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Electroconvulsive therapy (ECT) is the most effective treatment for severe depression, although the underlying mechanisms remain
unclear. Animal studies have consistently shown that electroconvulsive stimulation induces neuroplastic changes in the dentate
gyrus. To date, few studies have investigated the effect of ECT on human hippocampal subfields. In the current study, structural
magnetic resonance imaging (MRI) was conducted in 25 patients with major depressive episodes at 3 time points: before ECT (TP1),
after 1 week of the last ECT (TP2) and after 3 months of the last ECT (TP3). Twenty healthy controls were scanned twice with an
interval similar to patients between TP1 and TP2. Volumetric analyses of the cornu ammonis (CA)4/dentate gyrus (DG) were
performed using the MAGeT-Brain (Multiple Automatically Generated Templates) algorithm. Clinically remitted patients after ECT
showed larger volume increases in the right CA4/DG than non-remitted patients. Volume increases in the right CA4/DG were
negatively associated with age. Increased CA4/DG volumes after ECT returned to baseline levels after 3 months irrespective of
clinical state. ECT-induced volume increase in the CA4/DG was associated with age and clinical remission. These findings are
consistent with the neurotrophic processes seen in preclinical studies. Neuroplastic change in the CA4/DG might mediate some of

the short-term antidepressant effects of ECT.
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INTRODUCTION

Electroconvulsive therapy (ECT) is one of the most effective
treatments for severe depression [1]. ECT is effective not only for
major depressive disorder (MDD) but also for bipolar depression
[2]. In addition, ECT induces rapid alleviation of suicidal intent [3].
Considering these clinical important aspects, a better under-
standing of the underlying mechanisms of ECT may lead to the
development of novel pharmacological and neuromodulation
treatments for depression.

Preclinical studies have consistently reported that electrocon-
vulsive stimulation (ECS), an animal model of ECT, enhances adult
hippocampal neurogenesis in both rodent [4] and non-human
primate [5]. ECS also promoted other neuroplastic effects,
including gliogenesis, angiogenesis, and synaptogenesis [6], and
ECS increased volume in the dentate gyrus (DG) in the
hippocampus [7-9]. Moreover, ECS seemed to be required
hippocampal neuroplasticity for its antidepressant effect [10].

Our recent meta-analysis revealed that ECT increased human
hippocampal volume and ECT-induced volume increases were
age-dependent, being more prominent in younger individuals
[11]. Since the hippocampus is not a uniform structure and
consists of several subfields with distinct morphology, including
the cornu ammonis (CA), DG, and subiculum [12], and given the
previous evidence of subfield-specific changes, investigating

the effect of ECT on hippocampal subfields is warranted. To the
best of our knowledge, there are only a few human studies
investigating the effect of ECT on hippocampal subfields [13,
14]. Abbott et al. reported in 15 MDD patients that responders to
mean 11 ECT sessions showed increased volumes in certain
hippocampal subfields (CA1, CA2/3, subiculum, and DG) in the
right hemisphere. Cao et al. also reported in 12 MDD patients on
remission after 8 ECT sessions showed increased volume in
the bilateral granule cell layer (GCL) in the DG and several
hippocampal subfields (CA3, CA4, molecular layer, and sub-
iculum) in the right hemisphere. While hippocampal volume
increases in the DG after ECT is supported by these prior
studies, the clinical relevance of this volume change is still
unclear. In addition, the long-term effects of ECT on DG volume
are elusive.

To expand on prior findings related to ECT-induced hippocam-
pal volume changes, we conducted the present study. The aims of
the current study were to investigate: (1) whether ECT may
increase the volume in the DG, (2) whether ECT-induced volume
changes in the DG are correlated with demographic variables (e.g.
age) and/or clinical remission, and (3) whether volume changes in
the DG are transient or permanent. Based on consistent findings
from animal work, we hypothesized that ECT would increase DG
volume and that clinical improvement might be associated with
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this volume change. According to our meta-analysis [11], we
hypothesized that ECT-induced volume increases are negatively
associated with age. In addition, we hypothesized that structural
changes induced by ECT might be associated with long-term
clinical improvement.

