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Functional connectivity underpinnings of electroconvulsive

therapy-induced memory impairments in patients with
depression

Danhong Wang’, Yanghua Tian??, Meiling Li", Louisa Dahmani', Qiang Wei**, Tongjian Bai*?, Franziska Galié', Jianxun Ren',
Rai Khalid Farooq®, Kangcheng Wang’, Jie Lu®, Kai Wang®® and Hesheng Liu@®'”®

Electroconvulsive therapy (ECT) is an effective treatment for severe medication-resistant depression. However, ECT frequently
results in episodic memory impairments, causing many patients to discontinue treatment. The objective of this study was to
explore the functional connectivity underpinnings of ECT-induced episodic memory impairments. We investigated verbal episodic
memory and intrinsic functional connectivity in 24 patients with depression (13F, 11M) before and after ECT, and 1 month after
treatment. We used a novel individual-oriented approach to examine functional connectivity, and trained a linear support vector
regression model to estimate verbal memory performance based on connectivity. The model identified a set of brain connections
that can predict baseline verbal memory performance (r= 0.535, p = 0.026). Importantly, we found a nonoverlapping set of brain
connections whose changes after ECT can track patients’ verbal memory impairments (r=0.613, p = 0.008). These connections
mainly involve the frontoparietal control, default mode, and hippocampal networks, suggesting that ECT affects broad functional
networks that are involved in memory performance. In contrast, functional connectivity defined using traditional group-level
analyses was unable to estimate either baseline memory performance or post-ECT verbal memory impairments. A parallel analysis
using the same strategy did not identify a connectivity marker for overall mood improvement, suggesting that functional
connectivity changes related to depressive symptoms may be highly heterogenous. Our findings shed light on the mechanism
through which ECT impairs episodic memory, and additionally underline the importance of accounting for interindividual variability

in the investigation of functional brain organization in patients with depression.
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INTRODUCTION

Electroconvulsive therapy (ECT) as a treatment for depression can
lead to remission rates as high as 80%, making it one of the most
effective treatments for this disease [1]. However, ECT often results
in negative cognitive side effects, the most severe of which are
episodic memory impairments [2-5]. While adverse cognitive effects
usually subside weeks after ECT [6-8], some memory deficits can
persist for months to years after treatment [2, 9].

The mechanism by which ECT induces adverse cognitive effects
is not yet understood [3]. Most memory studies have investigated
the state of the hippocampus as a potential mediating factor. For
example, older adult patients with lower hippocampal volumes
preceding ECT show worse memory-related side effects after
treatment [10]. Several studies, including studies with large
cohorts of patients from the Global ECT-MRI Research Collabora-
tion, have reported increased hippocampal volume as a result of
ECT treatment [11-16]. This volume change may be associated
with the memory impairments observed after ECT [17].

An alternative mechanism by which ECT may exert negative
effects on memory and more generally on cognition is through its
modulation of large-scale functional brain networks rather than
the hippocampal network alone. There is a growing body of
evidence that many functional connectivity networks are dysre-
gulated in depression [18-20], and ECT may alter connectivity in a
way that contributes to patients’ improved mood [21]. At the same
time, connectivity changes across multiple functional networks
may lead to memory impairments. Importantly, the exact
connectivity underpinnings of memory impairments are yet to
be revealed.

The mechanisms through which ECT exerts rapid antidepres-
sant effects are also complex. Recent studies suggested that
depression is a heterogeneous syndrome with different clinical
features that do not map to the same brain circuit [22], thus there
may not exist a single imaging marker for the ECT-induced mood
improvement. Previous research has demonstrated that ECT can
lead to anatomical and functional changes in a number of brain
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regions and these changes may be related to the antidepressant
effects of ECT. For example, increased volume of the amygdala,
hippocampus, and nucleus accumbens in response to ECT was
found to be related to symptom improvement [13, 23]. Graph theory
analysis revealed that functional connectivity within a hippocampus-
thalamus-striatum network decreases in ECT responders [24].
Increased cerebral blood flow in regions such as the dorsomedial
thalamus and motor cortex near the ECT electrode, and decreased
cerebral blood flow in lateral frontoparietal regions have also been
observed in ECT responders [25].

