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Abstract

Background: The dorsomedial prefrontal cortex
(dmPFC) is considered a crucial node in emotional and cog-
nitive processes. Voxel-mirrored homotopic connectivity
(VMHC) is a validated methodology for investigating in-
terhemispheric coordination. This study aims to elucidate
the effects of electroconvulsive therapy (ECT) on the in-
terhemispheric connectivity of the dmPFC in patients with
depression, using VMHC as a measure of bilateral neural
coordination.

Methods: Thirty-three patients with depression,
screened at the University of Science and Technology of
China (USTC), and thirty-five patients with depression,
screened at Anhui Medical University (AHMU), were se-
lected as the subjects of this study. VMHC was employed
to investigate the effects of ECT on bilateral hemispheric
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functional connectivity. The Hamilton Depression Rating
Scale (HAMD) was used to assess depressive symptoms,
and the relationships between changes in HAMD scores and
VMHC values were examined.

Results: Following ECT, the depressive symptoms of
all participants decreased (p < 0.001). The VMHC values
in the dmPFC were significantly increased in both groups
after ECT (p< 0.01). No significant correlation was found
between the increasingVMHCvalues in the dmPFC and the
changes in HAMD scores in depressed patients (p > 0.05).

Conclusion: These results show that ECT regulates
interhemispheric functional connectivity in depressed pa-
tients, and significantly increases the VMHC values in the
dmPFC. Our findings may provide a useful method for op-
timizing the treatment of depression.

Keywords

depression; dorsomedial prefrontal cortex; electroconvul-
sive therapy; voxel-mirrored homotopic connectivity

Introduction

Depression is characterized by feelings of sadness,
low self-worth, hopelessness, and guilt [1]. Severe depres-
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sion is correlated with an increased risk of morbidity and
mortality [2]. Despite its high incidence, the exact patho-
genesis of depression remains unclear.

Numerous brain imaging studies have accumulated
evidence that depressive disorders are linked to interhemi-
spheric imbalances in many brain regions [3,4], especially
the prefrontal cortex. Several mood disorders are attributed
to abnormalities in the prefrontal cortex, a critical brain
area for controlling emotion [5,6]. For example, an elec-
troencephalographic investigation revealed that the alpha
waves between the bilateral frontal lobes are asymmetric
in depressive patients [7], with the left prefrontal cortex be-
ing much less activated than the analogous region in the
other hemisphere [8]. The dorsomedial prefrontal cortex
(dmPFC) is a specific region of the prefrontal cortex. Re-
search into psychopharmacological mechanisms has shown
that first-line antidepressants currently used in clinical prac-
tice, although they immediately inhibit the uptake of central
neurotransmitters [9], can reduce the sensitivity of neuro-
transmitter receptors with long-term use. This phenomenon
not only reduces patient compliance with the treatment
but also increases the risk of suicide among patients [10].
Therefore, finding safe, rapid-acting, and specific treatment
methods for patients with depression has become a focal
point of current clinical research.

Electroconvulsive therapy (ECT) is among the most
efficient and extensively used therapies for treating patients
with depression, particularly those with severe depression
with acute suicidal thoughts and treatment-resistant depres-
sion [11,12]. Additionally, ECT has provided new in-
sights into the pathophysiology of depression and thera-
peutic methods. However, the rationale for ECT remains
unclear. Recent research suggests that ECT may exert a re-
balancing effect by modulating interhemispheric functional
connectivity [13,14].

Voxel-mirrored homotopic connectivity (VMHC) is a
validated methodology for investigating interhemispheric
coordination. It has been used to calculate the synchrony
of spontaneous activities between geometrically homotopic
regions in both brain hemispheres [15]. A neuroimaging
study showed decreased VMHC values in the medial pre-
frontal cortex in individuals suffering from depression [16].
In an earlier study, we observed reduced VMHC in the mid-
dle frontal gyri and angular gyri in depressive patients com-
pared to normal controls, and found that VMHC was nor-
malized following ECT [17].

