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Background: Electroconvulsive therapy (ECT) is an effective treatment for patients with major depressive disorder
(MDD), but the underlying neuromodulatory mechanisms remain largely unknown. Functional stability repre-
sents a newly developed method based on the dynamic functional connectivity framework. This study aimed to
explore ECT-evoked changes in functional stability and their relationship with clinical outcomes.

Methods: We collected longitudinal resting-state fMRI data from 58 MDD patients (39 of whom experienced
remission after ECT, and 19 did not, referred to as remitters and non-remitters, respectively) and 42 age- and sex-
matched healthy controls. We utilized voxel-level whole-brain functional stability analysis to examine the neural
effects of ECT in MDD patients.

Results: After ECT, MDD patients showed increased functional stability in the bilateral middle frontal gyrus,
orbital part, and bilateral angular gyrus as well as decreased functional stability in the right fusiform gyrus.
Additionally, the subgroup analysis revealed that functional stability of the right hippocampus significantly
decreased in remitters yet significantly increased in non-remitters after ECT.

Conclusions: Our data demonstrated the modulatory effect of ECT on brain functional stability in MDD patients
and further revealed the differences in this modulation between patients with and without clinical remission,
highlighting the potential usefulness of functional stability as a prognostic biomarker for monitoring ECT efficacy
and stratifying MDD patients to optimize treatment strategies.

treatment-resistant depression, and 58 % for treatment-resistant
depression (Haq et al., 2015). Despite the widespread clinical use of

1. Introduction

Major depressive disorder (MDD) is a prevalent mental illness that is
characterized by vegetative symptoms, anhedonia, and a depressed
mood (Otte et al., 2016). Electroconvulsive therapy (ECT) is a neuro-
modulation therapy for depression, during which electrodes are placed
on the surface of the skull to stimulate an electric current, triggering
epileptiform seizures to achieve specific therapeutic effects (Stippl et al.,
2020). ECT can quickly and effectively relieve depression. A recent
meta-analysis found that the response rate of ECT was 70 % for non-

ECT, its neuromodulatory mechanisms remain poorly understood.
Elucidating the underlying neurobiological processes by which ECT
ameliorates MDD may optimize therapeutic strategies and enhance our
understanding of the pathophysiology of this disease.

Resting-state functional magnetic resonance imaging (rs-fMRI) is a
non-invasive neuroimaging technique for probing whole-brain sponta-
neous activity using blood oxygen level-dependent (BOLD) contrast and
enables the study of sophisticated neural processes involving brain
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functional integration and segregation (Barkhof et al., 2014).

Using rs-fMRI, our previous studies demonstrated that ECT led to
changes in brain entropy (Fan et al., 2024) and nodal degree (Wu et al.,
2022), as well as alterations in the intrinsic functional network topo-
logical architecture (Li et al., 2022) and the default mode network (Li
et al., 2023). These findings partially reveal how ECT influences the
brain’s local and network-level properties. Resting-state functional
connectivity (RSFC) is a commonly used fMRI measure, defined as the
temporal coherence of low-frequency BOLD signal fluctuations across
separated brain regions (Biswal et al., 1995; Fox and Greicius, 2010).
This method has been widely applied to the study of the neuropathology
of MDD and the neural effects of ECT treatment, such as exploring
disease-related neurobiological differences in a cross-sectional manner
(Kaiser et al., 2015; Mulders et al., 2015), investigating ECT-modulated
changes in functional connectivity within large-scale functional net-
works (Pang et al., 2022; Wang et al., 2020), and examining the impact
of intracranial electric field on ECT treatment outcomes through func-
tional network connectivity (Fu et al., 2023).

Traditionally, most previous studies on functional connectivity have
relied on static analytic methods, which assume that connectivity pat-
terns remain consistent over time. However, there is emerging evidence
that the brain is not a static system, and time-varying profiles of func-
tional connectivity are evident across a broad range of task states and
during periods of unconstrained rest (Chang and Glover, 2010). Thus,
conventional static functional connectivity cannot capture the exact
nature of spontaneous brain activity (Hutchison et al., 2013; Preti et al.,
2017). Dynamic functional connectivity approaches may open new av-
enues for explaining brain function at different time scales, thereby
potentially providing different but complementary information on dis-
ease mechanisms (Filippi et al., 2019). Under such circumstances, an
increasing body of research has begun to exploit the rich temporal in-
formation contained within dynamic connectivity and has achieved
significant success in revealing abnormalities in brain functional dy-
namics in patients with MDD (Chen et al., 2022; Demirtas et al., 2016;
Pang et al., 2018; Sendi et al., 2021). As ECT represents an effective
neuromodulation approach for treating MDD, it is appealing to ask
whether ECT can normalize or compensate for these brain dynamic
functional abnormalities. Clarifying this issue may have implications for
future ECT research and for achieving a deeper understanding of the
neural effects of ECT that may ultimately inform clinical practice.