Here, using a subject-specific resting-state functional connectivity
analysis, we examined these possible mechanisms and investigated
how functional brain network changes induced by ECT affect
episodic memory. Until recently, most imaging studies investigated
the functional organization of the brain by using group-averaged
data. However, it has been increasingly recognized that there is
considerable interindividual variability in brain functional organiza-
tion [26, 27], especially in regions involved in cognitive domains,
including executive control and memory [26]. Thus, when
investigating cognition, it is necessary to use methods that are
able to capture individual differences in functional anatomy. Recent
individual-oriented approaches in resting-state functional connec-
tivity have been successful in this pursuit [28-31] and demonstrated
great promise in clinical research [21, 32].

Using a machine learning approach, we aimed to identify
connections that could predict verbal memory performance in a
sample of patients with depression prior to ECT treatment. We then
sought to identify functional connections whose ECT-induced
changes track memory impairments. We tested whether ECT-
induced memory impairments are associated with connectivity
changes within the networks responsible for memory processing at
baseline, or whether they are associated with connectivity changes
in broader functional networks. Finally, in a parallel analysis, we
used a similar strategy to test whether there exists a functional
connectivity signature for the ECT-induced mood improvement in
our patient sample.

MATERIALS AND METHODS

Participants

Twenty-seven patients with DSM-IV diagnosed Major Depressive
Disorder who showed resistance to medication were prescribed a
course of ECT at the Anhui Mental Health Center. Our exclusion
criteria were substance dependence, pregnancy, life-threatening
somatic disease, neurological disorders, other co-morbid mental
disorders, or MRI-related contraindications. Specifically, patients
diagnosed with bipolar disorder were excluded. The diagnosis was
conducted by two psychiatrists based on structured clinical
interviews. In cases where there was disagreement between
the two psychiatrists, patients were excluded from the study. All
patients were taking antidepressants throughout the study, and
medication was not adjusted during the four weeks preceding
ECT. The categories of medicines taken by the patients are
presented in Table 1. Treatment with benzodiazepines, valproate,
and/or lithium was suspended during ECT administration. Patients
underwent MRI scans and behavioral tests at three time points:
12-72 h before the first ECT, 1-7 days following the last ECT, and
1 month after the last ECT. At the first time point, three patients
were excluded due to high level of head motion (mean relative
head motion >0.20 mm) or low signal to noise ratio (slice-based
temporal signal-to-noise ratio <100) [33], thus 24 patients (mean
age 36.54+11.52; 13 women, 11 men; all right handed) were
included in the pre-ECT analyses. At the second time point,
imaging data from three more patients were excluded for the
same reasons. At the third time point, 14 patients were retested
and three were excluded again after data quality control. The
demographic information of the patients included at each time
point is listed in Table 1. The experiment was approved by the
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Table 1. Patients’ demographic and clinical information.
Visit 1 Visit 2 Visit 3
(n=24) (n=21) (n=11)
Age 36.54+11.52 36.38+11.79 37.55+9.75
Gender F:13, M:11  F:11,M:10 F: 5 M:6
Education 8.92+3.62 8.90 +3.85 8.91+432
Motion 0.049+£0.027 0.066+0.031 0.057 £0.032
HAMD 2242+445 3.81+2.25 4.27 +£2.05
RAVLT 6.71+3.14 4.19+3.83 9.36 +3.56
Medications (number of subjects)
SNRIs 10 9 6
SSRls 14 14 5
NaSSAs 3 2 1
TACs 1 0 0
SARIs 2 1 1
Anticonvulsant 3 3 0
Non-benzodiazepine 3 2 0
hypnotic
NRI 1 1 1
Antipsychotics 8 10 3
Antianxiety 3 4 3
Values represent means + SD, or n.
Visit 1: 12-72 h before the first ECT; Visit 2: 1-7 days following the last ECT;
Visit 3: 1 month after the last ECT. Data are shown as mean + standard
deviation.
SNRIs serotonin-norepinephrine reuptake inhibitors, SSRIs selective serotonin
reuptake inhibitors, NaSSAs norepinephrine and specificity serotonergic
antidepressants, TCAs tricyclic antidepressants, SARIs serotonin antagonist/
reuptake inhibitors, NRIs selective norepinephrine reuptake inhibitors.

Anhui Medical University Ethics Committee and was performed in
accordance with all relevant guidelines and regulations. Written
informed consent was obtained from all participants in accor-
dance with the Anhui Medical University Ethics Committee.