PATIENTS AND METHODS

Participants and clinical assessments

Participants were inpatients scheduled to receive clinically
indicated ECT in the Komagino Hospital (a 500-bed psychiatric
hospital) in Tokyo, Japan. Healthy controls were recruited from
the same area. Written informed consent was obtained from all
participants and/or their surrogate family members. This study
was approved by the ethics committee of the hospital and
performed in accordance with the Declaration of Helsinki.
Inclusion criteria were as follows: (1) Diagnostic and Statistical
Manual of Mental Disorders, Fourth Edition, Text Revision (DSM-
IV-TR) diagnosis of major depressive disorder (MDD), or bipolar
(BP) | or Il disorder experiencing a major depressive episode
(MDE) with melancholic features confirmed by Mini-International
Neuropsychiatric Interview (M.LN.L); (2) clinical indications for
ECT, including pharmacotherapy resistant or requiring a rapid
response; (3) age =50 years. The age range was selected based
on a previous similar study [13]. We included only late-life
melancholic patients, who have been considered as good
candidates for ECT, to minimize heterogeneity in our sample.
Exclusion criteria included: (1) Any concurrent Axis | diagnosis
other than MDD or BP (e.g. anxiety disorders); (2) concurrent
drug or alcohol dependence; (3) a diagnosis of neurological or
degenerative disorders (e.g. epilepsy and dementia); (4) unstable
or severe medical illness (e.g. myocardial infarction within
1 month); (5) pregnancy; (6) ECT treatment within the last
3 months; (7) patients with mandatory admission by mayor of
municipality.

Clinical and MRI assessments were conducted within 1 week
before the first ECT (TP1), within 2 weeks (mean 7.3 days) after the
last ECT (TP2), and 3 months after the last ECT (TP3). For post-ECT
assessments, we avoided at least the first 5 days after the last ECT
to minimize any immediate effect of the seizure on imaging and
cognitive assessments [13, 15]. Depressive symptoms were
evaluated using the 17-item Hamilton Depression Rating Scale
(HAM-D). Remission was defined as HAM-D total score <7. The
Mini Mental State Examination (MMSE) was used to assess global
cognitive function. Medication changes and additional ECT
treatments based on clinical decisions were permitted during
the time between TP2 and TP3. Healthy controls were screened by
using the M.LN.. and were excluded if they had a history of
psychiatric disorders. Healthy controls received 2 assessments at
similar intervals (TP1 and TP2) to patients.

ECT procedure

ECT treatment was provided in the clinical settings by each
participant’s attending psychiatrist. The participation in our study
did not influence any clinical decision for ECT. ECT was performed
using a brief-pulse (0.5ms) square-wave device (Thymatron
system IV device; Somatics, Inc., Lake Bluff, IL, USA). Participants
received bilateral ECT 2 to 3 times a week. The number of sessions
was determined by each attending psychiatrist. The initial
stimulation intensity was determined by half age method (e.g. A
60-year-old patient received the first ECT at 30% stimulus output
of the machine). Electroencephalogram (EEG) was recorded to
ensure at least 20-sec of epileptiform EEG activity after ECT.
Propofol (1 mg/kg) was used for general anesthesia, and
succinylcholine (0.5-1.0 mg/kg) was used to induce muscle
relaxation. Participants continued their psychotropic medications
throughout the course of ECT. Detailed ECT procedure is described
in supplementary material.

SPRINGERNATURE

Image acquisition and hippocampal segmentation

Imaging (MRI) data were acquired using a 3-Tesla GE Signa HDxt
scanner at Komagino Hospital. High-resolution 3D T1-weighted
images were acquired using a fast spoiled gradient recalled echo
sequence (fSPGR: TR=6.9ms, TE=29ms, sagittal orientation,
matrix =256 X 256 mm, slice thickness =1.0 mm, voxel size =
0.9 X 0.9 X 1.0 mm?, 174 slices).