Although the brain dynamically integrates, coordinates, and re-
sponds to internal and external stimuli, maintaining a stable and
consistent representation of information over time is equally essential
for human behavior and cognition (Dehaene et al., 2017). Based on the
dynamic functional connectivity framework, Li and colleagues proposed
a voxel-wise functional stability measurement (Li et al., 2020). Func-
tional stability can assess the concordance of dynamic functional con-
nectivity of a voxel across time. A lower stability value indicates the
ability to quickly and frequently switch between different brain states,
whereas a higher stability value indicates that its dynamic functional
architecture configuration is more constant and stable over time.
Compared with traditional dynamic measures, such as the frequently
used connection-wise variability (e.g., standard deviation) and connec-
tivity states (e.g., states’ temporal occurrences and dwell time, and
between-state transition frequency), functional stability has its unique
advantages. First, from the perspective of brain’s functional architecture
stability, functional stability characterizes temporal interval properties
of dynamic functional connectivity, while connection-wise variability
reflects variance of dynamic connectivity across time and connectivity
states represent recurring whole-brain patterns of connectivity. Second,
since functional stability is calculated at the voxel level, it has better
spatial resolution than connection-wise variability at the connection
level and connectivity states at the whole-brain level. Of more impor-
tance, recent cross-sectional and longitudinal studies have used this
approach to explore brain dynamic functional abnormalities in many
psychiatric disorders (Zhu et al., 2020) [PMID: 34217754]. However,
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there have been no attempts to use functional stability methods to detect
brain functional changes evoked by ECT in MDD patients.

The current retrospective study aimed to explore the underlying
neural mechanisms whereby ECT exerts its antidepressant effects, by
analyzing brain functional stability derived from longitudinal rs-fMRI
data of 58 MDD patients who underwent a standardized bifrontal ECT
protocol. Specifically, we first investigated the modulatory effects of
ECT on brain functional stability in MDD patients. Subsequently, we
divided the patients into remitters and non-remitters to explore group
differences in functional stability. We hypothesized that: (i) compared to
healthy controls (HCs), MDD patients would exhibit abnormal func-
tional stability, which can be modulated by ECT; (ii) ECT would have
differential neural effects for the remitter and non-remitter groups.

2. Materials and methods
2.1. Participants

This study received approval from the Anhui Medical University
Ethics Committee (study number: 20140072), and written informed
consent was obtained from each participant. The inclusion criteria for
participants were as follows: (1) All recruited patients had a clinical
diagnosis of MDD, specifically categorized as either first-episode or
chronic MDD; (2) an age range of 18 to 60 years; (3) absence of co-
morbid anxiety disorders, bipolar I or II disorder, schizophrenia, delu-
sional disorder, and Axis II disorders as assessed by the Structured
Clinical Interview for the Diagnostic and Statistical Manual of Mental
Disorders, Fifth Edition (DSM-5) (SCID); (4) no history of neurologic or
neurodegenerative disorders, such as head injury, epilepsy, or Alz-
heimer’s disease; (5) no life-threatening somatic illnesses; (6) no ECT
treatment within one year preceding the study; and (7) not currently
pregnant. A total of 58 patients diagnosed with MDD and undergoing
ECT were recruited from the Anhui Mental Health Center in Hefei,
China. The diagnoses were confirmed by two trained psychiatrists by the
criteria outlined in the DSM-5. Additionally, we recruited 42 age- and
sex-matched HCs who had no current or past diagnosis of depression and
had not undergone ECT, while the remaining inclusion criteria were the
same as those applied to patients with MDD.

Clinical assessments and MRI scans for MDD were conducted at two
distinct time points: 1) 12-72 h before the initial electroconvulsive
therapy (pre-ECT), and 2) 72 h following the final ECT session (post-
ECT). HCs underwent MRI scans twice, corresponding to the MDD
procedures (initial scan: HC-scan1, follow-up scan: HC-scan2). The in-
terval between the two scan sessions was 20.62 + 2.63 days for HCs and
21.24 + 6.74 days for MDD patients, with no significant difference in the
scan intervals between the groups (p = 0.639). All participants were
assessed using the 17-item Hamilton Rating Scale for Depression (HRSD)
to evaluate the severity of depressive symptoms (Hamilton, 1967). The
demographic information of MDD patients and HCs is shown in Table 1.

2.2. ECT procedures

All patients received a modified bifrontal ECT protocol delivered
using a Thymatron System IV Integrated ECT (Somatics, Lake Bluff, IL,
USA) at AMHC. The patient first underwent a pre-operative routine
examination to rule out serious organ dysfunction, electrolyte distur-
bance, and other contraindications. Before ECT, patients were asked to
fast from water for 8-12 h and stop anticonvulsant drugs such as ben-
zodiazepines and lithium salts. Propofol (1.4 mg/kg) was used to induce
general anesthesia, atropine (0.5 mg/kg) to suppress glandular secre-
tion, succinylcholine (0.5 mg/kg) to induce muscle relaxation, dental
pads were placed to prevent tongue bites, and respiratory support and
EEG monitoring were performed. Regarding the ECT protocol, the initial
energy percentage was established based on the individual’s age (e.g.,
50 % for a 50-year-old patient), and the stimulation intensity was sys-
tematically fine-tuned in increments of 5 % of the maximum charge
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Table 1
Demographic and clinical measurements of MDD patients and healthy controls.
Characteristic MDD (n = HC (n = 42)  Statistics p-
58) Value
38.62 + 35.00 + N
Age (years) 12.07 11.61 t=1.504 0.136
2
X =
Gender (male/female) 15/43 8/34 0.639" 0.424
. 21.24 + 20.62 + .
Scan interval (days) 6.74 2,63 t=0.639 0.525
ECT sessions (n) 8(8,9.75) NA NA NA
Illness duration (months) 24(6120) NA NA NA
Episodes (first/ 22/36 NA NA NA
recurrence, n)
F=
HRSD scores 207.01¢ <0.001
Baseline §35(2)3 = 1.60 £ 1.75  t=21.45" <0.001
After ECT 7.07 + 6.03 1.21 +1.88 t=6.33" <0.001

Note: Values are shown as the mean value + standard deviation median (Q1,
Q3). Abbreviations: MDD, major depressive disorder; HC, healthy control; NA,
not applicable; ECT, electroconvulsive therapy; HRSD, Hamilton rating scale of
depression.