ECT procedures

Modified bi-frontal ECT (maximum output: 1008 mC; Thymatron
System IV Integrated ECT Instrument, Somatics Incorporation, Lake
Bluff, IL, USA) was administered using a constant current of 0.9 A
with 1.0 msec pulse width, after induction of anesthesia intrave-
nously with propofol (0.2-0.5 mg/kg body mass), muscle relaxation
with succinylcholine (0.5-1 mg/kg body mass), and suppression of
gland secretion intravenously with atropine (0.5-1mg/kg body
mass). Seizure activity was monitored with electroencephalography.
A minimum of six ECT sessions were administered. The first three
ECT administrations occurred on consecutive days, and the
remaining ECT administrations were conducted every other day
with a break on weekends until patients’ symptoms remitted.
Previous studies suggested that lower frequency treatment would
necessitate a longer treatment to alleviate mood symptoms,
however this concomitantly results in more severe cognitive
impairments [34]. Age is also an important factor when determining
the treatment frequency. Elderly people are more prone to
cognitive impairments following ECT, and should therefore undergo
lower frequency treatment. Our sample was mostly comprised of
young patients (mean age 36.54 +11.52). Thus, in this study we
administered three daily sessions at the beginning, according to the
guidelines of the Chinese Association of Physicians for Electrical
Shock and Nerve Stimulation, which recommends transient use of
daily treatment for younger patients (Electroconvulsive Therapy
Expert Consensus: 2017 Edition, Chinese Association of Physicians
for Electrical Shock and Nerve Stimulation). Remission was defined
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as a 17-item Hamilton Depression Rating Scale (HAMD) [35] score of
7 points or less. Two independent experienced psychiatrists
administered the HAMD. If patients did not remit after six sessions,
treatment continued until remission was achieved or until a
maximum of 12 ECT sessions have been administered. On average,
patients received 6.87 + 2.24 ECT sessions.

Initial percent energy dial setting threshold was measured at
the first ECT session based on the age of the patient. If the patient
was older than 50 years old, the initial percent energy dial was set
at the patient’s age (For example, 53% for a 53-year-old patient). If
the patient was under 50 years old, the initial percent energy dial
was set at the patient’s age minus five (for example, 40% for a 45-
year-old patient). If no seizure activity resulted, the percent energy
was increased until a therapeutically satisfactory seizure was
obtained. The mean stimulus intensity was 37.11% (from 15 to
80%) and the mean pulse frequency was 34.03 Hz (SD = 10.16).

Clinical and neuropsychological measures

A battery of clinical and neuropsychological tests was adminis-
tered, including the 17-item HAMD [35], Mini Mental State Exam
[11-16], and Rey-Auditory Verbal Learning Test (RAVLT) [36].
Details about these tests can be found in Supplementary Materials
and Methods.

MRI data acquisition and preprocessing

All MRI data were acquired on a 3.0 T whole-body GE MRI scanner
(Signa HDxt 3.0 T, GE Healthcare, Buckinghamshire, UK) at the First
Affiliated Hospital of Anhui Medical University. T1-weighted
anatomical images were acquired in sagittal orientation with
three-dimensional inversion recovery prepared fast spoiled
gradient recalled sequence (repetition time/echo time ratio =
8.676/3.184 ms, inversion time =800 ms, flip angle =8 degrees,
field of view=256x256 mm? matrix size =256x 256, slice
thickness = 1 mm, voxel size=1x1x1mm?> 188 slices). Func-
tional MRI (fMRI) BOLD images were acquired 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 =34x3.4x4.6mm?> matrix size=64x64, field of
view = 220 x 220 mm?. Participants were instructed to stay awake,
keep their eyes open, and minimize head movement.

Structural MRI data were preprocessed using FreeSurfer
version 5.3.0 as described by Yeo et al. [37]. Resting-state fMRI
data were preprocessed using previously described procedures
[37] that were adapted from Van Dijk et al. [38]. The following
steps were performed for fMRI preprocessing: (1) slice timing
correction using SPM (SPM2; http://www.fil.ion.ucl.ac.uk/spm/);
(2) rigid body correction for head motion using FSL (https:/fsl.
fmrib.ox.ac.uk/fsl/fslwiki/); (3) band-pass temporal filtering (0.01
Hz-0.08 Hz); (4) spurious variance and their derivatives were
moved through regression that included head motion, the
average signal within a ventricle mask, and the average signal
within a white matter mask. Whole-brain signal regression was
also included in the preprocessing stream to improve the
correction of motion-related artifacts [39, 40]. In the present
study, we did not censor the image frames based on head
motion because our previous exploration indicated that the data
scrubbing might cause inflated connectivity estimates in specific
regions [41]. Surface mesh representations of the cortex from
each individual participant’s structural images were recon-
structed and registered to a common spherical coordinate
system. The structural and functional images were aligned using
boundary-based registration within the FsFast software package
(http://surfer.nmr.mgh.harvard.edu/fswiki/FsFast). The prepro-
cessed resting-state BOLD fMRI data were normalized to the
MNI space to yield volumetric time series, and also aligned to the
common spherical coordinate system to derive surface time
series for cerebral cortex. A 6-mm full-width half-maximum
smoothing kernel was applied to the fMRI data in the surface
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space and then the data were downsampled to the fsaverage4
mesh with 2562 vertices in each hemisphere.

