
OPEN

ORIGINAL ARTICLE

Modulation of interhemispheric functional coordination in
electroconvulsive therapy for depression
Q Wei1,4, Y Tian1,4, Y Yu2,4, F Zhang1, X Hu2, Y Dong3, Y Chen3, P Hu1, X Hu3 and K Wang1

Considerable evidence suggests that depression is related to interhemispheric functional coordination deficits. For depression,
electroconvulsive therapy (ECT) is the most rapid and effective therapy, but its underlying mechanism remains unknown. The aim of
this study was to explore the impact of ECT on the interhemispheric functional coordination in depression patients. We used
resting-state functional magnetic resonance imaging to observe the change of interhemispheric functional coordination with the
method of voxel-mirrored homotopic connectivity (VMHC) in 11 depressed patients before and after ECT, compared with 15
healthy controls. The results showed that, compared with depression patients before ECT, VMHC was significantly increased in
superior frontal gyri (BA 8), middle frontal gyri (two clusters: BA 8/9 and BA 10) and angular gyri (BA 39) in depression patients after
ECT. Compared with healthy controls, VMHC in those areas was significantly lower in the middle frontal gyri (BA 8/9) and angular
gyri (BA 39) in depression patients before ECT, but no significant difference was observed in the superior frontal gyri (BA 8) and
middle frontal gyri (BA 10). There was no significant correlation between the changes of Hamilton Depression Rating Scale scores
and changed VMHC values in those four areas in depression patients. The results suggest that ECT selectively modulated
interhemispheric functional coordination in depression patients. Such may play an important mechanistic role in the treatment of
depression, and may afford a useful avenue for optimizing treatment.
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INTRODUCTION
Depression is a chronic psychiatric disorder typically characterized
by sadness, despair, insomnia and low self-esteem. More
importantly, severe depression can result in death and disability.
It has been estimated that depression will be the second most
prominent root of disability worldwide by 2020.1

Considerable evidence suggests that depression is related to
interhemispheric functional coordination deficits. Electroencepha-
lography studies have shown depression to be associated with
relative hypoactivation in the left frontal cortex, as compared
with the corresponding region in the right hemisphere.2,3

Reduced coherence of the β and θ frequency bands between
two hemispheres has also been found in depression patients.4

Positron-emission tomography, functional magnetic resonance
imaging (fMRI) and visual evoked potentials studies have, in
addition, demonstrated imbalanced activity in the homologous
cortex.5–7 Furthermore, the neuropsychological studies have
documented patients with left side strokes that might be
associated with hypoactivity of the left hemisphere experienced
depression at much higher rates than the general population.8,9

All these findings of interhemispheric imbalance support the
existence of abnormalities of interhemispheric functional coordi-
nation in depression patients. In addition, the corpus callosum,
the major white-matter tract connecting the two hemispheres, has
also been found to show widely abnormal structure in depression
patients, which may directly influence the interhemispheric
coordination and integration of brain function.10–13

For severely depressed patients and treatment-resistant depres-
sion patients, electroconvulsive therapy (ECT) is the most rapid
and effective therapeutic technique, leading to remission in ~ 50–
70% of such patients.14–16 Studies have consistently demonstrated
that ECT is equal or superior to antidepressant medication for
curative effect in treatment of depression.17–20 However, little is
known about the underlying therapeutic mechanisms of ECT, even
though ECT has been applied in clinical practice for nearly 80
years.21 Our limited knowledge of the mechanisms hinders the
optimization of ECT procedures for improving therapeutic efficacy
and reducing side effects.
Recently, using the method of resting-state fMRI (rs-fMRI), Perrin

et al.22 showed that, in depression patients, bilateral ECT
significantly changed the average global functional connectivity
of left prefrontal cortical regions, but not bilateral prefrontal
cortical regions; that change was accompanied by a significant
improvement in depressive symptoms. The bilateral ECT and the
asymmetric result are consistent with the findings of interhemi-
spheric imbalance described above. More importantly, that
pattern of results implies an interhemispheric rebalancing effect
of ECT for depression that occurs by modulating interhemispheric
functional coordination.
Despite the implication of rebalanced interhemispheric func-

tional coordination in ECT for depression, few studies have
examined the interhemispheric functional coordination in depres-
sion patients with ECT. In the work reported here, we evaluated
the rs-fMRI data of depression patients before and after ECT with
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the method of voxel-mirrored homotopic connectivity (VMHC).23

