinki,
version 1989.

2.2. Modified electroconvulsive therapy

Patients in the MSZ group would finish clinical assessment before
ECT therapy. Acute ECT protocol was administered to all the patients in
the MSZ group, while no patients received maintenance ECT protocol.
ECT was administered every other day during workdays. ECT was
administrated by bilateral electrical stimulation with a Thymatron
System IV (Somatics, Lake Bluff, IL, USA). Anesthesia was induced by
intravenous etomidate (0.21-0.3 mg/kg) in combination with propofol
(1.82-2.44 mg/kg) to keep patients from discomforts related to
convulsion. Intravenous succinylcholine (1 mg/kg) was used to reduce
the risk of bone fracture. Intravenous atropine (0.5 mg) was applied to
inhibit airway secretion. The dosage of antipsychotics in the MSZ group
wasn’t altered until the termination of ECT therapy. Bitemporal stimulus
is widely used in clinical practice and has the advantage of fast clinical
remission, although at the cost of short-term memory impairments (C.H.
Kellner et al., 2010, C.H. Kellner et al., 2010). Stimulus electrodes were
placed on the bitemporal scalp to induce convulsion, monitored by
electroencephalogram, with ECT parameters: maximum charge deliv-
ered, 504mC; output current, 0.9 A; frequency, 10-70 Hz; pulse width,
1.0 ms; maximum stimulus duration, 8 s. The duration of the current
induced seizure, as recorded by electroencephalogram, lasted between
25 s and 60 s. Thymatron System IV can offer stimulus train up to 8 s at
maximum, available for more pulses, and reduce cognitive side effects
(Peterchev et al., 2010). Patients in our study received at least eight
times of ECT therapy (1 MSZ, 8 times; 3 MSZs, 10 times; 1 MSZ, 11 times;
16 MSZs, 12 times). The number of ECT sessions was determined by a
senior psychiatrist mainly according to the patients’ efficacy and toler-
ance. If subjects had a good response to ECT even with fewer than eight
sessions, at least 8 ECT sessions would be prescribed. On the condition of
unsatisfied efficacy, the number of ECT sessions could be increased to
12.

2.3. MRI data acquisition

All subjects’ MRI data were obtained using a 3.0 T Siemens Magne-
tom Verio syngo MR B17 scanner. Patients in the MSZ group would be
scanned once, 24 h before the first ECT session, and scanned again
24-48 h after the last session of ECT. Patients in the DSZ group would be
scanned in parallel for two-time points of the MSZ group. Healthy
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controls were scanned once in our study. Subjects were instructed to
keep their eyes closed, not focus on anything particularly, and try not to
fall asleep.

Resting-state functional MRI data were obtained using a gradient
echo planar imaging (EPI) sequence. Thirty slices were acquired with
repetition time= 2000 ms; echo time = 30 ms; flip angle = 90°; field of
view = 220 mm x 220 mm; matrix = 64 x 64; slice thickness = 4 mm;
voxel size=3.4 x 3.4 x 3.4 mm, creating 180 volumes, with a total
scanning time of 366 s. T1l-weighted images were obtained using a
magnetization-prepared rapid acquisition gradient echo (MPRAGE)
sequence. Two hundred and twenty-four slices were acquired with
TR=2530 ms, TE=2.56 ms, flip angle = 7°, inversion time = 1100 ms,
FOV = 256 mm x 256 mm, matrix = 256 x 256, slice thickness = 1 mm,
voxel size = 1.0 x 1.0 x 1.0 mm.

2.4. fMRI data preprocessing

Functional data preprocessing was similar to our prior studies (Jiang
et al., 2019, Huang et al., 2018), including removal of the first ten TRs,
slice-timing, realignment, normalization, linear detrending, nuisance
signals regression, filtering (0.01-0.1 Hz), and smoothing (full width at
half maximum=6 mm). All subjects weren’t excluded based on head
motion measured with the MRI scans’ framewise displacement (FD).

