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Objective  Electroconvulsive therapy (ECT) has been the most potent treatment option for treatment-resistant schizophrenia (TRS).
However, the underlying neural mechanisms of ECT in schizophrenia remain largely unclear. This paper examines studies that investi-
gated structural and functional changes after ECT in patients with schizophrenia.

Methods We carried out a systematic review with following terms: ‘ECT;, ‘schizophrenia, and the terms of various neuroimaging mo-
dalities.

Results Among the 325 records available from the initial search in May 2020, 17 studies were included. Cerebral blood flow in the fron-
tal, temporal, and striatal structures was shown to be modulated (n=3), although the results were divergent. Magnetic resonance spectros-
copy (MRS) studies suggested that the ratio of N-acetyl-aspartate/creatinine was increased in the left prefrontal cortex (PFC; n=2) and left
thalamus (n=1). The hippocampus and insula (n=6, respectively) were the most common regions of structural/functional modulation,
which also showed symptom associations. Functional connectivity of the default mode network (DMN; n=5), PFC (n=4), and thala-
mostriatal system (n=2) were also commonly modulated.

Conclusion Despite proven effectiveness, there has been a dearth of studies investigating the neurobiological mechanisms underlying
ECT. There is preliminary evidence of structural and functional modulation of the hippocampus and insula, functional changes in the
DMN, PFC, and thalamostriatal system after ECT in patients with schizophrenia. We discuss the rationale and implications of these find-
ings and the potential mechanism of action of ECT. More studies evaluating the mechanisms of ECT are needed, which could provide a

unique window into what leads to treatment response in the otherwise refractory TRS population.  Psychiatry Investig 2021;18(6):486-499
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INTRODUCTION

Schizophrenia affects approximately 1% of global popula-
tion, with more than 21 million patients worldwide." Treat-
ment-resistant schizophrenia (TRS) is defined as the absence
of a response after two different antipsychotics at an adequate
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dosage and duration. Twenty to 50% of patients with schizo-

74 and, not sur-

phrenia are considered treatment-resistant
prisingly, treatment-resistance results in an additional socio-
economic burden that is approximately 3 to 11 times greater
than the burden experienced by patients with schizophrenia
who remain in remission.” The treatment of choice for these
patients is to introduce the medication clozapine,”** but 40%
to 70% of treatment-resistant patients will not respond to clo-
zapine,” leaving 14% to 20% of all patients with schizophrenia
to be treatment refractory without better treatment options.”

Electroconvulsive therapy (ECT) was first introduced to
treat schizophrenia before antipsychotic medication was avail-
able.® After the late 1950s, with the advent of antipsychotic
agents, the use of ECT in schizophrenia declined worldwide,’
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with its primary indication being catatonia, psychotic depres-
sion, suicidality, and drug intolerability." Although its main
pattern of use somewhat differs among countries (according
to a systematic review in 2011, in United States, Europe and
Australia, 8-29% of patients receiving ECT were patients with
schizophrenia, while in Asia and Africa it was 60-83%),”'""
ECT is currently most commonly used for patients with treat-
ment-resistant depression,'’ where its efficacy is robust and
superior compared to the standard combination of antide-
pressants.'*'* TRS is another clinical group in which ECT is
commonly used to augment standard antipsychotic treat-
ment.'”"* A large volume of clinical research literature and
systematic reviews along with an increasing number of treat-
ment guidelines support the addition of ECT to antipsychot-
ic agent regimens,"** including a recent review from the Co-
chrane systematic reviews.”* Considering the prevalence and
rather striking socioeconomic consequences of TRS, clini-
cians have argued that ECT should not be used as the ‘last re-
sort’ and that it should be increasingly applied to patients with
schizophrenia.**®

Despite this context of robust effectiveness, the underlying
mechanism of action of ECT has largely remained elusive.
Historically, the generalized seizure hypothesis, changes in
neurotransmitters and neuroendocrine function hypothesis,
and the neurotrophic hypothesis has been postulated as
working models of ECT.*® Recent studies examining depres-
sive patients have consistently found increased bilateral hip-
pocampal volumes by ECT,”**' providing support for the neu-
rotrophic hypothesis, but correlations between volumetric
changes and clinical improvements were found to be repeat-
edly inconclusive, leaving out the main ‘key’ factor regarding
the long unanswered question of ECT"s clinical effectiveness.
Furthermore, the factors leading to clinical improvement af-
ter ECT in schizophrenia patients are cryptic, with only a small
number of studies and divergent findings. This is indicative of
a largely underrepresented current state of research for a dis-
ease with such great burden and the tantalizing problems of
obstinacy. Identification and delineation of the common and
disease-specific effects of ECT can serve to provide insights
into the currently ‘untreatable’ TRS population, which consti-
tutes a major problem in the modern practice of psychiatry.
Thus, we aimed to systematically review the current status of
research investigating the effects of ECT in schizophrenia pa-
tients using, utilizing etc. various neuroimaging modalities.

METHODS

PubMed, EMBASE, and the Cochrane Reviews were searched
for publications with the following keywords: ‘ECT’, ‘schizo-
phrenia, and the terms of various neuroimaging modalities.
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Studies available based on the search by May 1, 2020, were in-
cluded. We intended to include articles that examined patients
with schizophrenia undergoing ECT sessions and implement-
ed at least one neuroimaging modality according to the Pre-
ferred Reporting Items for Systematic Reviews and Meta-Anal-
yses (PRISMA) Statement. Articles published before the 1990s
were excluded owing to two reasons: 1) to minimize the het-
erogeneity among study methods, and because 2) earlier stud-
ies tended to focus on deleterious side effects of ECT.**** While
ECT can bring about selective cognitive side effects such as
acute delirium or impairments in autobiographic memory; it
is nowadays widely agreed that ECT does not cause other se-
vere long-lasting side effects such as brain damage or demen-
tia.® Detailed descriptions of the methods are provided in the
supplementary methods in the supplementary material.

RESULTS

Study selection and characteristics

During the initial search, 325 articles were found, and after
removing 3 duplicates, 322 articles were screened. A total of
305 records that unmet the inclusion criteria were excluded af-
ter abstract screening (PRISMA flowchart, Figure 1).

A total of 17 studies were selected and considered eligible
for inclusion in the current review. Three of the studies ex-
plored the role of ECT in changes in cerebral blood flow (CBF),
3 studies used magnetic resonance spectroscopy (MRS) to
measure changes in brain metabolites, and 11 studies used
magnetic resonance imaging (MRI) as the study modality (6
structural and 8 functional studies, with 3 using both modal-
ities). Detailed information about each study eligible for in-
clusion in the review is provided in Supplementary Results
and Supplementary Table 1 in the Supplementary Materials
(in the online-only Data Supplement).

Effect of ECT on cerebral blood flow

Three studies measured changes in CBF using differing study
modalities, namely, of positron emission tomography (PET),
single-photon emission computed tomography (SPECT), and
near-infrared spectroscopy (NIRS) (Table 1).

A PET study reported decreased CBF in the bilateral fron-
tal lobes, right temporal lobe, and right putamen after ECT
(n=5) compared to controls (n=6).” In another study, CBF in
the right parietal and bilateral temporal lobes measured us-
ing SPECT was increased in patients with schizophrenia (n=5)
compared with MDD patients (n=5).” A NIRS study revealed
an increased blood flow ratio of the left prefrontal cortex (PFC)
to right PFC in patients with schizophrenia (n=11) after ECT,
an asymmetry that was not observed in the MDD (n=10)
group.”
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Records identified through
PubMed, EMBASE, Cochrane
Reviews searching (N=325)

Additional records identified
through other sources
(N=0)

‘ Records after duplicates removed (N=3)

\ 4

‘ Records screened (N=322)

}—V Records excluded with reasons

A4

- Case report (N=91)
- Non-schizophrenia (N=53)
- No ECT (N=57)

‘ Full text articles assessed for eligibility (N=17)

- No brain imaging (N=5)
- Review articles (N=4)

A4

- Abstract only (N=11)
- Non-human (N=1)
- Not in English (N=1)

‘ Studies included in this review (N=17)

‘ - Published before 1990s (N=1)

A4

- Additional duplicates (N=81)

Functional
MRI (N=8)*

Structural
MRI (N=6)*

PET (N=1)
SPECT (N=1)
NIRS (N=1)

MRS (N=3)

Figure 1. Flowchart of the literature review process. *Three studies studied both structural and functional MRI changes after ECT, and thus was
included in both structural and functional MRI categories. ECT: electroconvulsive therapy, MRI: magnetic resonance imaging, MRS: magnetic
resonance spectroscopy, PET: positron emission tomography, SPECT: single positron emission computer tomography, NIRS: near-infrared

spectroscopy.