We used a stand-alone analysis pipeline, namely a multiatlas
segmentation tool (MAGeT-Brain), to obtain volumes in the CA4/
DG. MAGeT-Brain was demonstrated to show similar results to
manual segmentation in standard T1-weighted images, and to
reliably reproduce segmentation for the CA4/DG subfields [16]. In
addition, MAGeT-Brain is reported to be more accurate and likely
to underestimate the change if any; thus, we considered it is more
suited to examine the volume-change longitudinally. A compre-
hensive description of the segmentation pipeline was provided in
the previous articles [17, 18]. Subfield volumes were normalized
for differences in total brain volume (TBV) (gray matter volume
plus white matter volume) among subjects by means of an
analysis of covariant approach [19]: volume (adjusted) = volume
(observed) — Beta * (TBV — mean TBV). Beta was calculated from a
linear regression using observed brain volume in the entire
sample as the dependent variable and TBV as the independent
variable. TBV was obtained using statistical parametric mapping
(SPM) 12 package (http://www fil.ionucl.ac.uk/). We examined the
test-retest reliability of automated hippocampal subfield segmen-
tation (supplementary material; Table S1).

Statistical analysis

To explore cross-sectional effects of diagnosis at baseline (ECT
patients and controls), we used a general linear model (GLM),
controlling for age and sex.

To confirm ECT-induced CA4/DG volume increases between TP1
and TP2, and to explore the potential effects of clinical
characteristics (age and sex) on volume change, we used
repeated-measure analysis of variance (RM-ANOVA). To investigate
the relationship between clinical improvement and volume
changes with ECT, we compared percentage volume changes
between TP1 and TP2 among 3 groups (remitters, nonremitters,
and controls) using a GLM, including age and sex as covariates,
and we performed pair-wise post-hoc comparisons between
groups. As additional analyses, we explored the effects of the
number of ECT and the dosage of antidepressant medications on
volume changes in the CA4/DG (supplementary material). We also
explored the correlation between percentage volume changes
and percentage change in the clinical ratings (HAM-D and MMSE)
(supplementary material).

To investigate whether ECT-related structural changes are
transient or not, we used general linear mixed models (GLMM),
including time points (TP1, TP2, and TP3) for longitudinal analysis
using patients’ data only. Age and sex were included in this model
as covariates. We selected the GLMM because this model is robust
to randomly missing data points and the inclusion of all available
data with missing data points is permitted. Dependent variables
included percentage volume change in the right and left CA4/DG
as primary analyses, and we investigated whether group (i.e.
remitters, nonremitters) by time (i.e. TP1, TP2, and TP3) interac-
tions were significant. We reanalyzed data from participants who
achieved remission through the entire follow-up period (complete
remitters). We also conducted the same analyses including
medication dosage (i.e. antidepressants, antipsychotics, benzodia-
zepine, and mood stabilizer), and lithium therapy (yes/no) as
covariates.