Population-level functional atlas

A population-level functional atlas including 17 cortical networks
was obtained using data from 1000 healthy participants [37]. We
further separated the hand areas, a common area mapped in
surgical patients, from this atlas based on the activations from a
hand motor task [28, 42]. As a result, this population atlas
consisted of 18 networks (Fig. S1), and was divided into 116
discontinuous regions of interest (ROIs) (see Supplementary
Materials and Methods for more details). The 116 ROIs from
within the 18 networks can be further assigned into 7 canonical
networks: visual network (VIS), sensorimotor network (MOT),
limbic network (LMB), frontoparietal control network (FPN), dorsal
attention network (ATN), salience network (SAL), and default
mode network (DMN) [37].

Identifying homologous functional ROIs in individuals

The population-level cortical ROIs identified above were used as
an initial functional template, following which homologous ROIs
were identified in each individual, according to the steps
described in our previous reports [28, 31]. First, we mapped 18
cortical networks in each participant by applying an iterative,
individualized parcellation approach [28]. We then segmented
the individually defined cortical networks into discrete “patches”
using a clustering algorithm (mri_surfcluster in FreeSurfer). The
discrete patches within each participant were labeled using the
approach described in [31] (see Supplementary Materials and
Methods for more details).

ECT-induced changes in the functional connectivity of functional
networks

To assess the changes in functional connectivity induced by ECT,
we calculated the dissimilarity between the pre- and post-ECT
functional connectivity profiles of each individualized cortical ROI
and subcortical ROI. The connectivity profile of a given ROl was
defined as the connectivity between the seed ROl and the
remaining ROIs. For each ROI, we first calculated the correlation
between pre- and post-ECT functional connectivity and then the
correlation coefficient r was subtracted from 1. Dissimilarity was
estimated as (1 — r). To determine the statistical significance of the
dissimilarity and to correct for multiple comparisons, we used a
false discovery rate (FDR)-corrected threshold of g = 0.005.

Symptom estimation

Among the 116 cortical ROIs, we were able to identify 84
homologous functional ROIs across all participants using the
procedure described above. To date, a reliable technique for
mapping functional networks in individual participants’ sub-
cortical regions is not yet available. However, given the critical
role of subcortical regions in depression [43, 44], we added 22
predefined subcortical ROIs in the present study, which were
centered in: seven left/right subregions of thalamus, left/right
amygdala, left/right caudate nucleus, left/right hippocampus,
and left/right putamen. Two separate functional connectivity
matrices based on 106 individual- and population-level ROIs (i.e.,
84 regions on the cortex and 22 subcortical regions) were
generated for each individual for the exploration of connectivity-
behavior relationships.

We trained a support vector machine for regression (SVR) model
to estimate each patient’s RAVLT delayed recall and HAMD score
based on functional connectivity. We used pre-ECT functional
connectivity to estimate baseline symptom scores, and post—pre
ECT functional connectivity to estimate changes in symptoms. We
did not investigate post-ECT functional connectivity alone in
relation to memory impairment (RAVLT score) or mood improve-
ment (HAMD score) as ECT-induced network disruption was likely
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to differ widely from patient to patient, making it unlikely for the
SVR model to detect a specific pattern of disruption. Post- vs. pre-
ECT functional connectivity is a more robust analysis for this
investigation as it is longitudinal and captures changes in
functional connectivity within individual patients.

We also sought to determine whether functional connectivity
changes in the month following ECT could track memory changes.
To do so, we focused on the connections that were associated
with memory impairments in the post-pre ECT analyses, and
measured the changes in these connections from the post-ECT
scan to the 1-month follow-up scan.

The L2-regularized L2-loss SVR model implemented in the
LIBLINEAR package (https://www.csie.ntu.edu.tw/~cjlin/liblinear/)
was applied. We employed the leave-one-out cross validation
method, e.g. data from N-1 participants were used to train the
model and the output model was applied to the remaining
participant’s data to estimate the participant’s symptom scores.
We repeated this procedure N times to estimate all participants’
symptom scores. Correlations between the estimated and
observed symptom scores were then calculated. We performed
nonparametric permutation tests (1000 permutations) to verify
whether the correlation was a product of chance. The permutation
p value was determined as the percentage of permutations that
resulted in a correlation r coefficient higher than the correlation
based on the real data. To decrease the dimensionality of the
input, in each LOOCV fold, we selected a subset of connections
based on their correlation to symptom scores in the training
sample [45].