Table 1. Cerebral blood flow in patients with schizophrenia receiving electroconvulsive therapy (ECT)

Baseline After ECT
Comparisons with MDD patients No difference (SPECT)*” 1 Rt. parietal and It. and rt. temporal CBF (SPECT)*
1 Lt. to rt. PFC ratio (NIRS)*
Comparisons with controls 1 Both temporal lobes and It.
cerebellum (PET)*
Within-group comparisons (baseline vs. after No difference (SPECT)*
ECT) in schizophrenia patients with ECT | Lt. and rt. frontal, rt. temporal, and rt.
putamen CBF (PET)*

MDD: major depressive disorder, It: left, rt: right, CBF: cerebral blood flow, SPECT: single positron emission computer tomography, PFC: pe-
frontal cortex, NIRS: near-infrared spectroscopy, PET: positron emission tomography

Effect of ECT on brain metabolites

Three studies examined the changes in brain metabolites
using MRS (Table 2). Two independent studies (n=34 and n=
10) revealed changes of N-acetyl-aspartate/creatinine (NAA/
Cr) ratio in the left PFC and the left thalamus.**° Another
study showed an increase in medial prefrontal y-aminobutyric
acid (GABA) levels (n=14)."!

Effect of ECT on brain structures

Six studies investigated structural changes after ECT in pa-
tients with schizophrenia. Table 3 demonstrates the findings
of each study according to the method of analysis [whole-
brain analysis or region-of-interest (ROI) analysis]. Notably,
three datasets from three different study groups were ana-
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lyzed, and using different and complementary analysis meth-
ods, a total of six publications were included. This relatively
small number of studies may be partially attributed to the rel-
atively restricted use of ECT in some parts of the world," with
varying treatment guidelines across nations, and a series of
index ECT treatments require approximately one month to
perform, which raises the issue of accessibility.

One group compared the effects of ECT on patients with
schizophrenia (n=9) and MDD (n=12).">* Based on the re-
sults of the whole-brain analysis, the authors found that the
gray matter volume (GMV) in the medial temporal lobe (MTL)
network and the left dorsolateral prefrontal cortex (DLPFC)
increased in patients with schizophrenia after ECT.** An ad-
ditional complementary analysis of the temporal regions re-
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Table 2. Brain metabolites measured by magnetic resonance spectroscopy in patients with schizophrenia receiving electroconvulsive therapy

(ECT)

Baseline

After ECT

Comparisons with controls
| Medial frontal GABA*!
Comparisons with schizophrenia
patients who did not receive ECT
and underwent antipsychotic
treatment only

| NAA/Cr ratios in the It. PFC and It. thalamus®

1 NAA/Cr ratios in the It. PFC and lt. thalamus®
1 NAA/Cr ratio in the It. PFC*

| Cho/Cr ratios in the It. PFC and lt. thalamus®
1 Medial prefrontal GABA*"

NAA/Cr: N-acetyl-aspartate/creatinine, It: left, GABA: gamma-aminobutyrate, PFC: prefrontal cortex, Cho/Cr: choline/creatinine

vealed that increases in volumes of the hippocampus and in-
sula were shared by patients with schizophrenia and MDD,
but were restricted to the right side.”” The post hoc within-
group analyses only revealed increased GMV in the right in-
sula in the schizophrenia group.

Another group examined the effects of ECT on patients
with schizophrenia (i.e., ECT+antipsychotic medication;
n=21) compared with schizophrenia patients who did not
receive ECT and underwent antipsychotic treatment only
(n=21).** Whole-brain analyses showed increased GMV's
in the bilateral parahippocampal gyri/hippocampi, right tem-
poral pole/right superior temporal gyrus (STG), and right in-
sula after ECT compared to baseline and the antipsychotics
only group.** Additional ROI analyses of the insula and hip-
pocampus indicated increased GM Vs in the bilateral dorsal
anterior insula and posterior insula® and bilaterally increased
hippocampal volumes.* An analysis stratified according to
response status to ECT further showed that higher baseline
volumes in the left hippocampus-amygdala transition area
(HATA) were observed in responders.*

A separate study group reported that baseline GMVs in the
temporal region, including the right insula, left middle tem-
poral gyrus (MTG), and the right STG, along with the left in-
ferior frontal gyrus (IFG), predicted ECT response.”

While the specific findings differed among studies, reviewed
results overlap in findings of increased GMVs in the hippo-
campus (whole-brain analysis, n=2; ROI analysis, n=2) and the
right insula (whole-brain analyses, n=2; ROI analysis, n=2).

Effect of ECT on functional connectivity

Eight studies from four different groups examined resting-
state functional connectivity (rsFC) after ECT. Table 4 dem-
onstrates the findings of each study according to the method
of analysis (whole-brain analysis or ROI analysis). Findings
common to these studies were changes in the rsFC of the de-
fault mode network (DMN), PFC, thalamus, hippocampus, and
insula.

The first study group, which included schizophrenia (n=9)
and MDD (n=12) patients, performed a whole-brain analysis

and observed increased rsFC of the medial prefrontal cortex
(mPFC) within the DMN, between the executive network and
the DMN, and between the executive network and salience
network, along with decreased low-frequency oscillations in
the striatal networks in patients with schizophrenia after
ECT.* ROI analyses of the amygdala to other brain regions
showed decreased rsFC between the right amygdala and var-
ious regions, including the mPFC, insula, and DLPFC.*

The second study group compared patients with schizo-
phrenia treated with either ECT (n=21) or antipsychotics alone
(n=21). Whole-brain analyses showed increased connectivity
of the ventral medial prefrontal cortex (vmPFC) and dorsal
medial prefrontal cortex (AmPFC) after ECT compared with
the antipsychotics only group and controls.* This group per-
formed ROI analyses of the insular subfields,* hippocampus,®
and thalamic subfields.”® While significant changes in various
regions were found, responders to ECT exhibited increased
rsFC of the hippocampus to the PFC and the hippocampus to
the DMN,* and between the thalamus and regions of the tem-
poral lobe and the cerebellum.”

The third group simulated electrical fields of ECT stimula-
tion to select regions with large electrical fields, and compared
the changes in those regions before and after ECT (n=47).”'
After ECT, rsFC between the right amygdala and left hippo-
campus was increased compared to baseline.

The fourth group observed altered rsFC within various net-
works, including the DMN and temporal lobe networks, in
the ECT group compared with antipsychotics only group.™

The results from the aforementioned studies suggest rsFC
of the DMN and associated regions (n=>5), PFC (n=4), thala-
mus (n=2), hippocampus (n=2) and insula (n=2) were com-
monly altered after ECT.

Associations with clinical improvement and ECT
response status

Findings of significant associations with clinical improve-
ment and the status of the ECT response are listed in Supple-
mentary Tables 2 and 3 (in the online-only Data Supplement),
respectively. Four studies reported associations of clinical im-
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provement with changes in the hippocampus,***"** two stud-

46,47

ies with changes in the insula,***” and one study with changes

in the amygdalar region, respectively.”'

DISCUSSION

This is the first systematic review to examine neural effects
of ECT in patients with schizophrenia. A standardized litera-
ture search yielded 17 studies. The majority of recent studies
(n=11) used MRI as the study modality, which examined
morphometric (n=6) and functional (n=8) changes before and
after ECT. An additional six studies investigated the effect of
ECT on CBF (n=3) and brain metabolites (n=3). Overall, the
reviewed publications considerably differed in both study
designs and modalities, which precluded performing a meta-
analysis.

Cerebral blood flow changes after ECT

Two studies compared changes in blood flow after ECT in
patients with schizophrenia and patients with MDD and ob-
served increased blood flow in patients with schizophrenia
using SPECT and NIRS, respectively.””** Notably, studies of
patients with MDD quite frequently report decreased blood
flow in various regions following ECT sessions.” Two other
studies compared the data obtained from patients with schizo-
phrenia before and after ECT, and one study did not report
significant alterations (SPECT),” while the other reported de-
creased blood flow after ECT (PET).* Due to the small num-
bers and discrepancies in study modalities and findings, a sol-
id conclusion concerning changes in blood flow after ECT is
difficult to obtain.

Changes in brain metabolites after ECT

Other studies examined changes in brain metabolites using
MRS; interestingly, two studies reported increased NAA/Cr
ratios in the left PFC and the left thalamus. The NAA/Cr ra-
tio is considered an indicator of neuronal integrity;*** which
is known to decrease in conditions such as aging, brain tumors,
and acute pathological processes,™ and these decreases are
known to be reversible with treatment.*® Previous meta-anal-
yses provided consistent evidence of decreased NAA/Cr ra-
tios in the hippocampus, thalamus, frontal and temporal lobes
of patients with schizophrenia,” which, interestingly, were in-
creased after antipsychotic treatment.”** Although these find-
ings must be replicated in the future due to the small number
of studies that utilized MRS, the increase in NAA/Cr ratios in
the left PFC and the left thalamus, regions that are strongly
implicated in the pathophysiological hypothesis of schizo-
phrenia,
by ECT. These results from MRS, since they contain proper-

may imply therapeutic neuronal ‘reorganization’

492 Psychiatry Investig 2021;18(6):486-499

ties of both structure and function, might serve integrative
functions in explaining the effects of ECT when results from
MRI studies are combined along with the proposed patho-
physiological models of schizophrenia. Future studies exam-
ining NAA, GABA, and glutamate or glutamine in the regions
highly implicated in schizophrenia and ECT (such as the fron-
tal and temporal lobes, the hippocampus, and thalamostria-
tal regions), may help to further our understanding of the
mechanism of action of ECT.