Our aim was to assess changes in interhemispheric functional
coordination associated with ECT.
VMHC indexes the resting-state functional connectivity

between each voxel in one hemisphere and its mirrored counter-
part in the opposite hemisphere. Thus, the degree of connectivity
would directly reflect interhemispheric functional coordination.
This method has been successfully applied to explore the
interhemispheric functional coordination in cocaine addiction,
autism, schizophrenia and other disorders,24–28 and has been
demonstrated to be an effective method for evaluating interhemi-
spheric functional coordination.

MATERIALS AND METHODS
Participants
We recruited patients with diagnoses of depression referred for ECT by
psychiatrists from the Anhui Mental Health Center. Patients were
consecutively included in the study as they became available over the
period between 2012 and 2014. The diagnoses of depression were
established at the basis of Diagnostic and Statistical Manual of Mental
Disorders-IV criteria.29 Patients who showed resistance to drug therapy or a
severe suicidal tendency were referred for ECT. We excluded patients with
ECT before the current course, substance dependence, pregnancy, life-
threatening somatic disease, neurological disorders, other comorbid
mental disorders or MRI-related contraindications. Twenty patients met
the inclusion criteria. Of those patients, four refused to undergo MRI
scanning and three did not complete the second MRI scanning. Thirteen
patients completed the procedures of this study but two were later
excluded for head movements during MRI scanning. At last, 11 patients
remained for this study and all them continued to take antidepression
drugs during ECT administration. One of the 11 patients were also
receiving lithium therapy. Three of the 11 patients also took antipsychotic
medication (quetiapine or aripiprazole).
We also recruited healthy control participants who met the same

inclusion criteria as the depression patients, except for the diagnosis of
depression. Eventually, we enrolled 15 control participants matched as a
group for gender, age and education years. Every control participant
completed the procedures of this study and none were excluded for head
movements during MRI scanning. All the depression patients and healthy
controls were right-handed.
All the patients and healthy controls were undertaken with the

understanding and written consents. This study was approved by the
Anhui Medical University Ethics Committee.

ECT procedures
Patients underwent modified bifrontal ECT, which was the standard at
the Anhui Mental Health Center. We used a Thymatron System IV
Integrated ECT Instrument (Somatics, Lake Bluff, IL, USA). All the ECT
administrations were conducted in the Anhui Mental Health Center. The
first three ECT administrations occurred on consecutive days, and the
remaining ECT administrations were conducted every other day with a
break of weekends until patients’ symptoms remitted. If the patient was
older than 50 years, the initial percent energy dial setting was to the
patient’s age (for example, 53% for a 53-year-old patient), and if not, the
initial percent energy dial was setted as patient’s age minus five (for
example, 40% for a 45-year-old patient). If no seizure activity resulted, the
percent energy would increase until a therapeutically satisfactory seizure
was obtained. During each ECT procedure, patients were under propofol
anesthesia. We administered succinylcholine and atropine to relax muscles
and suppress the secretion of glands, and monitored seizure activity with
electroencephalography.

Clinical measure
We administered the 17-item Hamilton Depression Rating Scale (HAMD)30

to assess depressive symptoms. Patients completed the scale 12–24 h
before the first ECT and 24–72 h after the last ECT.