Statistical analyses were performed using SPSS ver 24.0 (IBM
Inc.,, Armonk, NY, USA) and R ver 3.4.3. Statistical significance was
defined by a p-value of <0.05 (two-tailed). Bonferroni correction
was used for multiple comparisons. For our primary outcomes
(volume change in the right and left CA4/DG), statistical
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Table 1. Clinical characteristics of participants
Controls ECT patients
All Remitters Nonremitters P-value
Number 20 25 18 7
Age (years) 63.3 (7.3) 67.1 (8.3) 66.3 (9.6) 69.1 (3.0) 0.46
Female (%) 13 (65.0) 18 (72.0) 14 (77.8) 4 (57.1) 0.36
Bipolar disorder (%) 5 (20.0) 3(16.7) 2 (28.6) 0.60
Psychotic features (%) 17 (68.0) 12 (66.7) 5(71.4) 1.00
Family history (%) 10 (40) 6 (33.3) 4 (57.1) 0.66
Duration of the current episode (month) 6.0 (3.0-11.0) 8.0 (3.0-14.5) 4.0 (2.0-5.0) 0.09
lliness duration (year) 5.0 (1.13-19.5) 4.0 (1.19-13.5) 28.0 (0.75-47.0) 0.25
Number of ECT 10.8 (1.5) 10.6 (1.4) 11.4 (1.6) 0.19
Charge (mQ) 289.1 (86.6) 283.1 (90.7) 304.7 (79.3) 0.59
EEG seizure (seconds) 413 (12.9) 43.6 (14.1) 35.3 (6.8) 0.15
Time between TP1 and TP2 (days) 38.3 (8.1) 39.1 (7.0) 39.2 (7.6) 38.9 (5.7) 0.91
Baseline HAMD-17 1.1 (1.3) 33.0 (7.1) 32.1 (7.4) 35.3 (6.1) 0.33
Baseline MMSE 28.9 (1.3) 25.8 (3.2) 27.0 (2.2) 23.3 (3.8) 0.009
Each variable is described as mean (SD) for continuous variable
Duration of the current episode and Iliness duration are described as median (IQR) because of non-normal distribution
The p-values were the results of comparisons between remitters and nonremitters
significance was defined by a p-value of <0.025 (0.05/2). The raw Table 2. Clinical results of the study
p-values were reported. Detailed explanation of the statistical
analysis is described in supplementary material. ECT patients
TP1 TP2 TP3
Demagraphics and inical characterist Number 2 2 2
Wee ‘ijr?clau’:()iec(i:S 35 ECCT cgatcie?wtic aen; C250 healthy controls. All HAMD-17 330@.D) 60 (5.2) 72 (93)
participants completed imaging assessments at TP1 and TP2. Of Remission, n (%) 18 (72.0) 17.(73.9)
25 patients, 23 patients completed assessments at TP3. MRI data MMSE 25.8 (3.2) 27.6 (2.5) 27.8 (2.3)
from one subject at TP3 were excluded because of a segmentation Antidepressants, n (%) 21 (84.0) 21 (84.0) 19 (82.6)
error. After 1 course of ECT treatment, 18 patients (72.0%) met the Antipsychotics, n (%) 19 (76.0) 19 (76.0) 18 (78.3)
remission criteria. The mean redqction rate of HAM-D was §0.3%. Benzodiazepine, n (%) 4 (160) 4(16.0) 10 (43.5)
Between TP2 and TP3, 14 remitters at TP2 kept remission, 4 ’
nonremitters at TP2 remitted at TP3, 4 remitters at TP2 relapsed Mood stabilizer, n (%) 1(4.0) 140 5(21.7)
and converted to nonremitters at TP3, and 2 nonremitters at TP2 HAMD-17 and MMSE are described as mean (SD)
were not followed at TP3. Demographics of the study participants

are summarized in Table 1, and clinical results are summarized in
Table 2. There were differences in MMSE score between remitters
and nonremitters at TP1 (t=29, df =20, p=0.009), but no
differences at TP2 (t=1.5, df =23, p=0.14). During the time
between TP2 and TP3, one patient (nonremitter at TP2) received a
course of ECT and then continuation ECT (remitter at TP3). We
excluded this patient’s data at TP3 because of unusual clinical
scenario.

Baseline comparisons between ECT patients and controls

There were no significant differences in right and left CA4/DG
volumes between ECT patients and healthy controls at baseline
(right: F; 47 =0.00, p=0.99; left: F; 4 =0.03, p=0.87), and
between remitters and nonremitters at baseline (right: F;, ;=
0.49, p = 0.49; left: F; 5; =0.03, p=0.87) (Table S2).