Structural and functional changes after ECT

Only four study groups independently examined the neural
effects of ECT on patients with schizophrenia. Although few-
er studies of patients with schizophrenia have been reported
than studies of patients with depression, the results quite con-
sistently indicate increases in the volumes of the hippocam-
pus (structural, n=4) and insula (structural, n=4). Addition-
ally, a comparison of patients with schizophrenia and MDD
revealed common increases in the GMVs of the hippocam-
pus, while the increases in right insular GMV were restricted
to patients with schizophrenia.”® FC studies presented more
divergent results for different ROIs, while commonly identi-
fied alterations were located within the regions of the DMN
(functional, n=5), PFC (n=4), thalamostriatal system (n=2),
hippocampus (n=2), and insula (n=2). Moreover, among the
features that were associated with symptom reductions were
the hippocampus (n=4), insula (n=2), and amygdala (n=1).

From the integrated findings of both structural and func-
tional measures, we infer, albeit preliminarily, that the hippo-
campus (total, n=6; symptom associations, n=4) and insula
(total, n=6; symptom associations, n=2) are the common re-
gions of modulation in patients with schizophrenia after ECT.

Insula

The insula is located deep within the lateral sulcus of the hu-
man brain. The upper cortices that cover the insula are called
the operculum, which are composed of parts of the adjacent
frontal, temporal, and parietal cortices. The insula is involved
in various functions, such as interoception, multimodal sen-
sory processing,* self-related processes,”* taste,” social emo-
tions,”*”* homeostasis’”
whole spectrum of functions can be served owing to the ex-
tensive viscerosensory inputs into the region and its anatom-
ical position amidst three different cerebral lobes permitting

and auditory perception.”*”® This

dense reciprocal connections with the limbic, prefrontal, so-
matosensory, and temporal areas.”>*’

The results from the current systematic review revealed in-
creased GMV’s in the right insula in all of the structural MRI
studies that performed whole-brain analysis. While conclu-

sion should not be drawn solely based on this result, the un-



derlying implication of insular involvement in patients with
schizophrenia suggests that the insula has some unique char-
acteristics worth further discussion.

First, the insula is one of the most consistent regions showing
structural alterations in patients with schizophrenia. An anec-
dotal meta-analysis that included studies performing whole-
brain analyses showed that approximately 50% and 40% of
studies (which ranks as 7th and 10th, respectively among all
regions of interest) reported reduced volumes of left and right
insular areas, respectively.* Indeed, structural alterations of the
insula are considered the most consistent findings in psycho-
sis subjects.*” In a meta-analysis performed by Crow et al.,*?
the insula was the most commonly reported area showing vol-
umetric reduction, followed by the thalamus and anterior cin-
gulate cortex. Additionally, in terms of numbers, right insula
was the most commonly reported altered area, while in terms
of the size of volumetric reductions, left insular defects were
more profound in patients with schizophrenia.*

Second, recent studies have demonstrated insular involve-
ment in auditory sensory processing. Intracranial electroen-
cephalography recordings found auditory responses of the
posterior insula resembling the response in Heschl’s gyrus,”
and a separate study implicated insular involvement in audi-
tory deviance detection and the formation of mismatch nega-
tivity.”® Abnormal sensory gating and altered auditory evoked
potentials are one of the key pathophysiological findings ex-
plaining the phenomena of hallucinations in schizophrenia pa-
tients.* Since clinical observations have suggested that ECT is
more effective in refractory positive symptoms than in nega-
tive domains,"” amelioration of clinical symptoms after ECT
might be mediated in part by modulation of the insular cortex.

Third, although its implications in schizophrenia remain
unclear, lateralized functions of the insula appear to be relat-
ed to the control of the autonomic nervous system. Various
studies ranging from intraoperative intracranial electrical
stimulation to lesion studies have shown that the right insula
is involved in the top-down control of sympathetic tone.”>*
While the findings have been somewhat inconsistent, various
types of autonomic dysfunction, such as alterations in heart
rate variability (HRV)** and decreased vagal tone,***" have
been reported in patients with schizophrenia. Autonomic re-
sponses and control during stressful situations constitute an
important axis in the stress diathesis model of psychiatric ill-

ness,’

and insular modulation by ECT may exert some effects
on the central control of sympathetic nervous system tone.
Finally, the self-related functions of insula share striking
commonalities in terms of the main psychopathology of de-
lusions and hallucinations in patients with schizophrenia.
Among the wide range of insular dysfunctions demonstrated
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in patients with schizophrenia,”'* some studies have report-
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ed a relationship between decreased right insular volumes and
delusion severity™ or degree of insight.” Delusion and hallu-
cination are considered externalizing psychopathologies,
which suggest impairment in the insular functions of intero-
ception and self-attribution in patients with schizophrenia.

Hippocampus

The modulation of the hippocampus and its neurotrophic
functions by ECT are very strongly supported by findings from
animal models of electroconvulsive seizure (ECS) and patients
with MDD. The increase in the hippocampal volume observed
in patients with depression after ECT are not only a robust
finding but also explains many aspects of depression, includ-
ing its treatment and etiology. Concerning treatment, ECT is
considered the most effective treatment modality in depres-
sion, including treatment-resistant cases.”"* Approximately
50% to 60% of treatment-resistant depression patients will re-
spond to ECT;" and its efficacy is deemed to be five- to six-fold
greater than antidepressant therapy. In addition, the chronic
stress model of depression is closely associated with dysfunc-
tion of the hypothalamic-pituitary-adrenal (HPA) axis,'"" as
both early life and chronic stress are known to increase levels
of the stress hormone cortisol and alter the functions of the
HPA axis.'” Stress and HPA axis dysfunction are known to
exert deleterious effect on hippocampus, including cell loss
and volume reductions.'*>'**

Meanwhile, most researchers appreciate that schizophrenia
is a ‘dysconnection’ syndrome among large distributed brain
networks,'%>!%
Notwithstanding, hippocampal hyperactivity is among the
most consistent functional abnormalities observed in patients

with schizophrenia.'” "' Postmortem studies have replicated
110-112

rather than problem of a single faulty region.

reduced hippocampal volumes, which are also consistent
with the current body of neuroimaging studies in patients with
schizophrenia."*"'¢ In addition, while the number of neurons
in the hippocampus is not significantly altered, reduction in
inhibitory interneuron population of the hippocampus was
demonstrated."”'**'"” Studies measuring blood flow and me-
tabolism also replicated abnormalities in the hippocampus,
and subsequent studies have found that these metabolic shifts
are associated with a greater reduction in hippocampal volume
with disease progression.'” Additionally, neuroimaging and
animal studies have consistently reported reductions in the
volumes of hippocampal subfields, with CA1 subfield show-
ing the most robust changes."'*"*

The dopamine hypothesis of schizophrenia was born based
on the clinical effectiveness of antipsychotic agent chlorprom-
azine.”'? The modern mainstream pathophysiological hy-
pothesis of schizophrenia focuses on abnormality of the glu-

tamate system and impairment in interneuron functions.'?'*
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Hippocampal hyperactivity can be explained by both the do-
pamine and glutamate hypotheses. First, while optimal levels
of dopamine can enhance memory and functions subserved
by the hippocampus, higher levels of dopamine were demon-
strated to exert deleterious effects."'>**'*” Neuronal connec-
tions between the ventral hippocampus and striatum are bi-
directional and capable of modulating dopamine levels in the
other structure.?'**'” This means that the dysfunctionally
increased dopamine levels in the striatum can induce high do-
pamine levels in hippocampal areas, and vice versa, which
could lead to hippocampal hyperactivity. Second, the hippo-
campus is among one of the most implicated areas concern-
ing the glutamate hypothesis, which includes NMDA receptor
hypofunction and reduced inhibitory interneuron function.'”
These interneuron abnormalities result not only in hyperac-
tivity of the hippocampus but also in dysfunctional connec-
tivity, which includes connections to the striatum and the
frontal lobes.'?!2%1%0

Moreover, with regard to the neurotrophic hypothesis of
ECT, there is considerable evidence that neurogenesis func-
tions are altered in schizophrenia.”""** Animal models of psy-
chosis have demonstrated decreased adult neurogenesis."**'*
However, animal models of schizophrenia are mainly induced
by administering substances known to induce psychotic ill-
ness.'” While the psychotic state itself is indeed important in
understanding the pathology of schizophrenia, it may not be
sufficient since schizophrenia follows a more chronic and de-
teriorating clinical course, including negative symptoms and
cognitive impairment. Tracing adult neurogenesis in vivo in
patients is methodologically difficult due to technical issues,
and thus surrogate markers are frequently used to measure
adult neurogenesis, such as Nestin, Ki-67 and Musashi-1,
which are expressed in proliferating cells."*>"*”"** Of such
markers, downregulation of Ki-67 has been observed in the
dentate gyrus of patients with schizophrenia compared to con-
trols.”* In addition, induced pluripotent stem cell studies have
modeled deficient functioning of dentate gyrus granule cells
in schizophrenia, marked by alterations in gene expression
of adult neurogenesis and decreased functioning."’ Addi-
tionally, numerous genes implicated in schizophrenia, such
as DISC1, Neuroregulin-1, Reelin, are associated with neuro-
genesis.”>'*! Although the direct findings of dysfunctional
adult neurogenesis in patients with schizophrenia await veri-
fication, these functions are presumed to be altered when the
previous literature is considered.