2 Two-sample t-tests.

b Pearson chi-squared test.

¢ Linear mixed effects model.

(approximately 1000 millicoulombs) until observable seizure activity
was elicited. The whole seizure was recorded by connecting EEG. The
initial three sessions were administered on consecutive days, followed
by subsequent sessions held every alternate day, inclusive of breaks over
the weekends, until patients achieved symptom remission. The total
number of ECT treatments is 6-12 times for 2-3 weeks (Wang et al.,
2019; Wei et al., 2014). There were no alterations to the medication
regimen during the administration of ECT.

2.3. Imaging acquisition

MRI scans were acquired utilizing a 3.0-Tesla MR system (Discovery
GE750; GE Healthcare, Buckinghamshire, UK) equipped with 8-channel
head coil at the University of Science and Technology of China (USTC).
Earplugs were employed to attenuate scanner noise, while snug yet
comfortable foam padding was employed to mitigate head motion.
Throughout the scanning procedure, participants received instructions
to maintain closed eyes, a state of relaxation without drifting into sleep,
absence of directed thinking, and minimal physical movement. The
functional images composed of 217 echo-planar imaging (EPI) volumes
(TR = 2400 ms; TE = 30 ms; flip angle = 90°; matrix size = 64 x 64, field
of view = 192 x 192 mm?; slice thickness = 3 mm; 46 continuous slices;
voxel size =3 x 3 x 3 rnrn3) and T1 images with 188 slices were ac-
quired (TR = 8.16 ms; TE = 3.18 ms; flip angle = 12; field of view = 256
x 256 mm?; slice thickness = 1 mm; voxel size =1 x 1 x 1 mm®).
Throughout and following the scanning procedure, we inquired with the
participants to verify whether any of them had fallen asleep, ensuring
that none had indeed done so. A visual inspection of all MRI images was
conducted to ascertain the absence of any observable artifacts.

2.4. fMRI data preprocessing

Resting-state BOLD data were preprocessed using Statistical Para-
metric Mapping (SPM12, http://www.fil.ion.ucl.ac.uk/spm) and Data
Processing & Analysis for Brain Imaging (DPABI, http://rfmri.
org/dpabi) (Yan et al., 2016). The first 10 volumes for each partici-
pant were discarded to allow the signal to reach equilibrium and the
participants to adapt to the scanning noise. The remaining volumes were
corrected for the acquisition time delay between slices. Then, realign-
ment was performed to correct the motion between time points. Head
motion parameters were computed by estimating the translation in each
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direction and the angular rotation on each axis for each volume. All
participants’ BOLD data were within the defined motion thresholds (i.e.,
translational or rotational motion parameters <2 mm or 2"). We also
calculated frame-wise displacement (FD), which indexes the volume-to-
volume changes in head position. Several nuisance covariates (the linear
drift, the estimated motion parameters based on the Friston-24 model,
the spike volumes with FD > 0.5 mm, the white matter signal, and the
cerebrospinal fluid signal) were regressed out from the data. The data-
sets were then band-pass filtered using a frequency range of 0.01 to 0.1
Hz. In the normalization step, individual structural images were firstly
co-registered with the mean functional image; then the transformed
structural images were segmented and normalized to the Montreal
Neurological Institute (MNI) space using a high-level nonlinear warping
algorithm, that is, the diffeomorphic anatomical registration through
the exponentiated Lie algebra (DARTEL) technique (Ashburner, 2007).
Finally, each filtered functional volume was spatially normalized to the
MNI space using the deformation parameters estimated during the
above step and resampled into a 3-mm cubic voxel.

2.5. Functional stability calculation

Based on a previous published study (Li et al., 2020), the calculation
process of functional stability is summarized in Fig. 1. Firstly, dynamic
functional connectivity analysis was performed using a sliding-window
approach (Hutchison et al., 2013), with the window size being 96 s (40
TR) and the sliding step being 4.8 s (2 TR). For a given voxel j, we
computed Pearson’s correlation coefficients between its time series and
those of all other voxels within the gray matter mask. This process
yielded a sequence of dynamic functional connectivity maps for voxel j
across different time windows. Subsequently, the functional stability of
voxel j was assessed using Kendall’s concordance coefficient (KCC)
applied to the dynamic functional connectivity maps across various time
windows, employing the following equation:

21::1&21 - %v (Zgle")z
13K* (N> = N)

In this equation, K represents the number of time windows, N sig-
nifies the total number of connections between voxel j and all other
voxels within the gray matter mask, and R, stands for the sum of rank for
the n-th connection across all windows. To be specific, all subjects had
the same number of time windows, ensuring an equivalent K value for
each participant. The gray matter mask employed for restricting ana-
lyses in this investigation was generated by applying a threshold of 0.2
to the mean gray matter density map from all participants and subse-
quently intersected with a group-level mask encompassing 90 %
coverage of all functional images. Therefore, N was equivalent to the
total number of voxels within the mask minus one, a value consistent
across all participants. For the n-th connection (n = 1, 2, ---, N), R, was
designated as the sum of rank across all K windows, i.e., R, = R,(1) +
Ry(2) + ... + Ry(K). For each time window, connections were ranked
according to their functional connectivity strength. To ensure that re-
sults were not biased by distinct numbers of connections, we did not
apply any thresholding and a fully connected matrix consisting of both
positive and negative connections was used for ranking, with the sign of
negative connections rather than their absolute values considered in the
ranking. Once the functional stability maps were generated, they un-
derwent an additional standardization process into z-scores. This
entailed subtracting the mean and dividing by the standard deviation of
the global values within the gray matter mask so that they could be
averaged and compared across subjects. Ultimately, these stability maps
underwent spatial smoothing utilizing a Gaussian kernel with a full-
width at half maximum (FWHM) of 6 mm x 6 mm x 6 mm. For a
voxel or region, an elevated stability value (KCC) indicates a greater
degree of coherence and steadiness in its dynamic functional architec-
ture over time. Conversely, a diminished stability value signifies its