Calculating the contribution of each network and ROI to symptom
score estimation

In the symptom score estimation models, some cortical connec-
tions may have contributed more greatly to the estimation than
other connections. In the model, a connection’s contribution was
quantified by its “weight”. For each LOOCV fold, the SVR model
calculated a weight coefficient for each feature in the training
data. For any given connection, its contribution to the symptom
score estimation was then calculated by averaging its weight
across all LOOCYV folds. A connection’s contribution was set to zero
if the connection was not selected as the feature in a given fold.
ROI contributions were calculated by summing up the contribu-
tions of all the connections that were involved therein.

In order to quantify the contribution of each functional
network to the symptom score estimation, homologous func-
tional ROIs were grouped into the seven canonical functional
networks [37]. We separated between- from within-network
connections according to whether the connections stemmed
from two ROIs within the same network or different networks.
For each network, within-network and between-network weights
were estimated. For the within-network contributions, the
connection weights within a given network were added up.
For the between-network contributions, weights of all connec-
tions that involved an ROl within the network and an ROl outside
of the network were added up.

Visualization

For visualization, the imaging results were mapped onto the
inflated PALS cortical surface with CARET [46]. The connectograms
in Figs. 1 and 2 showing connections contributed to RAVLT score
estimation were made with Circos (http://circos.ca/).

RESULTS

ECT led to improvement in mood but caused significant verbal
memory impairments

Comparing the depression symptoms in the 24 patients who were
examined before and after ECT treatment, we found a significant
decrease in HAMD score (22.22 +4.74 vs. 3.83 £2.15, p <0.0001,
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t=17.19, paired t-test). RAVLT delayed recall scores showed a
concurrent and significant reduction following ECT treatment
(6.83+£3.16 vs. 3.91%3.78, p=0.001, t=3.66, paired t-test),
indicating that ECT is effective in reducing depression symptoms
but simultaneously leads to significant memory impairments.
Interestingly, RAVLT score decrease was uncorrelated with HAMD
score reduction (r=—0.07, p=0.742), suggesting that memory
impairment and mood improvement are due to separate
biological mechanisms. This is corroborated by the observation
that, in a subset of patients (n = 17) who were examined 1 month
after ECT treatment, HAMD scores remained at a low level
compared to baseline (23.06 +3.85 at baseline vs. 4.12+2.06 at
follow-up, p <0.0001, t=18.44, paired t-test), whereas memory
performance improved significantly after 1 month (6.71+3.22
at baseline vs. 8.94 + 3.11 at follow-up, p = 0.004, t = —3.35, paired
t-test).

ECT affects the functional connectivity of widespread functional
networks

ECT induces non-focal seizures, and therefore we expected it to
affect networks widely distributed over the brain. To reveal what
brain regions exhibit more prominent changes than other regions,
we quantified the dissimilarity between pre- and post-ECT
functional connectivity profiles for each of the 84 cortical and
22 subcortical regions (see Methods). Widespread brain regions
showed significant changes following ECT (Fig. 3, FDR corrected,
g =0.005), including some brain areas that are relevant to
memory and mood. Some regions of the DMN and limbic
networks exhibited particularly strong changes in their functional
connectivity profiles, including the medial temporal lobe, the
hippocampus, precuneus, and subgenual cingulate area.

Individual-specific functional connectomes track baseline verbal
memory

We sought to determine whether individual differences in verbal
memory performance can be predicted by subject-specific
functional connectivity. Functional connectivity was calculated
among subcortical and individualized cortical ROIs for each
individual. We trained SVR models to estimate the pre-ECT RAVLT
scores based on connectivity from each of the 24 patients who
had baseline fMRI scans. A significant correlation was found
between the estimated and observed RAVLT scores (r =0.535,p =
0.026; Fig. 1a), indicating that a set of functional connections can
robustly estimate verbal memory performance. The connections
that contributed most to the estimation of RAVLT scores involved
the FPN, DMN, and VIS, as well as the subcortical regions (Fig. 1b).
We then repeated the estimation analysis using functional
connectivity among 116 ROIs defined by a population-level atlas
[37] and found that the functional connectivity model was unable
to estimate RAVLT scores (r= —0.496, p = 0.874, Fig. 1¢), indicat-
ing that this brain-behavior association was missed when
individual differences in functional anatomy were not properly
accounted for.