2.5. fMRI network construction and graph analysis

We used GRaph thEoreTical Network Analysis (GRETNA, htt
p://www.nitrc.org/projects/gretna/) to construct and analyze the
brain fMRI network (Wang et al., 2015). GRETNA is used for brain
connectomics analysis. The GRETNA is an open-source, Matlab-based,
cross-platform (Windows and UNIX OS) package with a graphical user
interface (GUI). It allows topological analyses of global and local
network properties. The GRETNA has been used for brain network
analysis in many brain disorders such as SZ, depression, and autism
(Guo et al., 2019, Jiang et al., 2020). Firstly, the Automated Anatomic
Labeling atlas (AAL) was employed to parcellate the brain into 116 re-
gions of interest (ROIs) (90 in cerebrum and 26 in cerebellum), which
was introduced in 2002 (Tzourio-Mazoyer et al., 2002). The AAL ROIs
were defined as the nodes for the fMRI network. Subsequently, the
averaged time series of all voxels in each ROI were computed; the
Pearson’s correlational coefficients between the mean time series of all
pairs of ROIs were used to measure the functional connectivity (FC)
among regions. The FC was used to define the edges of the fMRI
network. This yielded a 116 x 116 FC matrix for each subject. Finally,
each FC matrix was further transformed into an undirected binarized
matrix using a sparsity threshold. According to previous research (Yu
et al., 2017), we chose a wide range of sparsity (8% to 50% with an
interval of 0.01) to threshold the FC matrix. This thresholding yielded a
set of 116 x 116 binarized matrices for each subject.

To characterize the topological properties of brain networks, we
calculated the network measures including global efficiency (Egiob),
local efficiency (Ejoc), clustering coefficient (C,), and small-worldness
metric (o) for the brain network at each sparsity threshold. In terms of
graph theory, the Egop of a network represents the ability of parallel
information transmission over the network. The Ej,. measures the
averaged local efficiencies of all the network nodes and indicates the
communication speed among the interconnected groups of network
nodes. The C;, is defined as the mean clustering coefficients of all the
nodes in the network and reveals the degree to which nodes in a network
tend to cluster together. The small-worldness ¢ indicated an optimal
balance between high local specialization and high global integration of
the brain. Subsequently, we calculated the z-score of topological prop-
erties of a network by subtracting the average of each topological
property across random networks and dividing it by the standard devi-
ation of random networks. Furthermore, the area under the curve (AUC)
for each network metric was calculated to yield a summarized scalar for
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the topological characterization of brain networks independent of a
single threshold selection (Yu et al.,, 2017, Adhikari et al., 2015).
Accumulated evidence has indicated that the AUC is sensitive to
detecting network topological alterations in many brain disorders (Yu
et al., 2017, Zhang et al., 2011, He et al., 2009).

2.6. Statistical analysis

2.6.1. Comparisons among baseline sz SZ and HC

To investigate the differences of topological organization in the fMRI
network between baseline SZ and HC, we combined the MSZ;; group and
DSZ; group into a baseline SZ group. Non-parametric permutation tests
were utilized to compare the AUC of each network metric (Egiob, Eloc, Cp,
and o) between baseline SZ and HC (Adhikari et al., 2015). In brief, we
first calculated the between-group difference for each network metric.
Then, we randomly assigned the group labels across all subjects and
re-calculated the difference between the two randomized groups. This
randomization procedure was repeated 100,000 times. The statistical
significance was assessed by the 95th percentiles of each null hypothesis
distribution, corresponding to a type I error probability of 0.05 for a
two-tailed test.

2.6.2. Longitudinal comparisons between pre-treatment and post-treatment

As the sample size was small and the network metrics were not
normally distributed, the non-parametric Wilcoxon Signed-rank test was
employed to compare the longitudinal changes (t; vs. t1) in each patient
group.

2.7. Key sub-network analysis

To further localize the specific brain sub-network in which functional
connectivity was altered in response to ECT, we applied the network-
based statistics method on the brain regions exhibiting longitudinal
changes after treatments (Adhikari et al., 2015). Briefly, three-node
centrality metrics, including the nodal degree, efficiency, and
betweenness centrality, were calculated for each subject’s fMRI
network. Then, the non-parametric Wilcoxon Signed-rank test was
employed on each node centrality metric to determine significant lon-
gitudinal alterations following ECT. Subsequently, the nodes that
exhibited significant longitudinal changes in at least one of the nodal
centralities were extracted to generate a subset of connection matrices
based on these altered nodes. Finally, based on the above connection
matrices, the network-based statistics approach was utilized to define
one or more sub-networks, which included any connected components
exhibiting longitudinal changes after ECT (10,000 permutations,
threshold = 2.1, corrected P<0.05) (Zalesky et al., 2010). This strategy
has been widely used for the detection of abnormal sub-network in brain
disorders (Adhikari et al., 2015). Besides, the sub-network analysis was
also performed in the DSZ group.