KCC =
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Fig. 1. A schematic diagram illustrating the process for calculating functional stability. First, dynamic functional connectivity was calculated using a sliding-window
method. For a given voxel, a series of dynamic functional connectivity maps were generated by computing Pearson’s correlation coefficients between its time series
and those of all other voxels within the gray matter mask across different time windows. Next, the functional stability of that voxel was measured using the KCC
applied to these dynamic functional connectivity maps with time windows as raters. Ultimately, a functional stability map was created by performing the same
calculation described above for every voxel within the gray matter mask. Abbreviations: BOLD, blood oxygen level-dependent; KCC, Kendall’s concor-

dance coefficient.

capacity to frequently and swiftly transition between distinct brain
states.

2.6. Statistical analysis

All calculations, statistical analyses, and visualizations were con-
ducted using MATLAB (version 2019b, The MathWorks Inc., Natick, MA,
USA) and Python (version 3.8). The MDD and HC groups were compared
using two-sample t-tests for normally distributed values, Mann-Whitney
U tests for non-normally distributed values regarding age and clinical
characteristics, and a chi-squared test for gender distribution.

To examine the impact of ECT treatment on clinical symptoms in
MDD patients, a linear mixed effects (LME) model (Bernal-Rusiel et al.,
2013) was utilized to evaluate the changes in HRSD scores between
MDD patients and HCs across two time points. The model included
group (MDD vs. HCs) and time (baseline vs. follow-up) as fixed factors,
with individual participants as a random factor. Post-hoc analysis
involved two-sample t-tests to compare groups and paired t-tests to
evaluate changes following ECT. Multiple comparison correction was
performed using the Bonferroni method. The LME model and two-
sample t-tests were conducted with age and sex as covariates, setting
the significance threshold at p < 0.05.

315

2.7. Functional stability analysis

To explore the impact of ECT on brain functional stability in MDD
patients, an LME model was employed to investigate the interaction
effect of group and time on brain functional stability maps. In this
model, group (MDD vs. HCs) and time (baseline vs. follow-up) were set
as fixed factors, and the participant was set as the random factor. For
these voxel-based analyses, we conducted multiple comparison correc-
tion using the cluster-level false discovery rate (FDR) method, resulting
in a cluster-defining threshold of p = 0.001 and a corrected cluster
significance of p < 0.05. Brain regions with significant interaction effects
were defined as regions of interest (ROIs), from which functional sta-
bility values were extracted for post-hoc comparisons. Post-hoc analyses
were conducted using two-sample t-tests to compare groups and paired
t-tests to evaluate differences at two scans. The LME model and two-
sample t-tests included age, sex, and mean FD as covariates, and the
paired t-tests were conducted with mean FD as a covariate.

The relationship between ECT-induced changes in functional sta-
bility and clinical symptoms in MDD patients was assessed using Pear-
son’s correlation analysis. Specifically, we examined the associations
between the rates of change in functional stability (defined as post-ECT
values minus pre-ECT values, divided by the absolute value of the pre-
ECT values) in ROIs with significant interaction effects and the
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treatment-related rate of change in HRSD scores. The significance
threshold was determined at p < 0.05 and adjusted for multiple testing
using the FDR method.

2.8. Comparison between remitters and non-remitters

One of the unresolved issues regarding ECT is its variability in effi-
cacy. While ECT is generally effective for MDD patients, it fails to ach-
ieve the expected outcomes in certain patient groups. To investigate the
factors that might contribute to this variability in efficacy, we classified
the MDD patients into two groups based on whether they achieved
remission after ECT: 39 in the remitters group and 19 in the non-
remitters group. Patients with a post-ECT HRSD score of <7 were clas-
sified as remitters (Bech et al., 2005; Moller, 2008). The basic infor-
mation of the two subgroups is shown in Table 2.

The statistical methods used for analyzing demographic and clinical
data were consistent with those employed in the MDD vs. HC analysis.
An LME model and subsequent post-hoc tests were employed to compare
remitter and non-remitter groups to analyze functional stability. Pear-
son’s correlations were performed to investigate whether changes in
functional stability were associated with changes in clinical symptoms
after ECT. These correlations examined the relationship between the
rate of change in functional stability in ROIs showing significant inter-
action effects in subgroup analysis and the rate of change in HRSD
scores. All analyses were adjusted for age, sex, and mean FD, with a
significance threshold set at p < 0.05, applying FDR correction.