Specificity of the findings and implications

While these results provide evidence of changes in the hip-
pocampus and insula of patients with schizophrenia, several
important issues must be considered. First, might these results
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arise from nonspecific changes induced by ECT, such as ede-
ma, inflammation, or reactive gliosis?® While this is a possi-
bility that needs to be addressed more thoroughly in future
studies, existing evidence from both animal and human stud-
ies suggests that the effects of ECT cannot be fully attributed
to these nonspecific effects. While ECS in animal models po-
tentiates a wide range of alterations covering various regions
of the brain, the results of ECS studies demonstrate rather spe-
cific changes in the hippocampal region with marked altera-
tions in neuroplastic functions."* Additionally, in human stud-
ies, neuroimaging within 15 hours after ECT did not detect
marked change in fluid shifts in the hippocampal region.**'*
Moreover, studies of patients with MDD that controlled for
overall cerebral volumes to address these issues have also re-
ported a significant increase in the volume of the hippocam-
pus apart from such nonspecific effects.®'* ¥

Second, are these changes common both to MDD and schizo-
phrenia, or are they disease-specific? Previous attempts to ex-
plain the mechanisms underlying ECT have largely focused
on the overall ECT effect, without differentiating between the
two disorders.” While conclusions based on the currently in-
sufficient body of evidence may be preliminary, the hippocam-
pus appears to be commonly modulated in both animals and
human subjects (including both patients with MDD and
schizophrenia), while comparisons of patients with MDD
with patients with schizophrenia observed increased volumes
in the right insula restricted to the schizophrenia group.*
However, this evidence is preliminary and needs replication,
and current research is even more scarce in terms of what are
the requisite conditions for ECT to be effective and the rela-
tionship between hippocampal modulation and symptom
improvements.

An important difference in the application of ECT between
patients with MDD and schizophrenia is that ECT results in a
very high proportion of responses and remission among pa-
tients with MDD;"*® however, approximately one-third of pa-
tients with schizophrenia do not adequately benefit from ECT
treatment." Therefore, to clearly delineate schizophrenia-spe-
cific ECT treatment effects from the common effects of electri-
cal stimulation, classifying patients into responders and non-
responders and comparing between the two groups might
prove useful in future studies.

Furthermore, as the discovery of the effect of chlorproma-
zine preceded the development of the dopamine hypothesis,
efforts to identify the mechanism of ECT may also help to im-
prove our understanding of treatment-resistance in patients
with schizophrenia. While treatment-resistance constitutes a
serious mental health problem, the neurobiological underpin-
nings of TRS are at best only poorly understood due to the lack
of consistent findings hitherto.'*">' Because it can now be ap-



preciated, based on large volumes of previous animal and MDD
research, that the effects of ECT are specific to some regions,
establishing the neurobiological substrates of ECT and com-
bining them with stratification based on treatment response
may provide some valuable insights to understanding the neu-
ral underpinnings of TRS.

Limitations

There are several limitations of this review. First and most
importantly, a small number of studies with divergent modal-
ities precluded a systematic meta-analysis. Second, individu-
ally selected ROIs among various studies also made it difficult
to infer which region or networks were most consistently mod-
ulated after ECT in schizophrenia patients. Third, as discussed
above, hippocampal and insular modulation might be a com-
mon end result of ECT and may not define schizophrenia-spe-
cific alterations.

CONCLUSIONS

This systematic review presents preliminary evidence of
hippocampal and insular modulation after ECT in patients
with schizophrenia. This holds true for morphometry, FC,
and symptom association measures. Other potential candi-
dates include the DMN, PFC, and thalamostriatal system, as
demonstrated by MRS and fMRI studies, and the amygdala,
along with the hippocampus and insula, which were associ-
ated with symptom reductions. However, due to the small num-
ber of studies, replication is indispensable to generalize and elab-
orate our understanding of the neurobiological underpinnings
of the ECT effect in schizophrenia patients.

We believe that ECT provides a unique window to the un-
derstanding and management of treatment-resistance in pa-
tients with schizophrenia. However, the effect and mechanism
of action of ECT are most likely to be complex and possibly
mediated by various structural, functional, and metabolic al-
terations. Dysfunctional neurotrophic factors in schizophre-
nia could partially be remedied by ECT, but other factors, in-
cluding neurotransmitter changes, synaptic remodeling, and
restoration of altered FC in other largely distributed networks,
may also play an important role. To disentangle the mystifying
mechanisms of ECT, augmentation of functional approaches
(functional MRI, MRS, electroencephalography) with mor-
phometric results might prove useful in future study designs.
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The online-only Data Supplement is available with this ar-
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SUPPLEMENTARY MATERIAL

Supplementary methods

PubMed, EMBASE, and the Cochrane Reviews were searched for publications with the following query: (“ECT” or “Electro-
convulsive therapy” or “EST” or “Electroshock therapy” or “Electrotherapy”) AND (“Schizophrenia” or “Schizo-” or “Schizoaffec-
tive” or “Psychosis” or “Psychotic”) AND (“MRI” or “Magnetic resonance image” or “Magnetic resonance imaging” or “MRS” or
“Magnetic resonance spectroscopy” or “Spectroscopy” or “PET” or “Positron emission tomography” or “BOLD” or “Blood oxy-
gen level-dependent” or “Blood flow” or “SPECT” or “Single photon emission computed tomography” or “brain imag*” or “neu-
roimag*” or “DTI” or “Diffusion tensor” or “NIRS” or “Near infrared spectroscopy”). Two researchers (S.M. and M.K.) indepen-
dently carried out literature search procedures.

We intended to include articles that 1) included patients with schizophrenia, 2) studied the effects of electroconvulsive therapy
(ECT), 3) utilized at least one neuroimaging modality, and 4) were written in English. The exclusion criteria were as follows: 1)
studies that did not involve patients with schizophrenia, 2) studies that did not implement ECT, 3) studies that did not use any
brain imaging methods, 4) publications that were case reports or case series, 5) publications that were review articles, 6) studies
involving nonhuman subjects, 6) articles published in languages other than English, 7) articles for which only the abstract was
available, 8) publications that were errata, 9) duplicate publications, and 10) studies published before 1990, which were retrieved
during the systematic review process.

Supplementary results

Effects of ECT on CBF

Of the three studies included in this review, each study utilized different modalities and the study/control groups varied (two
studies compared patients with schizophrenia and patients with depression, and one study compared patients with schizophrenia
with controls).

A PET study compared the effect of bifrontal ECT on patients with schizophrenia (n=5) and controls (n=6)." Following ECT,
the CBF in the bilateral frontal lobes, right temporal lobe, and right putamen were decreased in the schizophrenia group.

A study using SPECT evaluated the effect of bifrontotemporal ECT on patients with catatonic schizophrenia (n=5) and cata-
tonic depression (n=5).” Prior to ECT, the SPECT results did not differentiate between patients with schizophrenia and MDD
with catatonia. One week after ECT completion, right parietal and bilateral temporal CBF was increased in patients with schizo-
phrenia compared with patients with MDD. However, within-group comparisons including only the patients with schizophrenia
did not show alterations compared to the baseline values.

The third study used NIRS to measure dynamic changes in blood flow prior to, during, and after each session of bifrontotem-
poral ECT in patients with schizophrenia (n=11) and MDD (n=10).> After ECT, the schizophrenia group showed an increased
blood flow ratio of the left prefrontal cortex (PFC) to the right PFC, which was an asymmetry that was not observed in the MDD
group. The authors noted a negative correlation of the asymmetry index of the left to right PFC with the duration of illness in the
schizophrenia group.

Effects of ECT on brain metabolites

Three studies utilized MRS to measure changes in brain metabolites after ECT in patients with schizophrenia.

Gan et al.* used randomization to assign patients with schizophrenia (n=68) into either ECT or antipsychotic treatment only
groups and compared them with controls (n=34). At baseline, the NAA/Cr ratio was lower in the left PFC and the left thalamus of
the schizophrenia group than in the control group. After ECT, the NAA/Cr ratio in the left PFC and the left thalamus significantly
increased, a change that was not observed in the antipsychotic treatment group. The left PFC and left thalamic NAA/Cr ratios also
displayed significant associations with the demographic and clinical characteristics of the study group undergoing ECT treatment.
Changes in the NAA/Cr ratio in the left PFC positively correlated with the age at onset (r=0.44), percent reduction in the Positive
and Negative Syndrome Scale (PANSS) score (r=0.41), baseline PANSS total score (r=0.37), and ECT stimulus intensity (r=0.35),
and negatively correlated with the duration of illness (r=-0.41). Changes in the NAA/Cr ratio in the left thalamus positively corre-
lated with the age at onset (r=0.33) and negatively correlated with the duration of illness (r=-0.35). The authors suggested that an
older age at onset and a shorter duration of illness will result in a greater increase in the NAA/Cr ratio in the left PFC and left
thalamus after treatment with ECT.



Another study compared changes in metabolites in the prefrontal and thalamic regions of patients with schizophrenia after ECT
(n=10) with patients undergoing antipsychotic treatment alone (n=10)."> After treatment, patients who received ECT presented a
significantly higher NAA/Cr ratio in the left prefrontal cortex than patients taking antipsychotic medications alone, and the cho-
line/creatinine ratios in the left prefrontal and left thalamus were lower in the ECT group than in the antipsychotics alone group.