Due to the significance of unbalanced interhemi-
spheric functional coordination in the pathophysiology of
depression and the rapid anti-depressive effect of ECT,

the current investigation sought to examine changes in
interhemispheric functional connectivity before and after
ECT. We hypothesized that the ability of ECT to regulate
interhemispheric functional connectivity, as measured by
VMHC, underlies its efficacy in treating depression. To
determine the potential treatment mechanism, this study ex-
amined the effects of ECT on interhemispheric functional
coordination in two distinct groups for the first time, using
a large sample size.

Methods

Participants

The study comprised 68 participants diagnosed with
depression who underwent ECT at the AnhuiMental Health
Center in China. Participants were divided into two groups.
The first group, consisting of 33 depressive patients aged
between 17 and 52, was screened between February 2017
and November 2018 at the University of Science and Tech-
nology of China (USTC). The second group, comprising 35
depressive patients aged between 18 and 51, was screened
between January 2013 and May 2017 at the Anhui Medical
University (AHMU). All participants were professionally
diagnosed with depression by a psychiatrist and met the di-
agnostic criteria of the Diagnostic and Statistical Manual
of Mental Disorders–IV (DSM-IV). ECT was prescribed
by the psychiatrist due to severe suicidal tendencies or re-
sistance to pharmacotherapy. Participants were excluded
from the study if they met any of the following criteria: (1)
pregnancy; (2) comorbid psychiatric disorders or other seri-
ous medical illnesses; (3) prior ECT treatments; (4) alcohol
or substance abuse; and/or (5) Magnetic Resonance Imag-
ing (MRI) scanning limitations. Each participant’s right-
handedness was assessed using the Edinburgh Handedness
Scale [18].

Evaluation of Clinical Symptoms

Depressive symptoms were evaluated using the 17-
item Hamilton Depression Rating Scale (HAMD) [19]. Pa-
tient symptoms were assessed approximately 12–24 hours
before the first ECT session and 1–3 days following the
final ECT session. Throughout the trial, patients in both
groups adhered to a consistent antidepressant regimen. The
specific medications used are outlined in Table 1.
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Table 1. The categories of medicine.
Medicine category USTC (n = 33) AHMU (n = 35)

SSRIs 22 19
SNRIs 10 12
SARIs 1 2
NaSSAs 8 7
NRIs 0 1
Antipsychotics 16 16
Anti-convulsantsa 1 12
Non-benzodiazepine hypnotic 9 4
Anti-anxietyb 1 4
χ2 14.33
p 0.074

Note:
aAnticonvulsants mainly include valproate and benzodiazepines, used for
bipolar disorder or insomnia, and discontinued during electroconvulsive ther-
apy (ECT).
bThe anti-anxiety category includes buspirone and tandospirone.
Abbreviations: USTC, University of Science and Technology of China;
AHMU, Anhui Medical University; SSRIs, selective serotonin reuptake in-
hibitors; SNRIs, serotonin–norepinephrine reuptake inhibitors; SARIs, sero-
tonin antagonist/reuptake inhibitors; NaSSAs, norepinephrine and specificity
serotonergic antidepressants; NRIs, selective norepinephrine reuptake in-
hibitors.

ECT Procedures

The ECT procedures followed previously described
protocols [20]. A Thymatron System IV Integrated ECT
System (Somatics, Inc., Lake Bluff, IL, USA) administered
stimuli with a constant current (0.9 A) and a brief pulse
(1 ms) at a frequency of 50 Hz, following intravenous in-
duction of anesthesia with propofol (1.4 mg/kg body mass)
and muscle paralysis with succinylcholine (0.5 mg/kg body
mass). Patients underwent three ECT sessions per week.
The initial three sessions occurred on consecutive days until
symptom relief was achieved, followed by subsequent ses-
sions every other day with weekends off. Individual patient
ages were taken into account when determining the initial
stimulation dose.