Table 2
Demographic and clinical measurements of remitters and non-remitters.
Characteristic Remitters (n Non-remitters Statistics p-
—39) (n=19) Value
1.38 +
Age (years) ‘1‘1 gg 35.74 £ 12.59 t=1.716" 0.092
Gender (male/ 11/28 4/15 74=0.341"  0.559
female)
. U=
Scan interval (days) 19(18,22) 20(18,24) 197.00° 0.443
. U=
ECT sessions (n) 8(8,8) 8(8,10) 197.00° 0.154
Illness duration U=
(months) 48(10,132) 24(5.5,42) 450.000° 0.187
Episodes (first/ 11/28 9/10 2=207" 0150
recurrence, n)
HRSD scores F=7291"  0.009
. t=
Baseline 21.59 £ 6.15 26.53 + 5.19 _3.012° 0.004
t=
After ECT 3.54 + 2.37 13.53 + 3.96 ~10.136° <0.001
Medicine category NA NA
SSRIs 28 13 NA NA
SNRIs 10 6 NA NA
SARIs 2 1 NA NA
NaSSAs 9 5 NA NA
APs 20 10 NA NA
ACs® 6 5 NA NA
NBH 14 5 NA NA

Note: Values are shown as the mean value =+ standard deviation median (Q1,
Q3). Abbreviations: ECT, electroconvulsive therapy; HRSD, Hamilton rating
scale of depression; SSRIs, selective serotonin reuptake inhibitors; SNRIs,
serotonin-norepinephrine reuptake inhibitors; SARIs, serotonin antagonist/re-
uptake inhibitors; NaSSAs, norepinephrine and specificity serotonergic antide-
pressants; APs, antipsychotics; ACs, Anticonvulsants; NBH: Non-benzodiazepine
hypnotic; NA, not applicable.

2 Two-sample t-tests.

b Pearson chi-squared test.

¢ Mann-Whitney U tests.

4 Linear mixed effects model.

¢ ACs primarily consist of valproate and benzodiazepines, used for mood
stabilization and managing insomnia.
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2.9. Validation analysis

The following procedures were taken to further validate our findings.
To determine whether our primary findings were influenced by the se-
lection of different sliding window parameters, we computed functional
stability using three additional combinations of window size and sliding
step (window size = 30 TR and sliding step = 2 TR; window size = 50 TR
and sliding step = 2 TR; window size = 40 TR and sliding step = 1 TR)
and then repeated the above analyses. Second, considering the potential
impact of spatial smoothing on the outcomes, we applied Gaussian
kernels of 8 mm FWHM to smooth functional stability maps and sub-
sequently repeated the voxel-wise group comparison analyses.

3. Results
3.1. Demographic and clinical characteristics

The demographic and clinical data of MDD patients and HCs are
shown in Table 1. There were no significant differences in age or gender
between the MDD and HC groups (all p > 0.05). We noted a significant
group-by-time interaction effect (F = 245.05, p < 0.001, Eta? = 0.719),
as well as a main effect of group (F = 308.80, p < 0.001, Eta® = 0.763) on
the HRSD scores. However, the main effect of time was not significant (F
= 0.35, p = 0.556, Eta? = 0.004). Post-hoc analyses revealed that HRSD
scores decreased in MDD patients following ECT treatment (t = —19.35,
p < 0.001, Cohen’s d = —2.54, mean ECT session: 8.33), whereas no
significant changes were observed in HRSD scores between scans for the
HC group (t = —1.891, p = 0.268, Cohen’s d = —0.21).Meanwhile, the
HRSD scores of the MDD group were significantly higher than those of
the HC group before and after ECT (all p < 0.001) (Fig. 2b and Table 1).

3.2. Effects of ECT on functional stability in MDD patients

Analysis of functional stability revealed a significant group-by-time
interaction effect in multiple brain regions (all p < 0.05, FDR cor-
rected, Fig. 2¢ and Table 3), including bilateral middle frontal gyrus,
orbital part (ORBmid), bilateral angular gyrus (ANG), and right fusiform
gyrus (FFG). Post-hoc analysis revealed significant increases in the
functional stability of the bilateral ORBmid and bilateral ANG after ECT
in MDD patients; meanwhile, we observed a reduction in functional
stability in the right FFG of MDD patients after ECT (all p < 0.05, FDR
corrected). However, no significant changes were observed in functional
stability between scans for the HC group. Among them, in bilateral
ORBmid and bilateral ANG, the functional stability values of the MDD
group after ECT were significantly higher than those of the HC group (all
p < 0.001), but in FFG, the functional stability values of the MDD group
were significantly lower than those of the HC group (p < 0.001). Among
them, we showed the post-hoc results of two typical regions as violin
plots (Fig. 2d). The full results of the post-hoc test are available in
Fig. S1.

3.3. Correlations between the rate of change in functional stability and
clinical variables

We examined the correlation between the rate of change in the HRSD
scores and the rate of change in functional stability of ROIs with sig-
nificant interaction effects. However, after multiple comparison cor-
rections, no significant correlation was observed in MDD patients (all p
> 0.05, FDR corrected).