2.8. Associations between key sub-network and symptoms improvements

To investigate the relationship between changes of fMRI network
and symptoms improvements, we measured the longitudinal changes
(A\=ty—t;) for each FC within key sub-network in the MSZ group. The
Spearman rank correlation analysis assessed the associations between
/\FC and reductive ratio of PANSS subscales scores in MSZ. A permu-
tation test procedure was used to control the family-wise error rate
(FWE) for multiple comparisons (Groppe et al., 2011).

3. Results
3.1. Demographic and clinical information

Table 1 provides detailed demographic and clinical information for
all subjects. There were no significant differences in age, gender, and
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Table 1
Demographic data.

MSZ (n=21) DSZ (n=21) HC Statistics
(n=23)

Age (years) 29.2+7.1 30.7+£6.9 31.2+£5.9 F=0.494,P

=0.613"

Sex(F/M) 11/10 12/9 12/11 Xz =0.136,

P=0.934"

Education(years) 12.3+3.4 12.6+2.9 13.5+2.5 F=0.976,P

= 0.382°

Number of previous 3.1+1.1 2.5+1.1 t=1.81, P=
failed trials of 0.077¢
antipsychotics

Chlorpromazine 604.6+565.6 532.6+461.2 t=0.452, P
equivalents (mg/ =0.653 ¢
d)

Subjects on over 2 18/3 9/12 X2 =8.400,
antipsychotics (Y/ P = 0.004™*
N)

Illness duration 79.8+54.4 78.7+80.9 t=0.049,
(months) P=0.961°¢

Duration of 19.8+32.1 15.7+34.4 t=0.403,
untreated P=0.689°
psychosis
(months)

Long illness 18/3 13/8 %2=3.079,
duration (over P=0.079"
two years) (Y/N)

Age of first onset 28.2+7.9 28.7+7.8 t=-0.643,

P=0.524°

Baseline PANSS
score

Total 71.6+8.4 70.8+9.7 t=0.425,P

=0.673

Positive 20.7+2.6 19.1+3.5 t=1.651, P

=0.107¢

Negative 19.3+7.4 17.4+5.1 t=0.967, P

=0.339¢

General 32.0+3.8 34.2+5.7 t =-1.509,

P =0.139°

Week-4 PANSS score

Total 49.74+9.6 50.5+12.6 t =-—0.234,

P = 0.816°
Positive 10.9+3.0 12.04+4.7 t =—0.897,
P =0.375°
Negative 14.6+6.1 14.04+5.3 t=0.297, P
= 0.768"
General 24.3+3.33 24.5+5.4 t=-0.138,
P =0.891

Abbreviation: MSZ, schizophrenia patients allocated to ECT group; DSZ,
Schizophrenia patients allocated to drug group; HC, healthy control group;
PANSS, positive and negative syndrome scale. Note: Number of antipsychotics
with no response, failed trials of antipsychotics in patients’ previous history.

" P <0.05.

@ Analysis of variance.

b Chi-square test

¢, two-sample t-test.

education level among groups (MSZ, DSZ, and HC). The two patient
groups showed no differences in terms of the illness duration, duration
of current episode, duration of untreated psychosis, age of first onset,
antipsychotic dosage represented by chlorpromazine equivalent doses,
and the number of failed trials of antipsychotics. The drug information
and chlorpromazine equivalents are shown in table 2. There were 2
MSZs and 4 DSZs prescribed with clozapine. The number of SCZ pre-
scribed with clozapine was not significantly different between DSZ and
MSZ groups (X2:0.194, P=0.659). Twelve DSZs and three MSZs were on
single antipsychotics, while nine DSZs and eighteen MSZs were on over
two kinds of antipsychotics. The number of patients on single antipsy-
chotic showed statistical significance between DSZ and MSZ group
(X2:8.400, P=0.004). The proportion of patients with a long duration of
illness (over two years) in the MSZ group was marginally higher than the
proportion in the DSZ group (¥2=3.079, P=0.079).
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3.2. Global topological organization of fMRI network

The fMRI network analysis showed that: (1) at baseline, the patients
with SZ showed higher Egop (P=0.0121, FWE corrected) and trends
toward lower Ej,. (P=0.0669, FWE corrected) compared with the HC;
(2) after the ECT treatment, the MSZ> group exhibited reduced Eglop
(P=0.0325, FWE corrected) and increased Ej,. (P=0.0355, FWE cor-
rected) of the fMRI network than the MSZy group; (3) there was no
significant change of Egjop or Ejoc between the DSZy and DSZi» groups
(all Ps>0.05) (Fig. 1).