Acquisition of MRI Data

All patients underwent structural and functional MRI
scans at either AHMU or USTC. Scans were conducted on
patients with depression 12–24 hours before the initial ECT
session and 1–3 days after the final ECT session. During
scanning, patients were instructed to keep their eyes closed,
relax, avoid dozing off, and refrain from focusing on spe-
cific thoughts. Imaging was performed using a Signa HDxt
3.0 T whole-body MRI scanner (GE Healthcare, Amer-

sham, UK). The standard echo planar imaging procedure
was employed to acquire resting-state functional images
with the following parameters: repetition time = 2000 ms,
echo time = 22.5 ms, 33 continuous slices, slice thickness =
4.0 mm, flip angle = 30°, voxel size = 3.4× 3.4× 4.6 mm3,
matrix size = 64× 64, and field of view = 220× 220 mm2.
Additionally, a 3-dimensional inversion recovery prepared
rapid spoiled gradient recalled sequence was used to obtain
188 slices of T1-weighted anatomical images in the sagittal
orientation, with parameters: voxel size = 1 × 1 × 1 mm3,
slice thickness = 1 mm, matrix size = 256 × 256, field of
view = 256 × 256 mm2, flip angle = 8°, inversion time =
800 ms, echo time = 3.184 ms, and repetition time = 8.676
ms.

Data Preprocessing

The statistical Parametric Mapping software (version
12, Wellcome Centre for Human Neuroimaging, University
College London, London, United Kingdom; https://www.
fil.ion.ucl.ac.uk/spm/), Resting-State fMRI Toolkit (REST;
http://www.restfmri.net), and Data Processing Assistant for
Resting-State fMRI Toolkit (DPARSF, http://rfmri.org/dp
abi) were utilized for preprocessing the functional imag-
ing data. To ensure steady-state longitudinal magnetization
and allow patients time to adjust to the magnetic field, the

https://www.fil.ion.ucl.ac.uk/spm/
https://www.fil.ion.ucl.ac.uk/spm/
http://www.restfmri.net
http://rfmri.org/dpabi
http://rfmri.org/dpabi
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initial 10 volumes of the time series were discarded. Sub-
sequently, slice timing correction, realignment, and head-
motion correction were performed. Participants with max-
imum head movements exceeding 3.0 mm in any direction
(x, y, or z) or exceeding 3° in angular motion were excluded
from the analysis. Functional MRI images were resampled
to a resolution of 3 × 3 × 3 mm3 and co-registered to the
Montreal Neurological Institute (MNI) space. Individual
T1-weighted images were reoriented and co-registered with
the functional images. The co-registered T1-weighted im-
ages were segmented into grey matter, white matter, and
cerebrospinal fluid for spatial normalization, followed by
normalization to the MNI space using a 12-parameter non-
linear transformation. Functional images were transformed
using these parameters and then smoothed with a 6-mm-
wide, half-maximum Gaussian kernel. Data were linearly
detrended and band-pass filtered (0.01–0.08 Hz) to remove
low-frequency drift and high-frequency noise. Potential
sources of spurious variables, including signals from white
matter and cerebrospinal fluid, as well as 24 Friston motion
parameters acquired through rigid body correction, were re-
gressed out from the data.

The normalized functional imageswere converted into
a symmetrical space following a prescribed method to de-
rive the VMHC values. Initially, a mean image was gener-
ated by averaging each normalized grey matter image. To
create a symmetrical template and mask for VMHC, this
mean image was combined with its bilateral mirrored coun-
terpart. Subsequently, the individual normalized grey mat-
ter images were registered to the created symmetric tem-
plate, and the nonlinear transformation was applied to the
normalized functional images.

Voxel-Mirrored Homotopic Connectivity

VMHC processing was additionally conducted using
the DPARSF software (version 2.0, Institute of Psychol-
ogy, Chinese Academy of Sciences, Hefei, Anhui, China).
To generate VMHC maps, Pearson correlations were com-
puted between the preprocessed time series of each voxel
and its mirrored counterpart in the opposite hemisphere
for each patient. Fisher’s r-to-z transformation was then
applied to the correlation maps to produce normalized z-
map data. For statistical evaluations of VMHC, a unilat-
eral hemispheric mask derived from the resulting symmet-
ric template was utilized.