Changes in individual-specific functional connectomes track
verbal memory impairment following ECT

We next tested whether the functional connectivity could track
memory impairments in 21 patients who had sufficient pretreat-
ment and posttreatment imaging data. To do this, we trained SVR
models to estimate the changes in RAVLT scores based on the
changes in functional connectivity. We again found that an
individual-based model robustly estimates the changes in RAVLT
scores, with a statistically significant correlation between esti-
mated and observed changes (r=0.613, p =0.008; Fig. 2a). The
networks that most contributed to the estimation model include
the FPN, DMN, MOT, SAL, as well as the left hippocampus (Fig. 2b).
In contrast, the group-level approach did not yield a model that
could estimate the changes in RAVLT scores, as indicated by a
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Connections predicting baseline RAVLT

-
weight

weight

Functional connectivity among individually specified ROIs can estimate baseline verbal memory scores before ECT treatment.

a Correlation (r=0.535, p = 0.026, permutation test) between the RAVLT scores estimated by connectivity among the individually specified ROIs
and the scores that were actually observed in the 24 patients before ECT treatment. b Connections contributing to estimate the pretreatment
RAVLT. One hundred and sixteen cortical regions extracted from 18 networks and 22 subcortical regions are represented on a wheel. Group-level
maps of the 18 functional networks and subcortical regions (e.g., thalamus, hippocampus) are shown outside the wheel. These ROIs are color-
coded according to the seven canonical networks: visual (VIS), sensorimotor (MOT), attention (ATN), salience (SAL), limbic (LMB), frontoparietal
control (FPN), default mode network (DMN), and the subcortical network. Fifty-eight connections that are predictive of RAVLT scores are plotted
(top 20 connections are indicated by thick lines). Connections that were positively correlated with RAVLT scores are shown in red and
connections that were negatively correlated with RAVLT scores are shown in blue. Functional regions involved in these two groups of
connections are rendered on the cortical surface. ¢ A similar analysis is performed using ROIls defined in a group-level network template.

Functional connectivity based on the brain atlas is not able to predict RAVLT scores in patients (r = —0.496, p = 0.874, permutation test).

nonsignificant and negligible correlation between estimated and
observed changes in RAVLT scores, (r=-0.067, p=0.740,
Fig. 2c). Critically, connections that contributed to the baseline
memory estimation models showed almost no overlap (Dice’s
coefficient = 0.09) with the connections that contributed to
memory impairment estimation models (Fig. 4a), indicating that
ECT-induced memory impairments are not due to changes in the
brain connections that were associated with baseline memory.
However, many of the same regions are involved in both models,
including the hippocampus and regions in the DMN, ATN, and
FPN networks, which have all previously been shown to be
involved in memory [47-49].

ECT-induced memory impairment is mainly due to changes in
between-network connectivity

We then looked at within- and between-network connections
(see Methods) that were identified by the SVR model in
estimating the baseline verbal memory and ECT-induced
verbal memory impairments. The between-network connections
associated with baseline memory performance involved the
FPN, subcortical, and DMN, while within-network connections
mostly involved the FPN, DMN, and VIS (Fig. 4b). When looking
at within- vs. between-network connections associated
with ECT-induced memory impairments, we found that these
connections were mostly comprised of between-network con-
nections. The between-network connections involved the
FPN, DMN, MOT, and the subcortical regions (hippocampus
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and thalamus). The within-network connections were negligible
(Fig. 4c, also see Fig. 2b).

We investigated how the individual specification of functional
regions impacted the SVR model. First, the individual-specific
connections (e.g., Figs. 1b and 2b) contributing to the prediction
of baseline memory and ECT-induced memory impairments were
redefined using group-level ROIs. We found that these atlas-based
connections were less correlated with memory scores compared
with individual-specific connections (Fig. S2, p < 0.001, t = 5.94 for
baseline memory and p <0.001, t =9.01 for memory impairment,
paired t-tests). This indicates that the connectivity-behavior
associations were already obscured by the group-level atlas
before the SVR model was applied, leading to a reduced
prediction accuracy of the model. Second, we found that the
absolute values of between-network connections were signifi-
cantly reduced (average decrease of 12.51%, p < 0.001 for 17 out
of the 18 networks), when ROIs were individually specified than
atlas-defined (Fig. S3). Intriguingly, although the absolute values of
between-network connectivity were significantly reduced, they
can yield better symptom estimates, suggesting that connections
may be more accurately quantified when functional regions are
localized in individuals.