Volume change between pre-ECT (TP1) and post-ECT (TP2)

Bilateral volume in the CA4/DG increased after ECT (right: F; 4=
14.7, p=0.001; left: F;, 54 =7.8, p=0.01). There was a significant
time by age interaction in the right CA4/DG (F;, ,3=11.0, p=
0.003), but no significant time by sex interaction (F; 3 =0.48,p =
0.50). Percentage volume change of the right CA4/DG was
negatively associated with age (r=—0.54, df =23, p=0.006)

Neuropsychopharmacology (2019) 44:1805-1811

(Fig. 1). There were neither significant time-by-age (F;, 53 = 1.56,
p=0.22) nor time-by-sex (F; »3=1.50, p=10.23) interactions in
the left CA4/DG.

In GLMs, a group (remitters, nonremitters, and controls)
difference in percentage volume increase was found in the right
CA4/DG (Fy, 40=11.0, p<0.001) (Fig. 2). Post-hoc comparisons
revealed that remitters showed greater volume increases in the
right CA4/DG than nonremitters (F; ,; =10.28, p=0.004) and
controls (F;, 35 =21.30, p < 0.001). In contrast, no group differences
were found in the left CA4/DG (F;, 40 = 3.15, p = 0.05). The results
did not change after controlling the dosage of antidepressant
medications and the number of ECT (Figure S4; Figure S5). There
were no linear correlation between percentage volume change in
the CA4/DG and percentage change in the clinical ratings,
including HAM-D and MMSE (supplementary material).

We also performed the same analyses for other hippocampal
subfields and whole hippocampus as exploratory analyses. There
were significant time by age interactions in the right (F; 3 = 6.88,
p=0.015) and left (F;, ,3=7.26, p=0.013) whole hippocampus
(Table S3). Significant group differences in percentage volume
increase were found in the right hippocampus (F,, 40=5.74, p=
0.006), the left hippocampus (Fy, 40 = 3.89, p =0.03), and the left
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Fig. 1 The relationship between percentage volume changes in the
right CA4/DG with ECT and age. Age was negatively associated with
volume changes in the right CA4/DG (r = —0.54, df =23, p = 0.006).
The blue line represents the linear fit and the shaded region
represents 95% confidence intervals

stratum radiatum (SR)/stratum lacunosum (SL)/stratum moleculare
(SM) (F3, 40 =4.67, p=0.015) (Table 3; Figure S1).

Long-term volume changes after ECT

The GLMM for the right CA4/DG showed a group (ECT remitters
and ECT nonremitters) by time (TP1, TP2, and TP3) interaction
(F2, 460 =547, p=0.007), with volume change through 3 time
points in ECT remitters only (F,, 335 = 17.1, p < 0.001) (Fig. 3). Post-
hoc analyses revealed that there were differences in remitters’
right CA4/DG volume between TP1 and TP2 (p<0.001), and
between TP2 and TP3 (p < 0.001), but not between TP1 and TP3
(p=0.35). The GLMM for the right CA4/DG also showed a
significant main effect of time (F,, 440 =9.71, p <0.001). Although
we reanalyzed using only data from 14 complete remitters, the
results did not change (Figure S2).

The GLMM for the left CA4/DG did not show a group by time
interaction (Fy, 455 = 2.84, p = 0.07) and showed a significant main
effect of time (F;, 465 = 7.03, p = 0.002). Post-hoc analyses of the
left CA4/DG in all ECT patients revealed that there were significant
differences between TP1 and TP2 (p = 0.01), and between TP2 and
TP3 (p =0.001), but not significant differences between TP1 and
TP3 (p=0.29). When we reanalyzed using only data from 14
complete remitters, there was no significant main effect of time
(F5, 251 =3.36, p=0.05). All analyses were also performed for
other subfields and bilateral whole hippocampi as post-hoc
exploratory analyses. The results of the right hippocampus
showed a similar pattern to the volume change in the right
CA4/DG (Figure S3). The results did not change after controlling
for maintenance therapy (supplementary material). The actual
volume changes in all hippocampal subfields and whole
hippocampus through 3 time points were reported in supple-
mentary material (Table S5).