Statistical Analysis

Using Statistical Product and Service Solutions
(SPSS) software (v.23.0, SPSS, Chicago, IL, USA), the
clinical features and demographic information of the pa-
tients were examined. Paired 2-sample t-tests, conducted
with REST software (version 1.8, Laboratory of Cognitive
Neuroscience, Beijing Normal University, Beijing, China),
were employed to assess pre- and post-ECT differences
in VMHC. Additionally, each participant’s framewise dis-
placement (FD) values were determined using the method
outlined by Jenkinson et al. [21], as micromovements can
influence resting-state functional connectivity results from
volume to volume [22]. Group comparisons of VMHC
were analyzed usingmean FD as a nuisance covariate. Mul-
tiple connectivity data comparisons within the unilateral
hemisphere of the symmetric template were adjusted using
Gaussian Random Field (GRF) analysis at a threshold of
voxel p value < 0.001 and cluster p value < 0.05. Using
DPARSF software, altered brain regions were preserved as
masks to extract VMHC data, and paired t-tests were used
to compare altered VMHC values between patients before
and after ECT.

The Shapiro-Wilk test was employed to assess the nor-
mality of the data. VMHC changes in altered brain areas,
the number of ECT sessions, and the reduction in HAMD
scores before and after ECT were investigated using Pear-
son (for normal distribution) or Spearman (for non-normal
distribution) correlation analysis. Measurement data with
a normal distribution were expressed as mean ± standard
deviation, and comparison between two groups was ana-
lyzed using independent/paired sample t-tests. Measure-
ment data that did not meet normal distribution were ex-
pressed as [median (M25, M75)], and comparison between
two groupswas performed usingWilcoxon test (paired sam-
ples) or Mann-Whitney rank sum test (independent sam-
ples). Count data were analyzed using chi-square test. A
p value < 0.05 was considered statistically significant.

Results

Demographic and Clinical Features

A total of 68 depressed patients were included in the
final analyses. There were no statistically significant differ-
ences in age (t = 0.261, p = 0.7950), gender (χ2 = 3.683, p =
0.055), education level (Z = 1.722, p = 0.085), and number
of episodes (χ2 = 1.414, p = 0.2344) between patients from
USTC and AHMU (Table 2).
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Table 2. Demographic and clinical variables.
Variable USTC (n = 33) AHMU (n = 35) t/Z/χ2 p

Age (years) 40.64 ± 12.78 39.86 ± 11.87 0.261 0.795
Gender (male/female) 4/29 11/24 3.683 0.055
Education level (years) 9 [6, 15] 8 [5, 11] 1.722 0.085
Episodes (first/recurrence, n) 16/17 12/23 1.414 0.234
Number of ECT sessions 8 [8, 8.5] 8 [6, 8] 2.466 0.014
Interval of 2 scans (days) 21.64 ± 8.17 17.34 ± 5.27 2.594 0.002
HAMD pre-ECT 25.42 ± 5.12 22.80 ± 4.29 2.292 0.025
HAMD post-ECT 6 [3, 11] ∗∗∗ 4 [2, 6] ∗∗∗ –2.327 0.020

Note: *** indicates p < 0.001 compared with HAMD pre-ECT within the group.
Abbreviations: USTC, University of Science and Technology of China; AHMU, AnhuiMedical
University; ECT, electroconvulsive therapy; HAMD, Hamilton Depression Rating Scale.

Fig. 1. The HAMD scores of patients before and after ECT. *** p < 0.001. Abbreviations: USTC, University of Science and
Technology of China; AHMU, Anhui Medical University; ECT, electroconvulsive therapy; HAMD, Hamilton Depression Rating Scale.

Patients at both AHMU (t = 16.178, p < 0.001) and
USTC (t = 16.516, p< 0.001) experienced a significant re-
duction in their HAMD scores after receiving ECT (Table 2,
Fig. 1).

Effectiveness of ECT on VMHC in Depressed Patients

To examine potentially significant variations in
VMHC between depressive patients before and after ECT,
the analysis of grey matter was adjusted to a significance
level of p < 0.001 for each voxel and p < 0.05 for each
cluster as established by GRF. At USTC, patients exhib-
ited increased activity in the dmPFC after ECT (Fig. 2).
Similar VMHC values were observed in the same brain
areas of AHMU patients between the pre- and post-ECT

groups. However, these differences were significantly less
pronounced than those observed in USTC patients and did
not reach statistical significance after multiple comparison
corrections.