The third study measured medial prefrontal y-aminobutyric acid (GABA) levels after ECT.® Patients with schizophrenia either
received ECT (n=14) or antipsychotic treatment alone (n=17), and controls (n=19) were included. Medial prefrontal GABA levels
did not significantly differ among the three groups, but when the group of patients with schizophrenia was analyzed as a whole,
their GABA levels were lower than the control group. According to the post hoc analysis, GABA levels in the medial prefrontal
cortex were increased in the ECT group, but not in the antipsychotics group.

Effects of ECT on brain structures

Six publications from three different groups were included in this review.

The first group examined the effect of ECT on patients with schizophrenia (n=9), patients with MDD (n=12), and matched
controls (n=21).”® Patient groups received right unilateral ECT. The whole-brain analysis yielded an increase in the GMV in the
MTL network and the left DLPFC after ECT.® The increases in the volume of the left DLPFC and changes in the total PANSS
score showed a significant correlation (r=-0.70).

The results using a different analysis approach, i.e., the selection of an ROI within the same dataset, found increased GMVs in
the right amygdala, the anterior part of the right hippocampus, and the right insula in the group of patients with schizophrenia
and MDD combined after ECT.” These changes did not correlate with symptom severity, but the baseline GMV in the amygdala
displayed an inverse correlation with the post-ECT increases in GMV in this region (r=-0.75). Post hoc analyses revealed a signifi-
cant within-group change in the right insula of patients with schizophrenia, while the results were not significant for patients with
MDD. The post-ECT GMV values of the right amygdala/hippocampus region were greater in the MDD group and greater values
were observed in the right insula in the schizophrenia group than the control values.

The second study group explored the effect of ECT on groups of patients with schizophrenia undergoing ECT (n=21), patients
with schizophrenia treated with antipsychotics alone (n=21), and controls (n=22).>" Using the whole-brain analysis method, the
results showed significant differences between the three groups in the 1) left parahippocampal gyrus/hippocampus, 2) right para-
hippocampal gyrus/hippocampus, 3) right temporal pole and mid/superior temporal gyrus, and 4) right insula."" The post hoc
analysis further revealed increased volumes of all four aforementioned regions in the ECT group compared to baseline, and the
antipsychotics group actually presented decreased volumes compared to the pretreatment evaluation. Of the four regions, the in-
crease in the volume of the right parahippocampal gyrus/hippocampus was associated with a reduction in score for the positive
subscale of the PANSS (r=0.574).

Complementary analyses by the same group used ROI analyses to explore the effect of ECT on regions of the insula’ and the
hippocampus.'® Regarding the insula, the GMV in the posterior insula was increased in patients with schizophrenia after ECT
sessions compared to baseline.” These volumetric changes were also associated with changes in symptoms: increased GMV in the
right posterior insula correlated with a reduced score for the PANSS positive scale (p=0.667), reduced total PANSS score
(p=0.556), and reduced score for the PANSS general psychopathology scale (p=0.634). With the selection of the hippocampus as
the RO, bilateral hippocampal volumes in the ECT group were increased after treatment compared to the antipsychotics only
group (the overall intracranial volumes were adjusted).”® Furthermore, the authors categorized the ECT group into treatment re-
sponders (n=10) and nonresponders (n=11) using a 50% or more reduction in the total PANSS score as the response criteria.
While increased hippocampal volumes were observed in both responders and nonresponders, volumes in the left hippocampus-
amygdala transition area were larger in responders at baseline than in nonresponders.

The third study group used multiparametric markers of MRI to predict the effects of ECT measured by percent reductions in
PANSS scores.”” The authors integrated baseline GM features and white matter features (WM), which used T1-weighted and dif-
fusion-weighted imaging modalities, respectively. The selection of GM and WM tract ROIs was performed by simulating the elec-
trical fields used during ECT stimulation by modeling, and those regions with an electrical field strength greater than 35 V/m
were included (23 GM ROIs and 37 WM tracts). Models were tested to predict differences in PANSS scores before and after ECT,
and the model with the highest performance was shown to include both GM and WM baseline features. The important GM fea-
tures were the left inferior frontal gyrus (IFG), right insula, left middle temporal gyrus (MTG), and right superior temporal gyrus
(STG), and the important WM tracts were between the left calcarine-left superior temporal pole, right lingual-right inferior tem-
poral gyrus (ITG), left middle occipital gyrus (MOG)-left ITG, right MTG-right ITG, and right IFG-right insula. The selected



model showed a performance with a root mean square error (RMSE) of 15.183 and a correlation efficient of 0.671 (RMSE=0 and
r=1 represent the most accurate predictive model). Furthermore, this model was tested in a separate group of patients with
schizophrenia undergoing ECT (n=15), which showed an RMSE value of 14.980 and a correlation coefficient of 0.777.

Effects of ECT on functional connectivity

Eight studies from four different study groups were included in this review.

Thomann et al.,” whose study included both patients with schizophrenia and patients along with controls, found that right unilat-
eral ECT appeared to alter the functional connectivity between the right amygdala and the ipsilateral cortical brain regions. The au-
thors performed an ROI analysis with amygdala, hippocampus, and insula as seeds to assess the connectivity with the other brain
regions. Reduced rsFC was observed between the right amygdala and the right temporo-parietal junction (TPJ), right medial pre-
frontal cortex (mPFC), bilateral posterior insula, and right DLPFC in both patient groups after ECT. In contrast, an increase in rsFC
was observed between the right amygdala and hypothalamus, which follows the ventral amygdalofugal pathway, and these increases
inversely correlated with the baseline connectivity strength in the same region (r=-0.85). These changes were not associated with
any symptom improvements in either group. Post hoc analyses only yielded significant increases in rsFC between the right amyg-
dala and hypothalamus in the schizophrenia group after the course of ECT, which also did not correlate with symptom changes.

The same study group published another study using the whole-brain method.” In patients with schizophrenia, the rsFC of the
1) mPFC within the DMN, 2) executive network and the DMN, and 3) executive networks and the salience network was in-
creased after ECT completion. Additionally, ECT reduced low-frequency oscillations in the striatal network in patients with
schizophrenia.

Another study group examined changes in functional connectivity after ECT and compared the ECT schizophrenia group, an-
tipsychotic-only schizophrenia group, and controls. First, Huang et al."* investigated the effect of ECT on the global functional
connectivity density (gFCD) using resting-state functional magnetic resonance imaging (fMRI). The signal measured by gFCD
construes 1sFC for a particular voxel, with a higher signal density implying that the region serves as a functional hub. Significant
differences were observed in the dorsal medial prefrontal cortex (dmPFC) and the ventral medial prefrontal cortex (vmPFC)
among the ECT, antipsychotics only, and control groups. Within-group post hoc analyses showed increased gFCD in the dmPFC,
vmPFC and left precuneus of the ECT group after the ECT course compared to the baseline.

Jiang et al.’ investigated the effect of ECT on changes in functional connectivity involving the insula. Significant group differ-
ences were observed among the ECT, antipsychotics only, and control groups between the left posterior insula and left MOG and
between the right posterior insula and left orbitofrontal cortex (OFC). Post hoc analyses further revealed decreases in the func-
tional connectivity strength between the left posterior insula and left MOG, as well as between the right posterior insula and left
OFC, in the ECT group after ECT compared to the baseline, whereas the antipsychotics only group did not show significant
changes. Interestingly, before the treatments, the ECT group presented slightly higher measures of functional connectivity (FC) in
the aforementioned regions than the antipsychotics only group, but the ECT group exhibited substantially lower FC than the anti-
psychotics group after treatment. Additionally, FC between the left posterior insula and left MOG was significantly correlated
with reduced scores on the PANSS general symptom scale (p=0.587) and PANSS negative symptom scale (p=0.560), and FC be-
tween the right posterior insula and left OFC was associated with reductions in the scores of the PANSS negative symptom scale
(p=0.460).

Jiang et al.'® also explored FC between the hippocampus and other brain regions after ECT. Of the 21 patients who had under-
gone ECT treatment, 10 were classified as responders and 11 as nonresponders (a response was defined as a greater than 50% re-
duction in the total PANSS score). In responders, rsFC between the hippocampus and prefrontal cortex and between the hippo-
campus and DMN were increased after ECT compared to baseline. In nonresponders, post-ECT measures showed decreased
rsFC between the hippocampus and primary sensory network compared to baseline.

In another complementary analysis performed by the same group, Wang et al.” studied the effect of ECT on rsFC of the tha-
lamic subfields. The authors compared the ECT plus antipsychotics group (n=21) with the antipsychotics only group (n=21). FC
between the right thalamus and right putamen was increased in the ECT group compared to FC in the antipsychotics only group
after treatment. Additionally, in the ECT group, FC of the thalamus to the sensory cortex was increased after treatment, while the
antipsychotics group showed a decrease. When treatment responses were considered, responders to ECT showed increased FC
between the right posterior parietal thalamus (PPthaR) and right inferior temporal cortex and between the PPthaR and right cer-
ebellum, while FC in the same regions decreased in ECT nonresponders. The results of the studies that classified patients as re-
sponders and nonresponders are summarized in Supplementary Table 3 (in the online-only Data Supplement).