3.3. Key fMRI sub-network with altered FC following ECT

Baseline comparisons showed ten brain regions exhibited signifi-
cance in at least one nodal metric between SZ and HC (Table 3). These
regions were mainly located in the occipital lobe, temporal lobe, and
cerebellum (Fig. 2A). Using network-based statistics, we identified a
sub-network with five nodes and three connections that were signifi-
cantly altered in the SZ group (P<0.05, FWE corrected) (Fig. 2B). Spe-
cifically, the 3 FCs within the sub-network were reduced in the SZ group,
compared with the HC group.

After ECT, significantly longitudinal changes were observed in 22
brain regions, mainly located in the frontal lobe and cerebellum (Fig. 2C,
Table 4). Further network-based statistics analysis showed a connected
sub-network with 17 nodes and 40 connections that were significantly
altered following ECT (P<0.05, FWE corrected) (Fig. 2D). The ECT key
sub-network nodes included several default-mode network (DMN) re-
gions and cerebellar regions. The key sub-network connectivity was
primarily involved in the connections that link the DMN and the cere-
bellum. Within this sub-network, the connections exhibited significantly
increased values in the patients following ECT.

As for the DSZ group, we identified 18 brain regions that exhibited
significant longitudinal changes (Table 5). These regions were mainly
located in the frontal lobe, occipital lobe, and cerebellum (Fig. 2E). The
network-based statistics analysis showed a connected sub-network with
13 nodes and 13 connections that were significantly altered following
antipsychotic treatment in the DSZ group (P<0.05, FWE corrected)
(Fig. 2F). The key sub-network nodes included cerebral cortical regions,
thalamus, and cerebellar regions. The key sub-network connectivity was
primarily involved in the connections that link the thalamus and the
cerebral cortices. Within this sub-network, the connections exhibited
significantly increased values in the patients following antipsychotic
treatment.

3.4. Associations between key sub-network FC and symptoms
improvements

The ECT-induced /\FC between the left middle temporal gyrus and
left cerebellar crus2 region showed significant correlations with the
reductive ratio of the PANSS total scores (R=0.438, P=0.047, uncor-
rected, Fig. 3A) and the reductive ratio of the PANSS general psycho-
pathology subscales (R=0.580, P=0.006, FWE corrected, Fig. 3B) in the
MSZ group. In addition, the /AAFC between the left inferior temporal
gyrus and left cerebellar crus2 region exhibited a significant correlation
with the reductive ratio of the PANSS general psychopathology sub-
scales (R=0.610, P=0.003, FWE corrected, Fig. 3C) in the MSZ group.
The /\FC between right angular and left cerebellar 45 regions were
significantly correlated with the reductive ratio of the PANSS general
psychopathology subscales (R=0.467, P=0.033, uncorrected, Fig. 3D) in
the MSZ group. There were no such correlations in the DSZ group.

4. Discussion
Our present study was the first to investigate the changes of the

cerebellum-cerebrum circuit in response to ECT in patients with SZ. Our
study has several significant findings: (1) SZ group exhibited abnormal
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Table 2
Antipsychotics prescribed to SZ patients.
DSZ MSZ
Drug Subject Average chlorpromazine Drug Subject Average chlorpromazine
number equivalents number equivalents
Olanzapine 1 845.5 Risperidone Olanzapine 3 425
Amisulpride
Paliperidone ER
Olanzapine 1 250 Quetiapine 1 250
Risperidone Paliperidone ER
Ziprasidone 1 366.7 Amisulpride Aripiprazole Clozapine 1 2256.8
Olanzapine
Clozapine 2 475 Clozapine Aripiprazole 1 316.7
Risperidone
Olanzapine 1 325 Paliperidone ER Haloperidol 1 800
Paliperidone ER Quetiapine
Penfluridol 1 1266.7 Risperidone Quetiapine 1 283.3
Quetiapine
Paliperidone ER 1 108.3 Risperidone Paliperidone ER 1 162.5
Aripiprazole
Amisulpride 1 1024.2 Paliperidone ER Clozapine Amisulpride 1 891
Aripiprazole
Risperidone 6 195.8 Olanzapine Haloperidol 1 650
Amisulpride 2 1436.3 Olanzapine Perphenazine 1 480
Olanzapine 1 400 Chlorpromazine Paliperidone ER 1 325
Aripiprazole 1 200 Ziprasidone Olanzapine 1 283.4
Ziprasidone 1 200 Ziprasidone Quetiapine Amisulpride 1 1682.3
Quetiapine 1 1200 Olanzapine Ziprasidone Clozapine 1 616.7
Olanzapine Amisulpride Risperidone 1 1549
Risperidone 2 175
Olanzapine Paliperidone ER 1 337.5
Paliperidone ER 1 187.5