The altered cluster (dmPFC) in the USTC sample was
then preserved as a mask, and the mean VMHC values
were retrieved and compared across patients before and af-
ter ECT. Compared to the pre-ECT groups, VMHC was
significantly increased in the dmPFC of both the USTC (t
= –5.72, p < 0.001) and AHMU patients in the post-ECT
groups (t = –3.07, p = 0.004) (Fig. 3).
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Fig. 2. Comparison of voxel t-value mapping of VMHC in the dmPFC before and after ECT in USTC group patients. The
bar graph below the figure represents t-values. Abbreviations: VMHC, voxel-mirrored homotopic connectivity; dmPFC, dorsomedial
prefrontal cortex; L, Left; R, Right.

Fig. 3. Changes in the VMHC scores in the dmPFC of the depression patients before and after ECT. ** p < 0.01; *** p < 0.001.
Abbreviations: USTC, University of Science and Technology of China; AHMU, Anhui Medical University; ECT, electroconvulsive
therapy; HAMD, Hamilton Depression Rating Scale; VMHC, voxel-mirrored homotopic connectivity; dmPFC, dorsomedial prefrontal
cortex.

Relationships between Altered VMHC and Altered HAMD
Scores

Pearson correlation analysis was conducted on the
change of VMHC values in the dmPFC (VMHC post-ECT
– VMHC pre-ECT) and the change of HAMD score (post-
ECT HAMD scores – pre-ECT HAMD scores). The cor-
relation was not significant between the VMHC changes in
the dmPFC or the alterations in the HAMD scores for the
datasets from USTC (r = –0.089, p = 0.622) or AHMU (r =
0.208, p = 0.231) (Fig. 4A).

Correlations between the Number of ECT Sessions and the
Altered VMHC

To examine the dosage effect of ECT, a Spearman
correlation analysis was conducted to investigate the rela-
tionship between the changes in VMHC and the number of
ECT sessions. An insignificant association was observed
between the number of ECT sessions and the changes in
VMHC in USTC (rho = –0.021, p = 0.910) or AHMU (rho
= –0.256, p = 0.139) (Fig. 4B).
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Fig. 4. Analysis of correlation. (A) The correlation between the change of VMHC values in the dmPFC and the change of HAMD
score was examined using Pearson correlation analysis. (B) The correlation between the changes of VMHC values in the dmPFC and the
number of ECT sessions was assessed using Spearman correlation analysis. Abbreviations: USTC, University of Science and Technology
of China; AHMU, Anhui Medical University; ECT, electroconvulsive therapy; HAMD, Hamilton Depression Rating Scale; VMHC,
voxel-mirrored homotopic connectivity.

Discussion

Our previous research suggests that the functional
plasticity of the dmPFC may underlie the antidepressant
effects of ECT [23]. The dmPFC is a critical component
of the central executive network (CEN), involved in vari-
ous cognitive processes such as working memory, execu-
tive control, and attention. It is considered a crucial node
in emotional and cognitive processes, essential for control-
ling emotion in adults [24]. Depressed patients often exhibit
aberrant dmPFC activity, reflecting self-monitoring mech-
anisms and emotional awareness during emotional process-
ing [25]. Previous rs-fMRI study has highlighted dysfunc-
tion of the CEN in depressive patients, associated with dif-
ficulties in emotion recognition and insufficient cognitive
control [26]. Zhang et al. [27] found that functional alter-
ation was more significant in the left dmPFC than bilateral
alteration in depressive patients, suggesting an imbalance
between left and right dmPFC activity. Additionally, re-
search has shown increased activation in the dmPFC of de-
pressed patients following cognitive-behavioral therapy or
pharmacotherapy, which regulates the bilateral imbalance
in the dmPFC, accompanied by an improvement in depres-
sive symptoms [28,29]. Intriguingly, further study using
VMHC analysis indicate that the reduction in homotopic
interhemispheric functional connectivity primarily occurs
in the CEN [30].