The third study group utilized rsFC to predict ECT responses in patients with schizophrenia (n=47).' This same group used
baseline GM and WM features to predict reductions in PANSS scores.”” The authors first simulated the hypothetical electric field
distribution of the human head when an ECT stimulus was administered. Following this simulation, 23 ROIs presented high lev-
els of electrical strength (i.e., greater than 35 V/m). Using these ROIs and the baseline FC of patients, they attempt to determine
the best fitted model that would predict reductions in PANSS scores after ECT. A model with the most predictive values included
10 ROIs that would best predict the ECT response. Of these 10 ROIs, the actual data from study subjects showed a significant de-
crease in FC between the right amygdala and left hippocampus. The authors concluded that their model incorporating baseline
FC would subsequently assist clinicians in determining individualized therapy and predict the ECT response at the individual lev-
el (Supplementary Table 2 in the online-only Data Supplement).

A separate research group built a classification model using rsFC to differentiate between patients with schizophrenia (ECT+
antipsychotics, n=13; antipsychotics only, n=16) and controls (n=34) and tested the ability of these classifier scores to predict re-
duced PANSS scores after treatment with either ECT or antipsychotics alone.”” The classifier score with six functional networks
achieved a correct classification rate of 83.82% [specificity=91.18%, sensitivity=76.47%, area under the receiver operating charac-
teristic curve (AUC)=0.90]. The six networks were the DMN, the MTL, the language network, the corticostriatal network, the
frontal-parietal network, and the cerebellum. Changes in these classifier scores correlated with improvements in the PANSS scores
for the total (r=0.71), negative (r=0.76), and general (r=0.66) scales. Additionally, baseline classifier scores had predictive value,
with significant negative associations with the PANSS total (r=-0.75), positive (r=-0.70), negative (r=-0.78), and general subscores
(r=-0.65). Low baseline classifier scores indicated a lower discriminatory power in differentiating between patients with schizo-
phrenia and controls, and were shown to have predictive value for greater ECT responses. Notably, patients with schizophrenia
undergoing antipsychotic treatment alone showed a similar pattern, with lower baseline classifier scores predicting larger treat-
ment responses. Additionally, in the ECT group, FC in the posterior cingulate cortex (PCC), left STG, right angular gyrus, and
right MTG increased, while FC in the right ACC, left MTG, and right precuneus decreased after ECT.

REFERENCES

1. Uesugi H, Toyoda J, Tio M. Positron emission tomography and plasma biochemistry findings in schizophrenic patients before and after electroconvulsive
therapy. Psychiatry Clin Neurosci 1995;49:131-135.
2. Escobar R, Rios A, Montoya ID, Lopera F, Ramos D, Carvajal C, et al. Clinical and cerebral blood flow changes in catatonic patients treated with ECT. J
Psychosom Res 2000;49:423-429.
3. Fujita Y, Takebayashi M, Hisaoka K, Tsuchioka M, Morinobu S, Yamawaki S. Asymmetric alternation of the hemodynamic response at the prefrontal cor-
tex in patients with schizophrenia during electroconvulsive therapy: a near-infrared spectroscopy study. Brain Res 2011;1410:132-140.
4. Gan JL, Duan HE Cheng ZX, Yang JM, Zhu XQ, Gao CY, et al. Neuroprotective effect of modified electroconvulsive therapy for schizophrenia. ] Nerv
Ment Dis 2017;205:480-486.
5. Lotfi M, Jahromi MG, Firoozabadi A, Jahromi LR. Effect of adjuvant electroconvulsive therapy compared to antipsychotic medication alone on the brain
metabolites of patients with chronic schizophrenia: a proton magnetic resonance spectroscopy study. Iran J Psychiatry 2018;13:215-221.
6. Xia M, Wang J, Sheng J, Tang Y, Li C, Lim K, et al. Effect of electroconvulsive therapy on medial prefrontal y-aminobutyric acid among schizophrenia pa-
tients. ] ECT 2018;34:227-232.
7. Thomann PA, Wolf RC, Nolte HM, Hirjak D, Hofer S, Seidl U, et al. Neuromodulation in response to electroconvulsive therapy in schizophrenia and major
depression. Brain Stimul 2017;10:637-644.
8. Wolf RC, Nolte HM, Hirjak D, Hofer S, Seidl U, Depping MS, et al. Structural network changes in patients with major depression and schizophrenia treat-
ed with electroconvulsive therapy. Eur Neuropsychopharmacol 2016;26:1465-1474.
9. Jiang Y, Xia M, Li X, Tang Y, Li C, Huang H, et al. Insular changes induced by electroconvulsive therapy response to symptom improvements in schizo-
phrenia. Prog Neuropsychopharmacol Biol Psychiatry 2019;89:254-262.
10. Jiang Y, Xu L, Li X, Tang Y, Wang P, Li C, et al. Common increased hippocampal volume but specific changes in functional connectivity in schizophrenia
patients in remission and non-remission following electroconvulsive therapy: a preliminary study. Neuroimage Clin 2019;24:102081.
11. Wang J, Tang Y, Curtin A, Xia M, Tang X, Zhao Y, et al. ECT-induced brain plasticity correlates with positive symptom improvement in schizophrenia by
voxel-based morphometry analysis of grey matter. Brain Stimul 2019;12:319-328.
12. GongJ, Cui LB, Xi YB, Zhao YS, Yang XJ, Xu ZL, et al. Predicting response to electroconvulsive therapy combined with antipsychotics in schizophrenia us-
ing multi-parametric magnetic resonance imaging. Schizophr Res 2019;216:262-271.
13. Sambataro F, Thomann PA, Nolte HM, Hasenkamp JH, Hirjak D, Kubera KM, et al. Transdiagnostic modulation of brain networks by electroconvulsive
therapy in schizophrenia and major depression. Eur Neuropsychopharmacol 2019;29:925-935.
14. Huang H, Jiang Y, Xia M, Tang Y, Zhang T, Cui H, et al. Increased resting-state global functional connectivity density of default mode network in schizo-
phrenia subjects treated with electroconvulsive therapy. Schizophr Res 2018;197:192-199.
15. Wang J, Jiang Y, Tang Y, Xia M, Curtin A, Li ], et al. Altered functional connectivity of the thalamus induced by modified electroconvulsive therapy for
schizophrenia. Schizophr Res 2020;218:209-218.
16. Yang X, Xu Z, Xi Y, Sun J, Liu P, Liu P, et al. Predicting responses to electroconvulsive therapy in schizophrenia patients undergoing antipsychotic treat-
ment: Baseline functional connectivity among regions with strong electric field distributions. Psychiatry Res 2020;299:111059.
17. Li P, Jing RX, Zhao R], Ding ZB, Shi L, Sun HQ, et al. Electroconvulsive therapy-induced brain functional connectivity predicts therapeutic efficacy in pa-
tients with schizophrenia: a multivariate pattern recognition study. NPJ Schizophr 2017;3:21.



Supplementary Table 1. Characteristics of the studies included in the review

Author, year/modality

Study participants

Measurement

ECT protocol

Study findings

Uesugi et al., 1995
PET

Escobar et al., 2000°
SPECT

Fujita et al,, 2011°
NIRS

Gan et al.,, 20174
MRS

Lotfi et al., 2018°
MRS

Xia et al., 2018°
MRS

Thomann et al., 20177
sMRI, fMRI

Lietal, 20177
fMRI

Huang et al., 2018"
fMRI

Jiang et al., 2019°
sMRI, fMRI

Sambataro et al., 2019"
fMRI

Wolf et al., 2016°
sMRI

Wang et al,, 2019"
sMRI

Jiang et al., 2019"°
SMRI, fMRI

Wang et al., 2020
fMRI

Yang et al., 2020
fMRI

Gong et al., 2019
sMRI, DWI

5 SZ (mean age: 41.4, mean DOI: 22.6)
6 HC

5 SZ with catatonia (mean age: 29.4)
4 MDD with catatonia (mean age: 27)

11 SZ (mean age: 45.8, DOI: 31.1)
10 depression (mean age: 64.5, DOI: 7.5)

Randomized
32 SZ (ECT) (mean age: 27.5,
DOI: 9.8, age at onset: 26.7)
34 SZ (antipsychotics; AP)
(mean age: 27.8, DOLI: 10.0, age at onset: 26.9)
34 HC (mean age: 26.7)

10 SZ (ECT)
10 SZ (AP)
(mean age: 37, DOL: 8)

14 SZ (ECT) (mean age: 27.6, DOI: 5.72)
17 SZ (AP) (mean age: 31.0, DOI: 7.75)
19 HC (mean age: 30.9)

9 SZ (mean age: 34.2)
12 MDD (mean age: 46.3)
21 HC

13 SZ (ECT+AP)
16 SZ (AP)
34 HC

21 SZ (ECT) (mean age: 29.2, DOLI: 6.65)
21 SZ (AP) (mean age: 30.7, DOL: 6.56)
23 HC (mean age: 31.2)

21 SZ (ECT) (mean age: 29.2, DOL: 6.65)
21 SZ (AP) (mean age: 30.7, DOL: 6.56)
23 HC (mean age: 31.2)

8 SZ (ECT)
8 MDD (ECT)
20 HC

9587
12 MDD
21 HC

21SZ (ECT)
21SZ (AP)
22 HC

21 SZ (ECT)

-10 responders

-11 nonresponders
21SZ (AP)