MRI data acquisition
All depression patients and healthy controls underwent the fMRI scans at
the First Affiliated Hospital of Anhui Medical University. Two scans were

perspectively performed at 12–24 h before ECT and 24–72 h after the last
ECT for depression patients. Healthy controls just underwent one fMRI
scan. We instructed all healthy controls and depression patients during the
scan to keep their eyes closed and to relax, to remain awake and not to
think of anything in particular. All scans used a clinical 3.0 T whole-body
MRI scanner (Signa HDxt 3.0 T, GE Healthcare, Buckinghamshire, UK) with a
standard echo planar imaging sequence. The resting-state functional
images were recorded with the following parameters: repetition time/echo
time ratio = 2000/22.5 ms, flip angle = 30 degrees, 33 slices, thickness/gap
ratio = 4.0/0.6 mm, voxel size = 3.4 × 3.4 × 4.6 mm3, matrix size = 64 × 64,
field of view= 220× 220mm2. T1-weighted anatomic images were
acquired in sagittal orientation with three-dimensional inversion recovery
prepared fast spoiled gradient recalled sequence (repetition time/echo
time ratio = 8.676/3.184ms, inversion time= 800ms, flip angle = 8 degrees,
field of view= 256× 256mm2, matrix size = 256× 256, slice thickness = 1
mm, voxel size = 1 × 1× 1mm3, sections = 188).

Data processing
Functional image preprocessing. We used the Data Processing Assistant
for Resting-State Functional MR Imaging toolkit (DPARSF),31 which is based
on the Resting State Functional MR Imaging Toolkit (REST; http://www.
restfmri.net)32 and statistical parametric mapping software package (SPM8;
www.fil.ion.ucl.ac.uk/spm). To achieve stable longitudinal magnetization
and allow for the participants to adapt to the scanning environment, we
discarded the first 10 volumes of data. The remaining 230 volumes were
processed (including slice timing correction, realignment, and head-
motion correction), normalized to the standard Montreal Neurological
Institute space and resampled at a resolution of 3 × 3× 3mm3. We
excluded from further analysis subjects with head motion 42.0 mm of
maximal displacement (in any direction: x, y or z) or 2.0 degrees of maximal
rotation in any angular dimension. We then co-registered the individual T1
images to functional images. For the nominalization, T1 images were
segmented (gray matter, white matter and cerebrospinal fluid) and
normalized to the Montreal Neurological Institute space by using a
12-parameter nonlinear transformation. These transformation parameters
were applied to the functional images. The functional images were
smoothed with a Gaussian kernel of 6 mm at full-width at half-maximum.
After linear detrending, data was band-pass filtered (0.01–0.08 Hz) to
reduce low-frequency drift and high-frequency noise. Then several sources
of spurious covariance were removed, including the six head-motion
parameters obtained by rigid body correction, and signals from the white
matter and cerebrospinal fluid.33

For the VMHC computation, we transformed the normalized functional
images to a symmetric space with the following steps: (a) all the
normalized gray matter images were averaged to create a mean image; (b)
the generated mean image was then averaged with its left–right mirrored
version to get a symmetrical template and mask for VMHC; and (c)
individual normalized gray matter images were registered again to the
generated symmetric template and applied to the normalized functional
images with the nonlinear transformation.

Voxel-mirrored homotopic connectivity
The VMHC was also computed with the DPARSF software. For each
subject, the Pearson correlations between the preprocessed time series
of every pair of symmetrical interhemispheric voxels were calculated.
The resulting correlation maps were then Fisher z-transformed for
analysis. The unilateral hemispheric gray matter from the generated
symmetric template was used as the mask for the statistical analyses
of VMHC.

Statistical analysis
We analyzed clinical and demographic data using SPSS 19.0 (SPSS,
Chicago, IL, USA). Paired two-sample t-test evaluated changes of VMHC
before and after ECT using REST software. As the resting-state functional
connectivity could be affected by micromovements from one time point to
the next,34 the framewise displacement values were calculated for each
subject with the method proposed by Jenkinson et al.35 And the mean
framewise displacement was used as a nuisance covariant in the group
comparisons of VMHC.36 We corrected for multiple comparisons of the
connectivity results by Monte–Carlo simulation (see AlphaSim in Analysis
of Functional NeuroImages (AFNI), http://afni.nimh.nih.gov/pub/dist/doc/
manual/AlphaSim.pdf) within the unilateral hemisphere of the symmetric
template. The VMHC data of the changed regions before and after ECT
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were extracted and compared with the healthy controls with independent
two-sample t-test, and Pearson correlation analysis was used to explore
the associations between the changed values of VMHC in changed regions

and the reduction in the HAMD score before and after ECT, with Po0.05
set as the significance level. The metering data were presented as
mean± s.d.