DISCUSSION

In the current study, we found the following: (1) ECT increased
CA4/DG volume; (2) ECT-induced volume increases in the right
CA4/DG were negatively associated with age; (3) Remitted
patients after ECT showed larger volume increases in the right
CA4/DG than non-remitted patients: (4) ECT-induced volume
increases in the right CA4/DG were transient and the volume
returned to baseline levels 3 months after the last ECT. To the best
of our knowledge, this is the first study that investigates both
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Fig. 2 Longitudinal effect of ECT on the CA4/DG volume. a There
were significant group differences in the right CA4/DG volume
changes (F,, 40 = 11.0, p < 0.001). Remitters showed significant larger
volume increase than both nonremitters (F;, »; = 10.28, p = 0.004)
and controls (F;, 34 =21.30, p <0.001). b There were no significant
group differences in the left CA4/DG volume changes (F;, 40 = 3.15,
p=0.05), and post-hoc analyses revealed that remitters showed
larger volume increase than controls (F;, 34 =5.38, p=0.027). *p <
0.05, **Corrected p < 0.05

acute (1 week) and long-term (3 months) effects of ECT on the
volume of human hippocampal subfields.

ECT-induced volume increase and age

In this study, we found ECT-induced volume increase in the CA4/
DG. A body of animal studies, including rodent [4] and non-human
primate [5] work, has consistently reported that ECS increased
neurogenesis in the DG within the hippocampus. Some of the ECS
studies reported increased volumes in the DG [7-9]. Similar to ECS,
antidepressant medication also induced neurogenesis in the DG
[20]. Although both antidepressant medications and ECS induced
neurogenesis in the DG, the latter has been shown to be a more
potent and faster stimulator of neurogenesis than the former [21].
This evidence seems to be consistent with clinical findings: ECT is
a more potent and faster antidepressant treatment than medica-
tion. ECS also increases the number of glial cells, endothelial cells,
and dendritic spines of neurons [6]. Adult hippocampal neurogen-
esis in humans has been reported in several studies [22, 23], but
not all [24]. Given the large volume increase in the CA4/DG (i.e.
~5% of volume increase), neuroplastic changes other than
neurogenesis may mainly account for ECT-induced volume

Neuropsychopharmacology (2019) 44:1805-1811



Table 3. Results of percentage volume change with ECT among 3
groups (remitters, nonremitters, and healthy controls)

F value P value Post-hoc comparisons

Hippocampus
Right 574 0.006** Remitters > nonremitters (p =
hippocampus 0.015)
Remitters > controls (p = 0.004)
Left 3.89 0.03* Remitters > controls (p =0.019)
hippocampus
Subfields

Right CA4/DG 11.0 <0.001** Remitters>nonremitters (p =
0.004)

Remitters>controls (p < 0.001)

Left CA4/DG 3.15 0.05
Right CA1 1.39 026
Left CA1 045 0.64

Right subiculum 074 0.48
Left subiculum 209 0.14
Right CA2/3 115 033
Left CA2/3 1.07 035
Right SR/SL/SM 141 026

Left SR/SL/SM 467 0.015* Remitters> controls (p = 0.005)

SR stratum radiatum, SL stratum lacunosum, SM stratum moleculare
*p < 0.05, **p < 0.01

110-

105 -

100- \

group
@ Remitters
Nonremitters

Percentage volume change in the right CA4/DG (%)

1)5.
TPI P2 TP3
Time points
Fig. 3 Long-term volume change in the right CA4/DG. Remitters
showed significant volume increase between TP1 and TP2 (p<
0.001), but showed significant volume decrease between TP2
and TP3 (p < 0.001). There was no significant difference in the right
CA4/DG volume between TP1 and TP3 (p=0.35). *p<0.05,
**Corrected p < 0.05

increases in the CA4/DG detected by MRI. This speculation
was supported by a preclinical study, reporting that preclinical
deep brain stimulation (DBS)-induced hippocampal volume
increase observed on MRI was associated with increased blood
vessel size [25].