Abbreviation: SZ, schizophrenia; DSZ, schizophrenia patients allocated to drug group; MSZ, schizophrenia patients allocated to ECT group; ER, extended-release.
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global efficiency and local efficiency, which could be improved by ECT.
(2) Cerebellum was involved in the mechanism of the efficacy effect of
both antipsychotic and ECT. (3) ECT-induced changes of FC correlated
with clinical improvements.

For the baseline fMRI network analysis, our research revealed higher
global efficiency and lower local efficiency in SZ patients, which was in
line with previous studies (Alexander-Bloch et al., 2010, Lynall et al.,
2010, Micheloyannis, 2012). We believe that these abnormalities

indicate the efficient information processing may be at the cost of
lowering the local fault tolerance, which might account for the gener-
ation of delusion in SZ, as proposed by the hypothesis of jumping to the
conclusion (Moritz and Woodward, 2005). Some fMRI researches also
reported the opposite results, which showed lower global efficiency or
increased local efficiency in schizophrenia (Ganella et al., 2017, Sun
et al., 2019, Su et al., 2015). The conflicting results may come from
differences in methodology, race, or illness state. For the methodology
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Table 3
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Brain regions exhibited significant between-group differences in at least one nodal metric in patients with schizophrenia versus healthy controls.

Regions AAL Labels Abbreviation Permutation test p-values

Efficiency Betweenness Degree
Right middle frontal cortex Frontal Mid_R MFG.R 0.028* 0.029* 0.015*
Right inferior occipital cortex** Occipital_Inf R IOG.R 0.011* 0.019* 0.028*
Right fusiform Fusiform R FFG.R 0.025* 0.091 0.061
Right paracentral lobule Paracentral Lobule R PCL.R 0.030* 0.022* 0.372
Left caudate** Caudate_L CAU.L 0.100 0.015* 0.146
Right thalamus Thalamus_R THA.R 0.047* 0.081 0.040*
Right middle temporal gyrus** Temporal Mid R MTG.R 0.116 0.021* 0.160
Right inferior temporal gyrus Temporal_Inf R ITG.R 0.002* 0.021* 0.004*
Left cerebellum 10** Cerebelum_10_L CRBL10.L 0.013* 0.757 0.041*
Cerebellum vermis 9** Vermis_9 Vermis9 0.047* 0.305 0.056

Note: Nodes that exhibited significant differences in at least one of the nodal centralities (*P<0.05, FWE uncorrected) were extracted. Based on these nodes, a key

subset of connections was obtained by using a network-based statistics approach (**P<0.05, FWE corrected).
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Fig. 2. Results of key sub-network analysis. The differences of node (A) and edge (B) of fMRI network between the baseline SZ group and HC group. The longitudinal
changes of node (C) and edge (D) of fMRI network in the SZ patients following ECT. The longitudinal changes of node (E) and edge (F) of fMRI network in the SZ
patients following antipsychotic treatment. SZ, Schizophrenia; HC, Healthy control; ECT, Modified Electroconvulsive therapy.

difference, Ganella’s research used FMRIB Software Library to do the
basic data preprocessing and applied different parameters from ours,
which might contribute to the different results (Ganella et al., 2017).
Different human races may have different brain structures in terms of
brain size (Sivaswamy et al., 2019), shape, or volume (Tang et al., 2010,
Jao et al., 2009). Jao’s study also revealed that activation regions in
response to specific tasks in the Chinese population differed from the
activated regions in Caucasians (Jao et al., 2009). Different illness states
of SZ imposed different impacts on the brain structures. Dietsche’s study
showed different extents of gray matter loss in preclinical subjects,
first-episode SZ, and chronic SZ (Dietsche et al., 2017). Recent evidence
proved that locations of aberrant FC are different for different illness
states of SZ. For example, Li’s study revealed abnormal FC in
first-episode SZ was primarily detected in the frontal cortex. At the same
time, aberrant FC in chronic SZ was primarily located in more diffused
regions (Li et al., 2017).