3.4. ECT-induced differences in functional stability in remitters vs. non-
remitters

Comparison between the remitter and non-remitter subgroups
revealed no significant differences in age, gender, scan intervals, num-
ber of ECT sessions, duration of illness, or number of episodes (all p >



D. Wu et al. Journal of Affective Disorders 374 (2025) 312-322

a Schematic diagram of ECT b ECT effects on HRSD scores
interaction: p < 0.001
50 wxx
40
RN B s .
| . 8
yee= W
10
0 ‘
MDD-pre ECT MDD-post ECT HC-scan1 HC-scan2
Group
c ECT effects on functional stability (group-by-time interactions)
-21 -14 36 39
L-ORBmid___ R-ORBmid Fvalue
R-FFG R-ANG 0
d Violin plot of post-hoc results for two typical regions
Left angular gyrus Left middle frontal gyrus, orbital part

interaction: p = 0.001 . .
eseaonp interaction: p = 0.004

1.0
0.5
0.0

? £ A
* <‘ / ‘ .. \"’\\/’/
-1 -o \\/

MDD-pre ECT MDD-post ECT HC-scan1 HC-scan2 MDD-pre ECT MDD-post ECT HC-scan1 HC-scan2
Group Group

Functional stability

Functional stability

Fig. 2. ECT paradigm and its effects on clinical symptom and functional stability in MDD patients. a. Schematic diagram of bifrontal ECT treatment plan.

b. Comparison of HRSD score between MDD and HC group at two scans. (***, p < 0.001). c. Brain regions with significant interaction effects in functional stability
between MDD and HC group based on ECT (p < 0.05, FDR corrected). d. Violin plot of post-hoc results for two typical regions. (***, p < 0.001). Abbreviations: ECT,
electroconvulsive therapy; HRSD, Hamilton Rating Scale for Depression; MDD, major depressive disorder patients; HC, healthy control; FFG, fusiform gyrus; ORBmid,
middle frontal gyrus, orbital part; ANG, angular gyrus; L, left; R, right.

Table 3
Brain regions showing significant group-by-time interaction effects in functional stability between MDD and HCs.
Clusters Brain regions Abbreviation Cluster size (voxels) Peak MNI coordinates (mm) Peak F values
X y z
Cluster 1 Middle frontal gyrus, orbital part (L) L-ORBmid 99 -39 54 -12 28.96
Cluster 2 Middle frontal gyrus, orbital part (R) R-ORBmid 56 42 48 -18 27.20
Cluster 3 Angular gyrus (L) L-ANG 162 -51 —60 36 21.62
Cluster 4 Angular gyrus (R) R-ANG 72 51 —60 39 28.70
Cluster 5 Fusiform gyrus (R) R-FFG 110 33 —42 —-21 22.04

Abbreviations: MDD, major depressive disorder; HC, healthy control; MNI, Montreal Neurological Institute; L, left; R, right.
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0.05, Table 2). Analysis of HRSD scores identified a significant group-by-
time interaction effect (F = 7.29, p = 0.009, Eta? = 0.119), as well as a
main effect of group (F = 58.34, p = 0.009, Eta? = 0.519). However, the
main effect of time was not significant (F = 1.80, p = 0.185, Eta? =
0.032). Post-hoc analysis indicated that after ECT, the HRSD scores in
both remitters and non-remitters significantly decreased (remitters: t =
—18.76, p < 0.001, Cohen’s d = —3.00; non-remitters: t = —9.09, p <
0.001, Cohen’s d = —2.08). However, the post-treatment HRSD scores of
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remitters (t = 11.99, p < 0.001, Cohen’s d = 3.35) (Fig. 3a).

Analysis of functional stability revealed a significant group-by-time
interaction effect in the right hippocampus (F = 27.38, p = 0.02, FDR
corrected) (Table 4). Post-hoc analysis showed that at baseline, there
was no significant difference in the functional stability values of the
right hippocampus between remitters and non-remitters (t = 1.398, p =
0.168, Cohen’s d = 0.35). After ECT, the functional stability values of
the right hippocampus in remitters significantly decreased (t = —4.988,

the non-remitters remained significantly higher than those of the p < 0.001, Cohen’s d = —0.80), while in non-remitters, these values
a ECT effects on HRSD scores (remitters vs. non-remitters)
interaction: p = 0.02
50 * k¥
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b ECT effects on functional stability (remitters vs. non-remitters)

Right hippocampus

interaction: p = 0.009
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Fig. 3. ECT effects on HRSD scores and functional stability in remitters and non-remitters. a. Comparison of HRSD scores between remitters and non-remitters group

based on ECT (**, p < 0.01; ***, p < 0.001). b. Comparison of functional stability and post-hoc analysis between remitters and non-remitters group based on ECT (**,
p < 0.01; *** p < 0.001). Abbreviations: ECT, electroconvulsive therapy; HRSD, Hamilton Rating Scale for Depression; HPC, hippocampus; R, right.
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Table 4

Journal of Affective Disorders 374 (2025) 312-322

Brain regions showing significant group-by-time interaction effects in functional stability between remitters and non-remitters.

Clusters Brain regions Abbreviation Cluster size (voxels) Peak MNI Coordinates (mm) Peak F values
X y z
Cluster 1 Hippocampus (R) R-HPC 77 27 -30 12 27.38

Abbreviations: MNI, Montreal Neurological Institute; R, right.

significantly increased (t = 3.185, p = 0.005, Cohen’s d = 0.73),
resulting in significantly higher functional stability values in non-
remitters compared to remitters after treatment (t = 4.962, p < 0.001,
Cohen’s d = 1.38).

Subsequently, we extracted the functional stability values of the right
hippocampus and calculated the change rates for both remitters and
non-remitters. We then performed a correlation analysis between these
stability change rates and the change rates of the HRSD scores, but no
significant correlations were found (all p > 0.05, FDR corrected).

3.5. Validation analysis

First, our primary results held when employing functional stability
calculated from three other combinations of window size and sliding
step, implying that variations in sliding window parameters had mini-
mal impact on our functional stability analyses (Figs. S2 and S3).
Moreover, when applying Gaussian kernels with full width at half
maximum (FWHM) values of 8 mm to smooth functional stability maps,
we observed that the voxel-wise group comparison outcomes were
similar to those obtained using a 6 mm FWHM Gaussian kernel.