The present study aimed to investigate changes in ho-
motopic functional connectivity in depressed individuals

before and after ECT using VMHC. Patients at both AHMU
and USTC exhibited significantly greater VMHC values
in the dmPFC after ECT, along with lower HAMD scores
compared to those before ECT. These findings indicate that
ECT can regulate interhemispheric functional coordination
in patients with depression, thereby alleviating their depres-
sive symptoms. Our results support the notion that modula-
tion of functional coordination between hemispheres is an
integral part of the therapeutic mechanism by which ECT
effectively treats depression.

Notably, there were no significant differences in voxel
t-value mapping of dmPFC VMHC before and after ECT in
AHMU patients. However, significant differences were ob-
served in changes in VMHC values before and after treat-
ment. We hypothesize that VMHC analysis may be more
sensitive to detecting small or localized changes, while 3D
brain mapping focuses more on broader or global changes.
This suggests that even if global changes are not significant,
localized changes in VMHC values could still be statisti-
cally significant.

Compared to previous studies, the most distinctive
aspect of our study was validation with two independent
groups of patients. Given the growing concern about repli-
cability in psychological science, the inclusion of two inde-
pendent samples increased the validity and reliability of our
results. The dmPFCwas closely examined in this study, and
the accuracy of the datawas improved by using amore strin-
gent correction technique, such as GRF correction, along
with a larger sample size.
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Yang et al.’s [31] study suggested that VMHC val-
ues of frontal white matter in patients with depression were
negatively correlated with HAMD scores, though the un-
derlying mechanisms remained unclear. In contrast, our in-
vestigation found no significant correlation between altered
VMHC levels in the bilateral dmPFC and lower HAMD
scores post-ECT. Similarly, no dosage effect between al-
tered VMHC values and the number of ECT sessions was
observed in either sample. We hypothesize that the small
sample size of this study may have limited our ability to
accurately detect the true relationship between these vari-
ables. The neural mechanisms underlying the improve-
ment of depressive symptoms by ECT are complex, and
VMHC may be part of these mechanisms. Future studies
plan to increase the sample size and conduct more com-
prehensive neuroimaging analyses to elucidate the neural
mechanisms of depression improvement. Given that the
antidepressant effects of ECT are primarily attributed to
changes in VMHC, further research into potential factors
affecting VMHC values is warranted.

This study had several limitations. Firstly, it only ex-
amined patients before and after ECT to investigate whether
increased VMHC in the dmPFC may account for the ef-
fectiveness of ECT in depression. Further research is re-
quired to confirm the correlation between VMHC values
and the pathogenesis of depression, as a healthy control
group was not available for comparison. Secondly, the cal-
culation of VMHC adheres to a symmetrical standard tem-
plate; however, the human brain is not perfectly symmet-
rical. While morphological asymmetry is unlikely to cause
changes in VMHC values, the bias introduced by this asym-
metry should not be dismissed. Thirdly, all the patients
included in the current study used antidepressants during
ECT, and the potential effect of the medication taken by the
patients on interhemispheric functional coordination cannot
be ignored. Thus, it may be challenging to observe a signif-
icant correlation between the number of ECT sessions and
VMHC.

The study demonstrated that ECT regulates hemi-
spheric functional connectivity in depression patients, but
the correlation shown in this study may indicate a link be-
tween ECT and VMHC. However, the neural mechanism of
ECT to improve depression is complex, and VMHC may
be only one part of its mechanism. Comparing an ECT
groupwith an antidepressant control group in our upcoming
study will help further investigate the effects of ECT on the
normalization of abnormal bilateral interhemispheric func-
tional coordination. Additionally, VMHC has methodolog-
ical constraints, and it could not be used to determine which
hemisphere was affected or to reveal intra-hemispheric con-
nectivity.

Conclusion

The current study demonstrated that patients with de-
pression exhibit abnormal bilateral interhemispheric func-
tional coordination in the dmPFC, and this coordination im-
proves after ECT. These findings support our hypothesis
that bilateral hemispheric balancing and the regulation of
homotopic interhemispheric functional connectivity play a
role in the antidepressant effect of ECT.
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