In this study, the MSZ group showed reduced global efficiency after
ECT. The DSZ group showed no changes after the antipsychotic treat-
ments. However, the MSZ and DSZ groups do not differ in the PANSS
total score and subscale score. We proposed that the changes of global
efficiency in the MSZ group might be one potential mechanism of ECT
effects, which was distinct from antipsychotics. In addition, there may
be several reasons that can explain the insignificant result of the clinical

outcome. In clinical practice, ECT is expected to associate with rapid and
significant relieving of clinical symptoms, which can be reflected by a
significant reduction of PANSS score. In our study, the clinical efficacy
was reflected by the baseline and 4-week PANSS assessment. However,
we only conducted the PANSS assessment at baseline and 4-week follow-
up interview, in which we didn’t know how symptoms changed between
baseline and four weeks. It’s feasible that the PANSS score may be
reduced at a faster rate on week one or week two in the MSZ group.
Unfortunately, we didn’t have clinical data between baseline and four
weeks. In addition, there may be long-term clinical efficacy of ECT,
which can’t be known in the present study. Meanwhile, the present
study allocated the subjects to the MSZ or DSZ group based on patients’
intentions and psychiatrists’ advice in accordance with the regulation of
IRB. Treatment-resistant patients are more willing to receive ECT
treatment. The proportion of patients with a long duration of illness
(over two years) in the MSZ group is marginally higher than the pro-
portion in the DSZ group. Previous studies showed that a longer duration
of illness predicted poorer treatment response in SZ patients (Altamura
et al., 2015), which explained the equivalent treatment response be-
tween MSZ and DSZ groups since the MSZ group may be more
treatment-resistant. Moreover, the number of previous failed antipsy-
chotic trials in the MSZ group is marginally more than that in the DSZ
group. In our present study, more patients from MSZ group (18 in 21)



H. Hu et al.

Table 4

Brain regions that exhibited significant changes between pre-ECT and post-ECT in nodal efficiency, nodal betweenness and nodal degreex.

Psychiatry Research: Neuroimaging 320 (2022) 111441

Regions AAL Labels Abbreviation Permutation test p-values

Efficiency Betweenness Degree
Right precentral gyrus Precentral R PreCG.R 0.035* 0.566 0.063
Right superior orbitofrontal cortex** Frontal Sup_Orb_R ORBsup.R 0.520 0.048* 0.247
Left middle orbitofrontal cortex** Frontal_Mid_Orb_L ORBmid.L 0.054 0.768 0.011*
Right middle orbitofrontal cortex** Frontal_Mid_Orb_R ORBmid.R 0.092 0.433 0.042*
Left medial orbitofrontal cortex** Frontal_ Med_Orb_L ORBsupmed.L 0.073 0.063 0.025*
Right medial orbitofrontal cortex** Frontal Med_Orb_R ORBsupmed.R 0.092 0.715 0.025*
Right insula Insula R INS.R 0.016* 0.357 0.021*
Left posterior cingulum** Cingulum_Post_L PCG.L 0.025* 0.030* 0.017*
Right posterior cingulum** Cingulum_Post R PCG.R 0.019* 0.831 0.008*
Left cunues Cuneus_L CUN.L 0.715 0.049* 0.476
Right inferior occipital gyrus Occipital Inf R I0G.R 0.543 0.021* 0.590
Left angular gyrus** Angular L ANG.L 0.035* 0.575 0.016*
Right angular gyrus** Angular R ANG.R 0.013* 0.011* 0.008*
Left caudate Caudate_L CAU.L 0.394 0.040* 0.131
Left middle temporal gyrus** Temporal Mid_L MTG.L 0.590 0.042* 0.414
Left inferior temporal gyrus** Temporal Inf L ITG.L 0.049* 0.030* 0.023*
Left cerebellum crus 2** Cerebelum_Crus2_L CRBLCrus2.L 0.079 0.022* 0.042*
Left cerebellum 4 and 5** Cerebelum_4. 5 L CRBL45.L 0.768 0.049* 0.639
Left cerebellum 7b** Cerebelum_7b_L CRBL7b.L 0.073 0.099 0.035*
Left cerebellum 9** Cerebelum_9_L CRBL9.L 0.013* 0.017* 0.013*
Right cerebellum 9** Cerebelum_9 R CRBL9.R 0.073 0.433 0.049*
Left cerebellum 10** Cerebelum_10_L CRBL10.L 0.033* 0.073 0.133

Note: Nodes that exhibited significant differences in at least one of the nodal centralities (* P<0.05, FWE uncorrected) were extracted. Based on these nodes, a key
subset of connections was obtained by using a network-based statistics approach (**P<0.05, FWE corrected).