4. Discussion

In this study, we utilized functional stability, a state-of-the-art
analytical method, to explore the impact of ECT on brain dynamic
function in MDD. The results showed that after ECT, there was a sig-
nificant increase in functional stability in the bilateral ORBmid and
bilateral ANG, whereas there was a significant decrease in functional
stability in the right fusiform gyrus. Additionally, we conducted a sub-
group analysis by dividing MDD patients into remitters and non-
remitters based on their post-ECT HRSD scores. The subgroup analysis
revealed a significant group-by-time interaction effect on functional
stability in the right hippocampus, with remitters showing a significant
decrease after ECT, while non-remitters exhibited a significant increase.
These findings elucidate the mechanisms by which ECT modulates brain
function and depressive symptoms, suggesting that functional stability
could serve as a potential biological marker for ECT treatment in MDD.

In our previous work using resting-state fMRI, we identified
abnormal local brain indices, such as changes in brain entropy following
ECT (Fan et al., 2024) and increased nodal degree in specific regions,
which negatively correlated with post-ECT improvements in depressive
symptoms(Wu et al., 2022). These findings highlight the modulatory
effect of ECT on the mean activity levels of local brain regions.
Furthermore, at the large-scale functional network level, we observed
alterations in graph-theoretical metrics, including increased shortest
path length, decreased global efficiency (Li et al., 2022), and changes in
the default mode network (Li et al., 2023). Although these studies illu-
minate how ECT may modulate local brain regions and networks from a
static, averaged activity perspective, they do not address the potential
neural mechanisms from a dynamic activity standpoint.

Functional stability is a voxel-wise measurement derived from dy-
namic functional connectivity analysis (Li et al., 2020). A higher sta-
bility value for a voxel indicates a more consistent and stable dynamic
functional architecture over time. In contrast, a lower stability value
signifies the voxel’s capacity to frequently and rapidly transition be-
tween different brain states. Increased functional stability in bilateral
ANG and bilateral ORBmid were found in MDD patients after ECT. ANG
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has been suggested to be one of the central areas of the default mode
network (DMN) involved in introspective processing, emotional pro-
cessing, memory, and spontaneous cognition (Andrews-Hanna et al.,
2010; Raichle et al., 2001). Numerous studies have shown that struc-
tural and functional changes of ANG are involved in the pathogenesis of
depression. For example, a whole-brain functional connectivity study
has shown that depressed patients have reduced functional connectivity
strength (FCS) in the left ANG (Lai et al., 2017). The coherence-based
regional homogeneity of right ANG in patients with late-life depres-
sion was significantly lower than that in normal subjects (Liu et al.,
2012). Lee et al. found that reduced gray matter volume in the left ANG
in depressed patients was associated with suicide attempts (Lee et al.,
2016). ANG has been used as an observation index for the treatment
effect and prognosis evaluation of depression since it is related to the
occurrence of various depressed symptoms. A significant increase in
gray matter volume was observed in the right ANG after TMS treatment
in patients with depression (Lan et al., 2016). The FCS of the left ANG
increased significantly after ECT in depressed patients (Wei et al., 2018).
The present study found that ECT can up-regulate the functional sta-
bility of ANG, which is consistent with the results of the above-
mentioned research.

The orbitofrontal cortex (OFC) is a key brain region in reward value,
mood and emotion (Rolls et al., 2020). Abnormal function or structure of
the OFC disrupts the reward circuit in depressed patients, consequently
resulting in anhedonia symptoms (O’Doherty et al., 2001; Rolls, 2017).
Studies in adult depression have documented that reduced superior
frontal gyrus activity in response to loss is associated with increased
depressive rumination symptoms (Schiller et al., 2013). In a resting-state
fMRI investigation, effective connectivity directed to the medial OFC
from areas including the parahippocampal gyrus, temporal pole, inferior
temporal gyrus and amygdala was found decreased in depression (Rolls
et al.,, 2018). ORBmid, as one of the components of OFC, has also been
confirmed to be involved in the pathogenesis of depression. For
example, the functional connectivity between the insula and the left
ORBmid in depressed patients is proven reduced (Guo et al., 2015).
Additionally, the ALFF value of the right ORBmid is lower in depressed
patients with anxiety compared to health controls (Zhao et al., 2019).
Our research demonstrated that ECT can enhance the functional stability
of the ORBmid to improve depressive symptoms, which corroborates the
aforementioned conclusions.

Additionally, this study found that the functional stability of the right
fusiform gyrus in MDD patients significantly decreased after ECT. The
fusiform gyrus, a critical part of the visual cortex, plays a significant role
in the perception and processing of emotions when faces are presented
as stimuli (Haxby et al., 2000; Zhang et al., 2016).

The fusiform gyrus is closely associated with MDD. Studies have
shown that both the structure and function of the fusiform gyrus are
abnormal in MDD patients. Specifically, research has found that MDD
patients exhibit significantly reduced cortical folding in the right fusi-
form gyrus, along with decreased functional connectivity between this
region and sensorimotor areas (such as the precentral and postcentral
gyri) as well as the right superior temporal gyrus (Chen et al., 2021). Ina
task-based fMRI study measuring neural responses to happy and sad
facial expressions in healthy individuals and MDD patients, it was found
that healthy individuals exhibited linear increases in bilateral fusiform
gyrus responses to increasingly happy expressions. In contrast, MDD
patients showed linear increases in right fusiform gyrus responses to
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increasingly sad expressions. Additionally, among MDD patients, there
was a negative correlation between depression severity and the neural
response strength in the right fusiform gyrus to happy expressions
(Surguladze et al., 2005). These findings highlight the critical role of the
fusiform gyrus in emotional processing and the pathophysiology of
depression. Based on the findings of this study, we speculate that the
functional stability of the right fusiform gyrus may be modulated by
ECT, leading to a decrease in stability. This allows for more rapid and
flexible functional transitions, enhancing the accuracy and flexibility of
facial expression recognition. Such changes may help regulate implicit
and explicit attentional bias patterns, improving depressive symptoms.