Table 1. Regions showing significant changes in VMHC between depression patients before and after ECT

Brain regions BA Voxel number t-score MNI coordinates (x, y, z)

Superior frontal gyri 8 42 5.6490 ± 9, 42, 45
Middle frontal gyri 8/9 35 6.0747 ± 48, 15, 45

10 33 7.2623 ± 42, 51, -3
Angular gyri 39 97 6.1551 ± 48, − 66, 27

Abbreviations: BA, Brodmann area; ECT, electroconvulsive therapy; VHMC, voxel-mirrored homotopic connectivity; MNI coordinates, Montreal Neurological
Institute coordinates of the peak voxel; t, statistical value of the peak voxel; 1 voxel= 3 × 3×3mm3. VMHC computation bases on a symmetrical template, so
the MNI coordinates of the peak voxel is also symmetrical.

Figure 1. Statistical maps of voxel t-values of voxel-mirrored homotopic connectivity comparisons of depression patients before and after
electroconvulsive therapy. The numbers at the top left of images refer to the z-coordinates in Montreal Neurological Institute space. The
threshold has been set at a corrected Po0.05 (corrected with Po0.01 for each voxel and a cluster volume ⩾ 32 voxels) and the t-score bar is
shown at the right of the map. The left side of the each image corresponds to the right hemisphere of the brain and vice versa.
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RESULTS
Subject characterization and effects of ECT on depression patients
Eleven of the patients met the criteria were enrolled in the study.
Compared with the nine patients who were excluded form the
study, the 11 patients showed no significant differences in term of
gender (patients in the study: seven males and four females;
patients out of the study: four males and five females; P= 0.653;
Fisher’s exact probability), age (patients in the study: 35.45 ± 10.18
years; patients out of the study: 41.67 ± 11.77 years; t=− 1.266;
P= 0.222) and years of education (patients: 10.18 ± 3.06 years;
controls: 8.67 ± 4.42 years; t= 0.905; P= 0.377). For the 11 patients
enrolled in the study, they received ECT until the depressive
symptoms remitted (mean number of treatments = 6.82 ± 2.40).
There were no significant differences in term of gender (patients:
seven males and four females; controls: ten males and five
females; P40.50; Fisher’s exact probability), age (patients:
35.45 ± 10.18 years, controls: 31.53 ± 10.56 years; t= 0.950;
P= 0.352) and years of education (patients: 10.18 ± 3.06 years;
controls: 11.60 ± 2.75 years; t=− 1.240; P= 0.227) between depres-
sion patients and healthy controls in the study. Patients’ mean
HAMD score before treatment was 21.91 ± 4.15, indicating severe
depression, and the mean score after treatment was 3.91 ± 2.39.
This reduction in mean HAMD score of depressive symptoms
(18.00 ± 4.67) was statistically significant (t= 12.786; Po0.001) and
indicated excellent therapeutic effects of ECT.

ECT effects on VMHC in depression patients
To identify potentially significant changes in VMHC between
depression patients before and after ECT, the analysis of gray
matter was performed correcting thresholds by the Monte–Carlo
simulation with the Alphasim program in AFNI (Po0.05, corrected
with Po0.01 for each voxel and a cluster volume ⩾ 32 voxels).
As shown in Table 1 and Figure 1, VMHC was significantly
increased in superior frontal gyri (BA 8), middle frontal gyri (two
clusters: BA 8/9 and BA 10) and angular gyri (BA 39) in patients
after ECT, compared with patients before ECT.
As stated above, we found the VMHC increased in four

symmetrical clusters, but we did not know the VMHC of these
clusters in health controls and the comparison with patients
before and after ECT. So we saved the changed clusters (superior
frontal gyri, middle frontal gyri and angular gyri) as a mask, and
the VMHC data of the these clusters were extracted and compared
(healthy controls vs patients before ECT and healthy controls vs
patients after ECT). Compared with healthy controls, VMHC was
significantly lower in the middle frontal gyri (BA 8/9) (t=− 2.286;
P= 0.031) and the angular gyri (BA 39) (t= 2.632; P= 0.015) in
patients before ECT, but no significant difference was observed in
the superior frontal gyri (BA 8) (t=− 0.540; P= 0.594) and the
middle frontal gyri (BA 10) (t=− 1.650; P= 0.112). VMHC in patients
after ECT was significantly higher than in healthy controls in the
superior frontal gyri (BA 8) (t= 2.292; P= 0.031) and middle frontal
gyri (BA 10) (t= 2.549; P= 0.018). There was no significant