Table 5

Brain regions that exhibited significant changes between pre-antipsychotics and post-antipsychotics in nodal efficiency, nodal betweenness, and nodal degree.

Regions AAL Labels Abbreviation Permutation test p-values

Efficiency Betweenness Degree
Left middle orbitofrontal cortex** Frontal_ Mid_Orb_L ORBmid.L 0.010* 0.170 0.006*
Right middle orbitofrontal cortex Frontal_ Mid_Orb_R ORBmid.R 0.039* 0.998 0.023*
Left supplemental motor area** Supp_Motor_Area L SMA.L 0.375 0.011* 0.394
Right supplemental motor are** Supp_Motor_Area R SMA.R 0.357 0.044* 0.664
Left parahippocampal gyrus ParaHippocampal L PHG.L 0.149 0.004* 0.131
Left calcarine Calcarine_L CAL.L 0.794 0.006* 0.958
Right calcarine** Calcarine R CAL.R 0.566 0.021* 0.614
Left lingual gyrus** Lingual L LING.L 0.455 0.025* 0.566
Right lingual gyrus** Lingual R LING.R 0.181 0.030* 0.305
Left middle occipital gyrus** Occipital Mid_L MOG.L 0.027* <0.001* 0.042*
Left superior parietal lobe** Parietal Sup_L SPG.L 0.114 0.030* 0.140
Right thalamus** Thalamus_R THA.R 0.289 0.028* 0.305
Right middle temporal pole** Temporal Pole Mid R TPOmid.R 0.289 0.033* 0.205
Left cerebellum 10 Cerebelum_10_L CRBL10.L 0.085 0.099 0.023*
Cerebellum vermis 1 and 2** Vermis_1_2 Vermis12 0.106 0.184 0.040*
Cerebellum vermis 3** Vermis_3 Vermis3 0.001* 0.062 0.002*
Cerebellum vermis 9 Vermis_9 Vermis9 0.063 0.370 0.019*
Cerebellum vermis 10 Vermis_10 Vermis10 0.033* 0.389 0.031*

Note: Nodes that exhibited significant differences in at least one of the nodal centralities (* P<0.05, uncorrected) were extracted. Based on these nodes, a key subset of
connections was obtained by using a network-based statistics approach (**P<0.05, FWE corrected).

were on over two kinds of antipsychotics, compared to the DSZ group (9
in 21). The evidence above gives hints that the MSZ group may be more
treatment-resistant. In summary, compared to the DSZ group, the MSZ
group had longer DUP, more failed trials of antipsychotics. They were
also prescribed with more kinds of antipsychotics, all of which evidence
suggested MSZs might be more treatment-resistant.

Recently, the cerebellum has been considered to play an essential
role in the pathology of various kinds of mental illnesses. Accordingly,
our study showed that the FC between the cerebellum and cerebrum was
impaired in the SZ group at baseline. In line with our result, Brady and
his colleagues also revealed that negative symptoms might be associated
with the impairment of FC between the frontal cortex and cerebellum
(Brady et al., 2019). The most significant finding of our study is that the
aberrant FC between the cerebellum and cerebrum could be restored by
an entire course of ECT. Specifically, our result showed that ECT could
largely increase the FC between the cerebellum and cerebrum. Further,