21 SZ (ECT)

21 SZ (AP)

23 HC

47 SZ (ECT)

57 SZ (ECT)

SZ: rCBF at 1) baseline, 2) 5-17 days after completion of ECT,
3) 5-6 months after ECT

HC: measured once

RO both frontal, temporal, and occipital lobes, cerebellum,
caudate, parahippocampus, putamen, and thalamus

SZ, MDD: one week before ECT and one week after ECT

ROL: both frontal, parietal, temporal, and occipital lobes,
basal ganglia, thalamus, and cingulum

rCBF measured by normalized tissue hemoglobin index (nTHI)

SZ and depression: before, during, and after each ECT session
RO bilateral prefrontal cortical regions

SZ, MDD: NAA/Cr and Cho/Cr ratio before and after ECT
HC: measured once
RO bilateral prefrontal cortices and bilateral thalami

MRS was measured after treatment in both groups
(no pretreatment MRS)

ROL: bilateral prefrontal cortices, occipital cortex, thalamus,
hippocampus

SZ: medial prefrontal GABA/Cr concentrations before and
after 4 weeks of treatment

HC: measured once

ROI: medial prefrontal cortex

GMY, rsFC

SZ, MDD: before and after ECT

HC: measured once

ROI (structural): amygdala, hippocampus, and insula

ROI (functional): right amygdala, right cortical regions,
and hypothalamus

SZ (ECT, AP): prior to ECT and after 6 weeks of treatment
with either ECT+AP or AP
HC: at baseline only

gFCD, rsFC

SZ: before and after 4 weeks of treatment
HC: measured once

Whole brain analysis

GMYV, rsFC

SZ: sMRI and fMRI before and after 4 weeks of treatment
HC: measured once

ROI: insula

SZ, MDD: before and after ECT

HC: measured once

Whole brain analysis

Source-based morphometry
SZ, MDD: before and after ECT
HC: measured once

Whole brain analysis

SZ: MRI before 24 hours prior to treatment,
MRI 24 to 48 hours after treatment completion
HC: measured once
ROI analysis followed the results from whole brain analysis

SZ: MRI before 24 hours prior to treatment,
MRI 24 to 48 hours after treatment completion
ROI: whole hippocampus and hippocampal subfields

SZ: MRI before 24 hours prior to treatment,
MRI 24 to 48 hours after treatment completion
ROL: 16 thalamic subfields as seeds to whole brain
SZ: a day before the start of ECT, a day after the completion
of ECT sessions
ROI: 10 ROIs using baseline FC modeling
to predict ECT response
SZ: at baseline only (for prediction of ECT effect
via improvement in PANSS)

Bifrontal ECT (four times per week,
from 6 to 24 sessions per patient,
with a mean of 16.4 sessions)

Bifrontotemporal ECT (3 times per week,
from 5 to 15 sessions per patient)

Bifrontotemporal ECT
(mean of 6.8 sessions per patient)

Bitemporal ECT (3 times per week
with a total of 8 sessions per patient)

ECT method not specified (at least twice a week
for at least 8 sessions)

Bitemporal ECT (3 times per week.
Number of sessions were determined
by individual clinical response

Total number of sessions ranged from 8 to 12,
with a mean of 11.3)

Right unilateral ECT (3 times per week.
Number of sessions were individualized
until symptom improvement, with a mean
of 11.3 sessions for SZ and 10.8 sessions for MDD)

Bilateral ECT (gradually tapered from
5/week to 3/week and 1/week)

Bitemporal ECT (3 times per week.
Number of sessions were individualized
until symptom improvement from 8 to 12 sessions,
with a mean of 11.5 sessions)
Bitemporal ECT (3 times per week.
Number of sessions were individualized
until symptom improvement from 8 to 12 sessions,
with a mean of 11.5 sessions)
Right unilateral ECT (3 times per week.
Number of sessions were individualized
until symptom improvement
Mean number of ECT sessions were
12.4 for SZ and 10.5 for MDD)

Right unilateral ECT (3 times per week)

Bitemporal ECT
(3 times per week for total of 4 weeks)

Bitemporal ECT
(3 times per week for total of 4 weeks)

Bitemporal ECT
(3 times per week for total of 4 weeks)

Bitemporal ECT (3 times per week,
with a mean of 9.15 sessions)

Bitemporal ECT (3 times per week,
with a mean of 10.5 sessions)

rCBF was higher in both temporal lobes and the left cerebellum at baseline compared to controls. rCBF in both frontal lobes,
the right temporal lobe and the right putamen was lower 5 to 17 days after ECT than baseline. Six months after ECT, however,
there were no significant differences in rCBF in each region compared to baseline in schizophrenia patients. The authors
suggest higher cerebral blood flow in SZ patients. Additionally, after ECT, 3-methoxy-4-hydroxyphenylglycol (MHPG)
decreased, whereas high levels of prolactin persisted, after ECT in SZ patients.

Pre-ECT SPECT did not differ between SZ and MDD patients. MDD patients required fewer sessions of ECT, and their clinical
improvement was greater than those with SZ (using Modified Rogers Scale for measuring severity of catatonia). After a week
following completion of ECT, brain SPECT showed significant increases in the parietal, temporal, and occipital regions in MDD.
Pre- and post-SPECT measures were not significantly altered after ECT sessions in SZ group.

In SZ compared to mood disorder patients, hemodynamic responses following ECT showed asymmetric alterations. After the ictal
period, when blood flow increases were measured to be maximal, SZ patients showed significantly increased ratio of regional
blood flow in the left PFC region compared to the right PFC, which was not same in mood disorder patients.

Asymmetry index of n'THI was negatively correlated with duration of illness in SZ patients (r=-0.78).

All patients responded to ECT treatment.

Both ECT and AP groups responded to treatment (PANSS). At baseline, NAA/Cr was lower in the patient group compared
to the control group. The reduced NAA/Cr normalized after treatment with either ECT or AP. However, NAA/Cr increased
after the treatment only in the ECT group and not in the AP group. Measures of Cho/Cr were not significantly different among
the groups or after treatment.

NAA/Cr changes in the left PFC positively correlated with age at onset (r=0.44), percentage of PANSS reduction (r=0.41), baseline
PANSS total score (r=0.37), and stimulus intensity of ECT (r=0.35) and negatively correlated with the duration of illness
(r=-0.41). NAA/Cr changes in the left thalamus positively correlated with age at onset (r=0.33) and negatively correlated with
duration of illness (r=-0.35). These results suggest that if age at onset is older and the duration of illness shorter, the greater
the NAA/Cr will increase after treatment with ECT.

Those who received ECT had increased NAA/Cr in the left PEC compared to those who received only AP treatment.

Cho/Cr in the left PFC and left thalamus were lower in the ECT group than in the AP group.

Clinical improvement did not differ between the two groups.

Medial prefrontal GABA levels did not significantly differ when comparing the three groups. However, when two patient groups
(ECT and AP) were combined and compared with controls, their prefrontal GABA levels were lower. After treatment, prefrontal
GABA levels in the ECT and AP groups did not differ. rmANOVA showed a nonsignificant group effect and time by group effect,
but a significant time effect of baseline versus treatment. Post hoc paired t-test found significant increases in prefrontal GABA only
in the ECT group and not in the AP group.

Clinical improvement (PANSS score) did not correlate with prefrontal GABA level changes.

In both SZ and MDD groups, GMV in the MTL, comprising the amygdala, anterior part of the hippocampus and insula increased
after ECT, but did not correlate with symptom improvement. The GMV increase in the amygdala was inversely correlated with
baseline GMV in the amygdala.

In SZ patients at baseline, there was significantly reduced GMYV in the right insula and right amygdala. After ECT, amygdala
volume did not differ with the control group, and insula GMV was greater in the SZ group than the control group. GMV
in the MDD group did not differ from the control group at baseline, but after ECT, the MDD group showed increased amygdala
volumes that exceeded the control group.

ECT reduced rsFC between the right amygdala, right temporoparietal junction, right medial PFC, right and left posterior insula
and right DLPFC. rsFC between the right amygdala and hypothalamus increased after ECT, and this change was inversely
correlated with baseline connectivity strength of the same region. Post hoc comparison showed rsFC increase between the right
amygdala and hypothalamus was significant in SZ after ECT. However, these changes did not correlate with clinical improvements.

Authors built a classification model using rsFC to differentiate between schizophrenia subgroups and controls. The six networks
included were the DMN, MTL, language network, corticostriatal network, frontal-parietal network, and cerebellum. In the ECT
group, FC in the PCC, left STG, right angular gyrus, and right MTG were increased, while FC in the right ACC, leftt MTG, and
right precuneus were decreased after ECT.

Repeated ANCOVA revealed significant differential effects of group by time in the left precuneus, vmPFC, and dmPFC. Post hoc
analysis showed that gFCD was increased after ECT compared to baseline in the dmPFC, vmPFC, and left precuneus. However,
these changes did not correlate with clinical improvements. In the AP-only group, no significant changes were observed after
treatment compared to baseline.

In the ECT group, GMYV in the bilateral posterior insula was increased after treatment, and this change correlated with symptom
improvements. In the AP group, GMV in the insular subregions were reduced after treatment.