We found that ECT-related volume increase in the CA4/DG as
well as the whole hippocampus was age-dependent, being more
prominent in younger patients. The age effect on degree of
structural changes was also reported in an ECS study [26]. A recent
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human study reported elderly individuals had similar numbers of
immature neurons in the DG as younger individuals, but had less
angiogenesis and neuroplasticity [27]. Hence, age-related CA4/DG
volume change with ECT might be due to decline in angiogenesis
and neuroplasticity with aging.

Clinical relevance of ECT-related volume change

Larger volume increase in the CA4/DG was found in remitted
patients than in non-remitted patients. Preclinical studies showed
that the antidepressant effect of ECS was not detected in mice
lacking adult neurogenesis [10] and lacking dendritic outgrowth
[28]. Antidepressant effect of medications also required neuro-
genesis [20] or other neuroplastic mechanisms, including dendritic
remodeling [29]. Based on these findings, recovery from depres-
sion may require neuroplasticity, including neurogenesis, in the
DG regardless of treatment modality [30]. The results of the
current study could support this speculation, and would highlight
novel compounds targeting hippocampal neuroplasticity [31].

According to our systematic review [11], many studies did not
find associations between brain structural changes with ECT and
clinical improvement. One of the possible explanations for this
inconsistency might be due to differences in employed statistical
models. We found that the degree of volume change in the CA4/
DG with ECT was negatively associated with age, which was
shown to be one of the important predictors for ECT remission
[32]. Therefore, we controlled for age when investigating
associations between volume change with ECT and clinical
improvement. Moreover, we compared remitted patients to non-
remitted patients. A recent study also reported only remitted
patients showed hippocampal subfield volume increases after ECT
[14], although it did not directly compare remitted patients and
nonremitted patients. Indeed, similar to previous other studies, we
did not find any correlations between percentage change in CA4/
DG volume and percentage change in HAM-D scores. Our results
suggest that a categorical approach (i.e. a direct comparison
between remitted patients and non-remitted patients) may be
meaningful. Although it is speculative, structural plasticity in the
CA4/DG may not be the sufficient change, but the necessary
change for clinical remission [33]. Another possibility for
discrepancies includes a difference in the clinical characteristics
of participants. In our cohort, all participants had DSM-defined
melancholic features and more than two-thirds had psychotic
features. In addition, most of the patients met criteria for
melancholia provided by previous research [34] (Table S6). These
patients might be representatives of so-called melancholia or an
endogenous type of depression [35], which has been considered
to reflect more biologically homogenous patients than DSM-
defined major depression. These unique characteristics of
participants may explain the clear associations between clinical
improvement with ECT and hippocampal neuroplasticity, as
previously suggested [36, 37].

One might contend that volume changes might be associated
with cognitive dysfunction with ECT, not clinical improvement.
There are some studies reporting positive associations between
hippocampal volume change with ECT and cognitive changes [38]
and negative findings [13, 39]. However, a previous meta-analysis
reported that ECT-related cognitive dysfunction was mainly
limited to the first 3 days after the last treatment [15], and in
this study, we avoided at least the first 5 days after the last ECT for
the assessment (all participants received the assessment at least
7 days after the last ECT) to minimize the acute effect on
cognition.

Other possibilities include that volume changes might be due
to alterations of water content and/or could be just the
byproducts of electrical stimulation. However, there are several
studies suggesting that edema is unlikely to be the primary cause
of the observed hippocampal volume changes with ECT [40-43].
In contrast, there is still a possibility that increased blood flow with
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ECT could affect volume estimation using T1-weighted imaging
[44]. Previous studies reported that electrode placement might be
related to the side of volume change [13, 45], although this is
inconsistent [19, 46]. In the current study, all participants received
bilateral stimulation, but volume increase was more evident in the
right side than the left side. Our result could raise the possibility
that volume change in the CA4/DG was not just the byproduct of
stimulation and the right CA4/DG might be more important for
remission than the left side. However, we are not able to conclude
this yet and future study should include wide varieties of electrode
placements in larger cohorts. A recent mega-analysis reported
the positive association between the number of ECT and volume
increases in the hippocampus with ECT [45]. In our cohort, we did
not find any correlations between the number of ECT and bilateral
CA4/DG (Figure S4). This inconsistency might be due to the small
range of the number of ECT in our cohort (range: 8-14).