Functional connectivity changes in the month following ECT track
verbal memory improvement

Focusing on the connections that were associated with ECT-
induced memory impairments (defined in the Fig. 2 analysis), we
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Fig.2 Functional connectivity changes among individually specified ROIs track verbal memory impairments due to ECT. a Changes in the
individually specified functional connectivity induced by ECT can estimate the changes in verbal memory scores (RAVLT change) following
ECT (r=0.613, p = 0.008). b One hundred and one connections that are predictive of the verbal memory impairment are plotted on the wheel.
Connectivity changes that were positively correlated with RAVLT score changes are shown in red and connectivity changes that were
negatively correlated with RAVLT score changes are shown in blue (top 20 connections are indicated by thick lines). ¢ Again, functional
connectivity based on the brain atlas is not able to track verbal memory impairment (r = —0.067, p = 0.740, permutation test).

Regions showing significant connectivity change post-ECT

Dissimilarity (1-r)

015 —— 0.50

Fig. 3 ECT affects the functional connectivity of widespread
functional networks. The dissimilarity between pre- and post-ECT
functional connectivity profiles was calculated for each of the 84
cortical and 22 subcortical ROIs. The colors represent regions whose
functional connectivity profiles significantly changed (i.e., less
correlated thus a higher 1 — r) from pre- to post-ECT (FDR corrected,
g = 0.005). Widespread cortical regions were altered by ECT, as well
as the hippocampus (not pictured). Regions of the DMN and limbic
network were especially affected.
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sought to determine whether the change in these connections in
the month following the ECT treatment could track the improve-
ment of RAVLT scores over that period. We found a trend in the
correlation between estimated and observed improvement in
RAVLT scores (r=0.504, p =0.076; Fig. S4), suggesting that a
subset of connections may have recovered from the impairment
after T month.

Individual-specific functional connectomes failed to estimate
HAMD scores

We used a similar approach to examine the relationship between
functional connectivity and depression symptoms, determining
whether the SVR model can predict baseline HAMD scores or
changes in HAMD scores following ECT using functional con-
nectivity. The SVR model, whether based on individually specified
or atlas-based functional connectivity, failed to predict either of
these (Fig. 5; all p's > 0.1).

Additional analyses

We ensured that head motion did not significantly impact
our results. RAVLT scores were uncorrelated with head motion
(p>0.1). We were also not able to directly predict head motion
using functional connectivity (p > 0.1), indicating that our predic-
tion model was unlikely to have been influenced by head motion
(Fig. S5).

DISCUSSION
ECT shows great efficacy in treating depression symptoms but
produces a significant decline in episodic memory. In this study,
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Fig. 4 Connections involved in baseline memory and memory
impairment. a Individual-specific functional connections that
contributed to estimating verbal memory scores in pretreatment
(blue lines) and verbal memory impairment following ECT treatment
(red lines) were largely nonoverlapping. b The functional connec-
tions most predictive of verbal memory scores are grouped into one
subcortical and seven canonical networks. Connections contributing
to the baseline verbal memory scores estimation are composed of
within- and between-network connections. The between-network
connections mainly involve the FPN, subcortical and DMN, while
within-network connections mainly involve the VIS, DMN, and FPN.
¢ Connections contributing to verbal memory impairment predic-
tion mostly involve between-network connectivity in the FPN, DMN,
and subcortical structures.

we investigated the functional connectivity underpinnings of
ECT-induced verbal memory impairments. To properly account
for the interindividual variability in functional anatomy, we
employed an individual-specific approach to localize functional
regions and then constructed individualized connectomes for
brain-behavior analyses. We found that ECT affects widespread
functional networks in the brain, altering the functional
connectivity of brain regions that are relevant to memory and
mood. Using machine learning, we identified a set of functional
connections that track ECT-induced verbal memory impairments.
These connections mainly involve the FPN, DMN, and hippo-
campus, and show minimal overlap with the connections
associated with baseline memory performance, although many
brain regions are commonly involved. Further analyses demon-
strated that connections that track memory impairments are
mostly between-network connections. However, a parallel
analysis using the same strategy failed to identify a connectivity
marker for overall mood improvement. Taken together, our data
suggest that ECT-induced verbal memory impairments are due
to altered communication among broad networks including the
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FPN, DMN, and subcortical structures, rather than disruptions
restricted to specific regions.