After ECT, decreased functional connectivity between the right posterior insula and left orbitofrontal cortex and the left posterior
insula and middle occipital gyrus was observed, which also correlated with symptom improvements.

Patients had reduced connectivity within the striatothalamic network (in the thalamus) and increased low-frequency oscillations
in the striatal network. ECT reduced low-frequency oscillations in the striatal network and increased functional connectivity
in the medial PFC within the DMN. Additionally, after ECT, FC of the executive network and the DMN was reduced and FC
of the executive network and the salience network was increased.

MDD: Prior to ECT, GMV in the ACC/MPEFEC, bilateral thalami, and MTL network was smaller. After ECT, structural network
strength of the ACC/MPFC and MTL increased but did not correlate with symptom improvements (HAM-D).

SZ: Prior to ECT, GMYV in the precuneus was larger, and the bilateral thalami, MTL, left DLPFC/ACC, and bilateral cerebellum
were lower. After ECT, the MTL and left DLPFC volumes were increased, and the left DLPFC and PANSS total score differences
showed negative association (r=-0.70).

Comparing among the three groups, a significant group by time effect was found in four brain regions: left parahippocampal gyrus/
hippocampus, right parahippocampal gyrus/hippocampus, right temporal pole and mid/superior temporal gyrus, and right
insula. Post hoc analysis showed GMYV increases in all four regions in the ECT group, but decreased GMV in the AP group. Both
ECT and AP groups showed no significant differences in terms of GMV when compared to controls at both baseline and
posttreatment.

ECT group showed a significant positive correlation of GMV changes in the right parahippocampal gyrus/hippocampus with
reductions in positive subscores on the PANSS.

Compared to the AP group, the ECT group had increased bilateral hippocampal volume. Both responders and nonresponders
showed increased hippocampal volume. In nonresponders, lower baseline volume in the hippocampus-amygdala transition area
was found. Increased FC between the hippocampus and the PFC and the default mode network were found in ECT responders.

Significant group by time effect in FC of the right thalamus to right putamen. Post hoc analyses showed increased FC between right
thalamus to right putamen in the ECT group compared to the AP group. After 4 weeks, FC of thalamus to sensory cortex
increased in the ECT group, while FC decreased in the AP group.

Using hypothetical simulation of strong electric fields during ECT stimulus and models to predict ECT response utilizing baseline
FC, 10 ROIs were modeled to be of use in predicting ECT response. The actual data from subjects after ECT showed that among
the 10 ROIs, FC between the right amygdala and left hippocampus was significantly decreased.

Aiming to use multiparametric markers of MRI to predict effects of ECT, the authors integrated baseline gray matter (GM) features
and white matter features (WM). Selection of GM and WM tract ROIs were performed by simulation of electrical fields during
ECT stimulus by modeling, and those regions with electrical field strength larger than 35 V/m were included (23 GM ROIs, 37
WM tracts). Models were tested to predict difference in PANSS scores prior and after ECT. GM features included the left IFG,
right insula, left MTG, and right STG, and the WM tracts between the left calcarine-left superior temporal pole, right lingual-right
ITG, left MOG- left ITG, right MTG-right ITG, and right IFG-right insula.

ECT: electroconvulsive therapy, SZ: schizophrenia, HC: healthy control, DOI: duration of illness, ECT: electroconvulsive therapy, PET: positron emission tomography, rCBF: regional cerebral blood flow, ROI: region of interest, SPECT: single photon emission computed tomography, MDD: major depressive disorder, NIRS: near-infrared
spectroscopy, PFC: prefrontal cortex, nTHI: normalized tissue hemoglobin index, MRS: magnetic resonance spectroscopy, NAA/Cr: N-acetyl-aspartate/creatinine, Cho/Cr: choline/creatinine, PANSS: Positive and Negative Symptom Scale, AP: antipsychotics, GABA/Cr: y-aminobutyric acid/creatinine, sSMRI: structural magnetic resonance
imaging, fMRI: functional magnetic resonance imaging, GMV: gray matter volume, MTL: medial temporal lobe, DLPFC: dorsolateral prefrontal cortex, rsFC: resting-state functional connectivity, DMN: default mode network, PCC: posterior cingulate cortex, STG: superior temporal gyrus, MTG: middle temporal gyrus, ACC: anterior cin-
gulate cortex, gFCD: global functional connectivity density, ANCOVA: analysis of covariance, ymPFC: ventromedial prefrontal cortex, dmPFC: dorsomedial prefrontal cortex, FC: functional connectivity, mPFC: medial prefrontal cortex, HAM-D: Hamilton Depression Rating Scale, DWI: diffusion-weighted imaging, GM: gray matter, WM:
white matter, IFG: inferior frontal gyrus, ITG: inferior temporal gyrus, MOG: middle occipital gyrus, MRI: magnetic resonance imaging



Supplementary Table 2. Features that showed associations with symptoms before and after ECT in patients with schizophrenia

Findings

NAA/Cr changes in the left PFC (positive: age at onset, percentage of PANSS reduction, baseline PANSS total score, stimulus intensity of ECT; negative: duration of illness)*

NAA/Cr changes in the left thalamus (positive: age at onset; negative: duration of illness)*

GMYV increase in the left DLPFC (positive: improvement in PANSS total score)®

Baseline GMV in the amygdala (negative: post-ECT GMV increase in amygdala)”

Volume increase in the right parahippocampal gyrus/hippocampus (positive: reduction in positive subscores on the PANSS)"!

GMYV increase in the right posterior insula (positive: PANSS total, positive, and general subscore reductions)’

Increase in right amygdala-hypothalamus connectivity (negative: baseline connectivity strength of the same region)’

FC between the left posterior insula and the left MOG (positive: PANSS general and negative subscore reductions)’

FC between the right posterior insula and left OFC (positive: PANSS negative subscore reductions)’

Lower classifier scores constituted from six functional networks at baseline predicted greater ECT and antipsychotics response (the DMN, the MTL, the language network,
the corticostriatal network, the frontal-parietal network, and the cerebellum) (positive: changes in PANSS total, negative, and general subscores)"’

1 1t. HATA volumes in responders compared with nonresponders"

Increase in volume in CA4 subfield of the hippocampus (positive: PANSS general subscore reductions)"

FC between the left caudal hippocampus and right angular gyrus (positive: PANSS general subscore reductions)'

No significant association of FC change in the thalamic subfields and PANSS score changes'®

rsFC between the rt. amygdala and It. hippocampus as predictive features for ECT response'®

Decrease in FC between amygdala and hippocampus (positive: percentage reduction in PANSS total scores)'s

Selected 10 features (GMV, WM) of the final predictive model which included the baseline measures of the right insula and the left IFG (associations with treatment response measured
by changes in PANSS total scores)™

ECT: electroconvulsive therapy, NAA/Cr: N-acetylaspartate/creatinine, PFC: prefrontal cortex, PANSS: Positive and Negative Symptom scale, GMV: gray matter volume, DLPFC: dorsolateral
prefrontal cortex, FC: functional connectivity, MOG: middle occipital gyrus, OFC: orbitofrontal cortex, DMN: default mode network, MTL: medial temporal lobe, HATA: hippocampus-
amygdala transition area, CA4: cornu ammonis 4, rsFC: resting-state functional connectivity, rt.: right, It.: left, WM: white matter, IFG: inferior frontal gyrus



Supplementary Table 3. Structural and functional changes observed using MRI in patients with schizophrenia who were receiving ECT treatment after stratification according to the treat-
ment response status

Responders Nonresponders

Baseline Lower classifier scores comprised of six functional networks at baseline predicted greater ECT and antipsychotic responses (the DMN, the MTL, the language network,
the corticostriatal network, the frontal-parietal network, and the cerebellum)"’
1 1t. HATA volumes in responders compared with nonresponders'
rsFC between the rt. amygdala and It. hippocampus was a predictor of the ECT response'
GMYV features at baseline in the It. IFG, rt. insula, It. MTG, and rt. STG predicted the response to ECT"
WM tract features at baseline in the It. calcarine-It. sup. temporal pole, rt. lingual-rt. ITG, It. MOG- It. ITG, rt. MTG-rt. ITG, and rt. IFG-rt. insula predicted the response

to ECT"
After ECT 1 1sFC between 1) the hippocampus and PFC and between 2) the hippocampus | rsFC between the hippocampus and primary sensory network in nonresponders
and DMN in responders after ECT" after ECT"
1 rsFC between 1) the PPtha.R and rt. inf. temporal cortex and 2) PPtha.R and | rsFC between 1) the PPtha.R and rt. inf. temporal cortex, 2) PPtha.R and rt. cerebellum,
rt. cerebellum in responders after ECT" 3) PPtha.R and rt. precuneus, and 4) PPtha.R and It. cerebellum in nonresponders

after ECT"

MRI: magnetic resonance imaging, ECT: electroconvulsive therapy, DMN: default mode network, MTL: medial temporal lobe, It.: left, HATA: hippocampus-amygdala transition area, rsFC:
resting-state functional connectivity, rt.: right, GMV: gray matter volume, IFG: inferior frontal gyrus, MTG: middle temporal gyrus, STG: superior temporal gyrus, WM: white matter, sup.:
superior, ITG: inferior temporal gyrus, MOG: middle occipital gyrus, PFC: prefrontal cortex, PPtha.R: right posterior parietal thalamus