Figure 2. The voxel-mirrored homotopic connectivity (VMHC) value of superior frontal gyri (BA 8), middle frontal gyri (two clusters: BA 8/9 and
BA 10) and angular gyri (BA 39) in the three groups (healthy controls, patients before and after electroconvulsive therapy (ECT)). HC, healthy
controls; Pre, depression patients before ECT; Post, depression patients after ECT. *There is a significant difference between the corresponding
group and healthy controls (Po0.05). (a) Compared with healthy controls, VMHC of the superior frontal gyri (BA 8) was significantly higher in
depression patients after ECT (t= 2.292; P= 0.031), but no significant difference was observed between healthy controls and depression
patients before ECT (t=− 0.540; P= 0.594). (b) Compared with healthy controls, VMHC of the middle frontal gyri (BA 8/9) was significantly
lower in depression patients before ECT (t=− 2.286; P= 0.031), but no significant difference was observed between healthy controls and
depression patients after ECT (t= 1.156; P= 0.265). (c) Compared with healthy controls, VMHC of the middle frontal gyri (BA 10) was
significantly higher in depression patients after ECT (t= 2.549; P= 0.018), but no significant difference was observed between healthy controls
and depression patients before ECT (t=− 1.650; P= 0.112). (d) Compared with healthy controls, VMHC of the angular gyri (BA 39) was
significantly lower in depression patients before ECT (t= 2.632; P= 0.015). No significant difference was observed between healthy controls
and depression patients after ECT (t= 1.740; P= 0.095).
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difference in the middle frontal gyri (BA 8/9) (t= 1.156; P= 0.265)
and angular gyri (BA 39) (t= 1.740; P= 0.095) between healthy
controls and patients after ECT. Figure 2 shows these outcomes.

The correlation between changes of HAMD scores and changes of
VMHC
We calculated changed VMHC values (VMHC after ECT minus
VMHC before ECT) in the four significant clusters (superior frontal
gyri (BA 8), middle frontal gyri (two clusters: BA 8/9 and BA 10) and
angular gyri (BA 39)). Similarly, post-ECT scores minus pre-ECT
scores indicated HAMD changes. No significant correlation was
observed between the changes of HAMD scores and the changed
VMHC values in the superior frontal gyri (BA 8) (r=− 0.094;
P= 0.783), middle frontal gyri (BA 8/9) (r= 0.009; P= 0.978), middle
frontal gyri (BA 10) (r=− 0.356; P= 0.282) or in the angular gyri
(BA 39) (r=− 0.160; P= 0.638). The results were shown in Figure 3.

The correlation between number of ECT and changes of VMHC
To determine whether there is a dose effect of ECT, the Pearson
correlation analysis was performed between the number of ECT
and changes of VMHC (VMHC after ECT minus VMHC before ECT).
The results showed that there were no significant correlation
between the number of ECT and the changed VMHC values in the
superior frontal gyri (BA 8) (r= 0.342; P= 0.303), middle frontal gyri
(BA 8/9) (r= 0.460; P= 0.154), middle frontal gyri (BA 10) (r= 0.437;

P= 0.179) or in the angular gyri (BA 39)(r= 0.135; P= 0.693). The
results were shown in Figure 4.