Memory impairment and mood improvement after ECT are due to
separate biological mechanisms

Immediately following the conclusion of the ECT treatment,
patients exhibited a marked improvement in mood. Concurrent
with this, however, was a decrease in verbal memory. There was no
correlation between mood improvement and verbal memory
decline, suggesting that these changes are due to distinct biological
mechanisms. In addition, while improved mood remained
unchanged 1 month after ECT treatment, verbal memory improved,
further supporting a separate neurobiological basis for limbic and
cognitive effects of ECT.

Although we were able to identify connections that track verbal
memory performance, we failed to identify a connectivity marker
for mood improvement. Depression is known to be a highly
heterogenous syndrome and functional connectivity patterns can
vary substantially across different subtypes of depression [50]. We
thus speculate that there may not exist a single connectivity
marker for global depressive symptomatology but that instead
each symptom dimension may have its unique biological
substrate. This was supported by a recent Transcranial Magnetic
Stimulation (TMS) study that identified two clusters of depressive
symptoms that respond to two distinct neuroanatomical treat-
ment targets [22]. Importantly, optimal TMS treatment targets for
these two symptom clusters appear to be located in two
competing functional networks. Future imaging studies may thus
seek to identify the functional connectivity underpinnings of each
symptom domain.

ECT affects broad networks that are related to memory
performance

Using individualized connectomes, we found a set of functional
connections that can track ensuing verbal memory impairments.
These connections involve broad networks, mostly the FPN, DMN,
and subcortical structures including the hippocampus (Fig. 1).
Moreover, verbal memory impairments were mainly associated
with between-network rather than within-network changes in
functional connectivity (Fig. 4). A particular intriguing observation
is the modulation of the FPN by ECT. A large-scale brain system
implicated in complex cognition and contextual processing, the
FPN is situated at the interface between the spatial attention
network and the DMN, a system thought to be responsible for self-
referential information processing and memory. Recent studies
provided ample evidence that the FPN may serve as a control
system that mediates information processing between the
external and internal worlds [51]. Bi-frontal ECT may thus directly
impact the FPN and modulate its connectivity with the DMN,
leading to changes in memory performance. In addition, our
model revealed that ECT modulates the functional connectivity
between the hippocampus and salience network. Based on the
hippocampus’s role in processing contextual information in
episodic memory [52, 53], we speculate that this connectivity
may be important in evaluating the saliency of events within
the contexts they are ascribed in, and that altered connectivity
would lead to episodic memory impairments. Collectively, these
findings suggest that ECT affects interactions between a variety of
functional networks that directly or indirectly impact memory
performance.

Interindividual differences in functional anatomy is a critical factor
in the investigation of ECT effects on cognitive functions

We showed that functional connectivity defined using the
individually specified functional regions was able to predict
baseline verbal memory performance and ECT-induced verbal
memory impairments to a certain extent. Critically, the same
models using connectivity derived from a group-level atlas
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Fig. 5 Estimating depressive symptoms based on connectivity. Models based on individual and atlas-based functional connectivity failed to
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following ECT (individual-based: r= —0.01, p = 0.403; atlas-based: r=—0.109, p = 0.619).

completely lost the ability to predict these behavioral measures
(Figs. 1c and 2c). Further analyses indicated that associations
between connectivity and behavior measures were already
significantly reduced in the group-level analysis even before any
machine learning approaches were applied (Fig. S2). Frontal ECT is
likely to modulate networks that are known to be most variable
across individuals, including the FPN [26]. Thus, accounting for
interindividual variability in functional anatomy appears to be a
necessary step in future functional studies of ECT effects.

Limitations and future directions

The fact that ECT affected most of the broad functional brain
networks makes it difficult to interpret the concrete ways in which
verbal memory was impaired, although we propose that some
connections among FPN, DMN, and the hippocampus may have
been affected most. Future work should include an extensive
battery of neuropsychological tests to better describe the
functional connectivity effects of ECT on memory and cognition.
In addition, there is a need for longitudinal studies of ECT effects.
As it is unclear how long episodic memory impairments remain
after ECT treatment [2, 6-9], it would be informative to determine
how the functional organization of the brain evolves in the
months following ECT and how these changes interact with mood
and memory.

CONCLUSION

Our findings indicate that ECT induces changes in connectivity
between a variety of functional networks that together account
for memory impairments. Thus, ECT does not only modulate single
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regions, but large-scale networks and their connectivity, with
acute effects on cognition. This work highlights the potential for a
new functional connectomic biomarker of memory impairment
following ECT.
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