Although ECT is an effective neuromodulation method for treating
MDD, its efficacy varies significantly among different patients, and the
reasons for this variability remain unclear (Haq et al., 2015; Nygren
et al., 2023). To investigate the differences in treatment outcomes, we
categorized MDD patients into remitters and non-remitters based on
whether their HRSD score was below 7 after ECT. The functional sta-
bility analysis revealed that although there was no significant difference
in functional stability of in the right hippocampus between remitters and
non-remitters, the functional stability significantly decreased in re-
mitters but increased dramatically in non-remitters after ECT, present-
ing opposite results between the two groups. The hippocampus not only
plays an important role in memory and learning but also in emotion
regulation and emotion-related disorders. The hippocampus, together
with the amygdala and prefrontal cortex, participates in the processing
and regulation of emotions(Davidson and Irwin, 1999). The amygdala is
responsible for generating emotional responses, while the hippocampus
helps link emotions with memories (Phelps, 2004). For instance, the
hippocampus is crucial in the encoding and retrieval of emotional events
in memory (Kensinger and Schacter, 2005).

Negative cognitive bias is a crucial cognitive psychological mecha-
nism in the onset of depression. Among these biases, negative emotional
memory bias is a core element. MDD patients tend to have stronger
memories for negative emotions compared to positive emotions (Disner
et al., 2011). Prolonged immersion in negative emotions can lead to
symptoms such as emotional downturns, anhedonia, and even suicidal
tendencies (Harmer and Cowen, 2011; Roiser et al., 2012). Previous
research has found that there are neuronal groups within the hippo-
campal region dedicated to processing both positive and negative
emotional memories. These groups use distinct neural projection pat-
terns to optimize the integration of different types of memory infor-
mation (Shpokayte et al., 2022). Animal experiments have discovered
that optogenetic activation of hippocampal cells associated with positive
memories can alleviate depressive-like behaviors in mice. This method
not only shows immediate effects but also promotes neurogenesis over
the long term, offering a potential new approach for treating depression
(Ramirez et al., 2015). Additionally, previous study has shown that
changes in hippocampal function are associated with improvements in
depressive symptoms after ECT (Bai et al., 2019). Therefore, combining
the findings of this study, we speculate that in the remitters group, the
decreased functional stability of the right hippocampus following ECT
enables faster and more flexible emotional encoding, retrieval, and
switching, thus improving emotional memory bias. In contrast, in the
non-remitters group, increased functional stability post-ECT is detri-
mental to emotional switching and the improvement of emotional
memory bias, leading to less significant alleviation of depressive
symptoms. This suggests that focusing on hippocampal functional
changes could be crucial for assessing the antidepressant effects of ECT.

Neurocognitive impairment is a common side effect of ECT, making
the reduction of such adverse effects a significant research focus. Non-
convulsive electrotherapy (NET) is an emerging treatment for MDD that
involves electrical stimulation of the brain in a manner similar to stan-
dard ECT procedures. Previous studies have shown that NET, when used
as an adjunctive therapy, may be a safe, well-tolerated, and effective
treatment for depression without causing severe neurocognitive deficits
(Caietal., 2021; Zhang et al., 2024). Additionally, transnasal humidified
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rapid-insufflation ventilatory exchange (THRIVE) is a novel and effec-
tive ventilation method that has been incorporated into ECT to enhance
patient tolerability and reduce the risk of complications. As a high-flow
nasal oxygen ventilation technique, THRIVE improves oxygenation and
ventilation management, helping to maintain more stable physiological
parameters and potentially minimizing cognitive impairment caused by
hypoxia or hemodynamic fluctuations during ECT (Deng et al., 2024).
Preliminary research indicates that ECT performed with THRIVE may be
associated with fewer cognitive side effects, although further clinical
studies are necessary to validate these findings.

5. Limitations

The current findings must be interpreted in light of the following
limitations. First, due to the limited sample size, our research lacks
replication and requires reanalysis of independent data. A larger sample
is needed in future studies to replicate the current experiment and
reduce the impact of experimental errors. Second, we cannot rule out the
effect of medication on our results. The patients included in the treat-
ment were receiving medication, which can improve depressive symp-
toms and potentially alter brain function. Future studies should include
patients with depression who are not yet on medication, and perform
stratification analysis or calculate medication weights as covariates.
Additionally, future research should consider adding a control group of
MDD patients who are only receiving medication to further assess the
unique effects of ECT.

6. Conclusion

In summary, our data demonstrated the modulatory effect of ECT on
brain functional stability in MDD patients and further revealed the dif-
ferences in this modulation between patients with and without clinical
remission. This study may advance our understanding of the neural ef-
fects of ECT in MDD from the perspective of dynamic functional sta-
bility, highlighting that functional stability can serve as a potential
prognostic biomarker that can be used to monitor the efficacy of ECT
treatment or to stratify MDD patients to optimize disease management
and treatment strategies.
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