DISCUSSION
The results demonstrate that the correlated activity between
special homologous brain regions increased after ECT in patients
with depression. We found significant increases in VMHC in the
superior frontal gyri, middle frontal gyri and angular gyri,
accompanied by significant reduction in HAMD scores in
depression patients after ECT, compared with patient before
ECT. Further, we showed that VMHC of middle frontal gyri (BA 8/9)
and angular gyri (BA 10) was significantly lower in depression
patients before ECT than in healthy controls. Collectively, these
findings confirm both the existence of interhemispheric functional
coordination deficits in depression patients, and that ECT can
remediate to some degree those deficits. Taken together, this set
of results demonstrates that modulation of interhemispheric
functional coordination is a component of the therapeutic
mechanisms of ECT for depression. In addition, these findings
reinforce our understanding of depression psychopathology and
have implications for the more focused and optimized electrical
therapy on depression patients.
The middle frontal gyrus is associated with emotion regulation,

while negative emotional bias is a typical characteristic of
depression.37,38 The relationship between the middle frontal gyrus
and depression is confirmed by many studies.39–43 These studies

Figure 3. The correlation between changes of Hamilton Depression Rating Scale (HAMD) scores and changes of voxel-mirrored homotopic
connectivity (VMHC). (a) There was no significant correlation between the changes of HAMD scores and the changed VMHC values in superior
frontal gyri (BA 8) (r=− 0.094; P= 0.783). (b) There was no significant correlation between the changes of HAMD scores and the changed
VMHC values in the middle frontal gyri (BA 8/9) (r= 0.009; P= 0.978). (c) There was no significant correlation between the changes of HAMD
scores and the changed VMHC values in the middle frontal gyri (BA 10) (r=− 0.356; P= 0.282). (d) There was no significant correlation between
the changes of HAMD scores and the changed VMHC values in angular gyri (BA 39) (r=− 0.160; P= 0.638).
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have reported reduced gray matter volume and altered functional
activity of the middle frontal gyrus in depression patients. In
addition, rs-fMRI studies have found decreased fractional ampli-
tude of low-frequency fluctuations in the right middle frontal
gyrus44 and increased fractional amplitude of low-frequency
fluctuations in the left middle frontal gyrus45 in patients with
depression, which indicates the imbalance of left and right middle
frontal gyrus activity and the functional coordination deficit in the
bilateral middle frontal gyri in depression patients. In our study,
the results indicated that VMHC of the middle frontal gyri (BA 8/9)
is significantly lower in depression patients before treatment than
in healthy controls. The lower value for VMHC in the middle frontal
gyri (BA 8/9) suggests lack of coordination and imbalance
between the left and right middle frontal gyrus, a result consistent
with the studies mentioned above. The result provides further
evidence that depression is closely related with the functional
coordination deficit of the bilateral middle frontal gyri. After ECT,
the VMHC of the middle frontal gyri (two clusters: BA 8/9 and BA
10) significantly increased in depression patients and was
accompanied by remission of depressive symptoms. The results
presumably reflects that rebalancing of the left and right middle
frontal gyri is vital for the therapeutic mechanisms of ECT.
Along with the middle frontal gyrus finding, we also observed

increased VMHC in the superior frontal gyrus and angular gyrus
after ECT. The abnormality of the superior frontal gyrus in
depression has been consistently demonstrated by functional
and structural imaging studies. Voxel-based morphometry
studies46,47 report reduced gray matter volume of the superior

frontal gyrus in depression patients. Also, by means of fMRI, the
lower activation of the superior frontal gyrus has been observed in
depression patients, especially in treatment-nonresponder or
treatment-resistant patients.48–50 In our study, the VMHC of the
superior frontal gyri was lower in depression patients than in
healthy controls, but the difference did not reach statistical
significance, which did not support the earlier studies. However,
the significantly increased VMHC of the superior frontal gyri after
ECT accompanied by remission of depressive symptoms is
observed in our study. Incorporating our findings and the
above-mentioned lower activation of the superior frontal gyrus
that related to treatment nonresponse or treatment resistance in
earlier studies,48–50 it suggests that the increased VMHC of the
superior frontal gyri may contribute to the therapeutic effect of
ECT for treatment-resistant depression.
As an important component of the default mode network,

angular gyrus is involved in a variety of cognitive processes. It has
also been found that the angular gyrus is involved in depression.
Bench et al.51 have reported that the regional cerebral blood flow
in the left angular gyrus decreased in depression patients. One
rs-fMRI52 study has shown that the amplitude of low-frequency
fluctuation in the left angular gyrus decreased in depression
patients, and another study53 has reported that depression
patients showed significantly decreased coherence-based regional
homogeneity in the right angular gyrus. The observed changes in
angular gyrus in depression patients present the characteristic of
lateralization, which means that functional coordination between
the left and right angular gyri is impaired in depression patients.