We found differences in MMSE total score at TP1 between
remitters and nonremitters. Our result is consistent with a
previous antidepressant treatment trial that showed pretreatment
neuropsychological differences between remitters and nonremit-
ters in the cohort of late-life depression [47], and nonremitters in
our cohort might have abnormal white matter integrity based on a
vascular depression hypothesis [47]. Another possibility is that
some of the nonremitters might have neurodegenerative pro-
cesses, which might prevent ECT-induced plastic changes. Late-life
depression as a whole did not correlate with amyloid deposition
[48], but there is still a possibility that a specific subpopulation
(e.g. ECT nonremitters) may have neurodegenerative processes.
Future studies, including amyloid and/or tau PET assessment as
well as assessment of white matter hyperintensities, are needed to
explore the underlying neurobiology of ECT nonremitters.

Long-term effect of ECT on CA4/DG

Contrary to our hypothesis, we found that ECT-induced volume
increase in the CA4/DG was evident after 1 week of the last ECT,
but the CA4/DG volume returned to baseline levels after 3 months
of the last ECT, even in patients who stayed in remission. These
results are not consistent with preclinical studies, which report
long-term effects of ECS on neurons [4, 49], but are consistent with
a human study that reported normalization of hippocampal
volume 6 months after the last ECT [19]. Further, we expanded
upon this previous finding in that our results suggest that the
hippocampal volume effect of ECT was mostly driven by the CA4/
DG, and that the volume changes in the CA4/DG were different
between remitters and nonremitters. The current study showed a
significant group (remitters and nonremitters) by time (TP1, TP2,
and TP3) interaction in the right CA4/DG and the right
hippocampus. Our results showed a parallel volume change in
the right hippocampus and the right CA4/DG (i.e. volume
increased at TP2 and normalized at TP3). In addition, we did not
find any significant results in other subfields (Table S4). On the left
side, we did not find a significant group by time interaction, but
found a significant main effect of time, suggesting that both
remitters and nonremitters showed similar volume changes in the
left CA4/DG and the left hippocampus. Our finding regarding the
ECT's prominent effect on the CA4/DG is supported by previous
preclinical studies, which have consistently shown the neuroplas-
tic effects (e.g. neurogenesis) of ECS on the DG [4-10]; our results
might support the neuroplastic hypothesis of ECT action [6].

Our findings raised the possibility that ECT-induced CA4/DG
volume increase might be related to only transition from the
depressed state to the euthymic state, but not related to the long-
term antidepressant effect of ECT. Although speculative, ECT may
provide a short window of structural remodeling in the acute
phase, and volume increase with ECT might reflect this process
[50]. Future studies should investigate structural and/or functional
changes associated with long-term antidepressant effects, as well
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as the biological effect of maintenance ECT on brain structure
and/or function.

Limitations

Some limitations should be mentioned, but most of them are due
to clinical nature of the study. First, the patients continued their
psychopharmacological treatment, and some of the patients
changed their medications between TP2 and TP3. Our cohort
includes severely depressed patients, which required continuous
psychopharmacological treatment to prevent further clinical
deterioration. We conducted additional analyses to explore the
effects of medications on ECT-related volume changes. Even after
including medication dosage as covariates in the statistical
models, the results did not change (supplementary material).
Second, the small number of non-remitted patients limit the
power to detect potential confounding factors between remitted
and non-remitted patients.

CONCLUSION

In conclusion, ECT-induced CA4/DG volume increase in the acute
phase was associated with age and clinical remission. These
results support the neurotrophic hypothesis of depression [30]
and neuroplastic change in the dentate gyrus might mediate
some of the short-term beneficial effects of ECT. Future studies
should examine the underlying biological mechanisms associated
with long-term clinical improvement.
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