the change of FC between cerebellum and cerebrum was significantly
associated with the reduction ratio of PANSS general psychopathology
score but not associated with changes of PANSS positive or negative
score. The PANSS general psychopathology involves items describing
emotion, cognition, and behaviors. While cerebellum is involved in the
process of emotion, cognition, and behaviors, which explains the asso-
ciation between the restoration of FC within the cerebellum-cerebrum
neural loop and the improvement of PANSS general psychopathology.
The increased FC after ECT primarily involved the connections that
link the DMN and the cerebellum, which indicated a weak connection
between DMN and cerebellum before ECT in our sample. Different from
our study, some studies reported increased functional connectivity be-
tween DMN and cerebellum in SZ (Wang et al., 2016, Guo et al., 2015,
Bang et al., 2018). While these studies recruited first-episode psychosis
or ultra-high risk for psychosis. Their cognition functions were not
impaired, and they might exhibit normal cognitive functions with extra
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effort (Frydecka et al., 2016). Subjects in the MSZ group were
treatment-resistant and had a longer disease duration, which would
impose negative influences on the functions of DMN. In line with this
hypothesis, our previous study showed that ECT could enhance the
function of the DMN in SZ (Huang et al., 2018), who had a low DMN
function at baseline (Guo et al., 2017). Furthermore, one prior study
showed the FC connecting the cerebellum with DMN was involved in the
process of attention switching. Impaired attention was implicated in
treatment-resistant SZ (Anderson et al., 2015, Young and Wimmer,
2017).

As for the DSZ group, we found that a key sub-network was altered
after a 4-week treatment with antipsychotics. The sub-network was
primarily the thalamus, cerebellum, and cerebral cortices. Although the
cerebellum was also involved in antipsychotic efficacy on SZ, the nodes
and edges engaged in this process were quite limited compared to the
MSZ group. Since abnormal sensory perception is one critical clinical
feature of schizophrenia, we proposed that the thalamus, relaying sen-
sory information to the cerebrum, might be impaired in schizophrenia.
Several previous studies have confirmed deficits in thalamus structure
and function in SZ (Huang et al., 2015, Hua et al., 2019, Hamoda et al.,
2019). Hua et al. identified decreased FC between subregions of the
thalamus and prefrontal cortex, with the technique of 7T fMRI (Hua
et al., 2019). In the present study, both groups showed altered FC at
follow-up. However, only the MSZ group yielded the association be-
tween FC changes and the reductive ratio of PANSS total and PANSS
general psychopathology. We proposed that antipsychotics might
improve clinical symptoms indirectly through the identified neural

T
-20

/\FC between ANG.R and CRBL45.L
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network in the DSZ group. Some medium mechanisms might exist. At
last, ECT possibly shows its antipsychotic effects by acting on the
cerebrum-cerebellum loop.

5. Limitation

There are several limitations of our study. First, the allocation of SZ
patients to the MSZ or DSZ group is not randomized, which led to some
differences in the clinical background between the two groups, such as
duration of illness. The non-random strategy would inevitably introduce
selection bias, which might impose influences on the results. Under
psychiatrists’ advice, MSZ groups might involve severer or treatment-
resistant patients. Meanwhile, the DSZ group possibly involves more
patients with milder symptoms. In our future study, we may consider
only involving patients willing to receive ECT and conduct a randomized
trial to further investigate ECT neural mechanism. Second, the study
duration is too short to see the long-term effects of ECT on both the
clinical improvement and large-scale cerebral network. In our future
study, we will try to reduce the confounders and re-schedule the follow-
up plan covering shorter time (week 1, week2, week 3) and longer time
(6 months, year 1, year 2) to investigate the possible clinical outcome in
association to ECT. Third, different kinds or doses of antipsychotics were
prescribed to patients, which definitely would introduce confounding
factors, however as regulated by our protocol, antipsychotic doses were
fixed for each patient during the whole study period, which introduced
less bias to our results. And the chlorpromazine equivalence doses for
MSZ and DSZ group wasn’t significantly different, which would make
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our results more reliable. Furthermore, we will recruit an additional
depression group to explore whether the antipsychotic effect of ECT is
distinct from its anti-depression effect. Fifth, the second MRI was scan-
ned 24-48 h after the last ECT. The scanning interval may be too short,
considering that neuropsychological deficits last almost 72 hours (Calev
et al., 1995) and the water content of the brain might still be increased
by then (Mander et al., 1987). We will increase the scan interval in our
future research. In addition, we didn’t collect cognition data before and
after ECT. The ECT-induced cognition impairment may interfere with
the clinical assessment at follow-up. Finally, our research was observa-
tional, and results should be interpreted cautiously.

6. Conclusion

Schizophrenia is an illness of the whole brain, including the cere-
bellum. The cerebral-cerebellum loop is possibly involved in the anti-
psychotic mechanisms of ECT.
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