Figure 4. The correlation between number of electroconvulsive therapy (ECT) and changes of voxel-mirrored homotopic connectivity (VMHC).
(a) There was no significant correlation between the number of ECT and the changed VMHC values in superior frontal gyri (BA 8) (r= 0.342;
P= 0.303). (b) There was no significant correlation between the number of ECT and the changed VMHC values in the middle frontal gyri (BA
8/9) (r= 0.460; P= 0.154). (c) There was no significant correlation between the number of ECT and the changed VMHC values in the middle
frontal gyri (BA 10) (r= 0.437; P= 0.179). (d) There was no significant correlation between the number of ECT and the changed VMHC values in
angular gyri (BA 39) (r= 0.135; P= 0.693).
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Our results showed that the VMHC of the angular gyrus was
significantly lower in depression patients before ECT than in
healthy controls. Thus, this result in our study confirmed the
impaired functional coordination of the angular gyri. We have also
found that the VMHC of angular gyri increased significantly after
ECT, which demonstrated that ECT treatment modulated the
functional coordination of the angular gyrus in depression
patients. Consequently, these findings indicate that the rebalance
of left and right angular gyrus activity may also contribute to the
therapeutic mechanism of ECT for depression.
Also, our study have shown that the the VMHC of superior

frontal gyri (BA 8) and middle frontal gyri (BA 10) are significantly
higher in patients after ECT than normal controls. For this result, it
should be noticed that depression patients after ECT not only
accompany by remitted depressive symptoms but also can appear
cognitive side effects.54,55 Cognitive side effects associated with
ECT are mainly limited to the first 3 days after the last ECT,55 when
the second fMRI scan have been preformed for the depression
patients in our study. That is to mean that patients after ECT is in
an special status mixed with remitted depressive symptoms and
cognitive abnormalities, and they are different form the normal
controls. The special status may contribute to the higher VMHC of
superior frontal gyri and middle frontal gyri (BA 10) in patients
after ECT. And we should note that the cognitive abnormalities
related to ECT is reversible, which improve in 15 days after the last
ECT.55 For further study, the third fMRI scan could be performed at
15 days after the last ECT to clarify the change of VMHC.
In addition, our results showed that there was no significant

correlation between the number of ECT and the changed VMHC
values in the superior frontal gyri (BA 8), middle frontal gyri (two
clusters: BA 8/9 and BA 10) or in the angular gyri (BA 39). It
suggested that there was no dose effect between the number of
ECT and the changed VMHC values. As the changes of VMHC are
related to the therapeutic effect of ECT for depression, it is worth
to explore the factors correlated with the VMHC values in further
studies.
For our study, several practical constraints should be considered

for our findings. First, only bifrontal ECT was used in our study.
Results conceivably might have been altered under a different
protocol (bilateral ECT, right unilateral ECT and focal electrically
administered seizure therapy). Our hypothesis needs to be
validated in various ECT protocols prospectively. Of course, the
study of Perrin et al.22 supports our hypothesis in which bilateral
ECT was used. Second, the calculation of VMHC was based on a
symmetric template, but the brain is not absolutely symmetric.
The bias caused by the symmetric template should be considered.
Third, the sample size is small in our study and it limited the
statistical power of our results. To further unravel the mechanism
of ECT, a larger sample size is needed.
In summary, the results support the suggestion that the

psychopathology of depression arises, at least in part, from
interhemispheric functional coordination deficits. The findings
reported here confirm our hypothesis that the interhemispheric
rebalance and modulation of interhemispheric function coordina-
tion are involved in the therapeutic effect of ECT for depression.
Our results, therefore, offer a powerful explanation for the mode
of ECT action. That explanation may inform future efforts to
optimize ECT protocols and enhance the ECT therapeutic effect.
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