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Abstract

Introduction—One of the most effective interventions for intractable major depressive episodes
is electroconvulsive therapy (ECT). Because ECT is also relatively fast-acting, longitudinal study
of its neurobiological effects offers critical insight into the mechanisms underlying depression and
antidepressant response. Here we assessed modulation of intrinsic brain activity in corticolimbic
networks associated with ECT and clinical response.

Methods—We measured resting-state functional connectivity (RSFC) in patients with treatment-
resistant depression (n=30), using functional magnetic resonance imaging (fMRI) acquired before
and after completing a treatment series with right-unilateral ECT. Using independent component
analysis, we assessed changes in RSFC with 1) symptom improvement and 2) ECT regardless of
treatment outcome in patients, with reference to healthy controls (n=33, also scanned twice).

Results—After ECT, consistent changes in RSFC within targeted depression-relevant functional
networks were observed in the dorsal anterior cingulate (ACC), mediodorsal thalamus (mdTh),
hippocampus, and right anterior temporal, medial parietal, and posterior cingulate cortex in all
patients. In a separate analysis, changes in depressive symptoms were associated with RSFC
changes in the dorsal ACC, mdTh, putamen, medial prefrontal, and lateral parietal cortex. RSFC
of these regions did not change in healthy controls.

Conclusions—Neuroplasticity underlying clinical change was in part separable from changes
associated with the effects of ECT observed in all patients. However, both ECT and clinical
change were associated with RSFC modulation in dorsal ACC, mdTh and hippocampus, which
may indicate that these regions underlie the mechanisms of clinical outcome in ECT and may be
effective targets for future neurostimulation therapies.
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Introduction

Current theories describe major depression as a brain network disorder, manifesting as
hyperactivity in ventral limbic structures together with dysregulation by hypoactive dorsal
ACC, lateral prefrontal cortex, and/or related structures (1-4). However, the
interrelationships amongst these structures as related to treatment and clinical response to
treatment have yet to be empirically determined. Electroconvulsive therapy (ECT) is an
effective intervention for patients with major depressive episodes (MDEs), and occurs by
eliciting controlled transient seizures every 2-3 days over 2-4 weeks, sometimes followed by
maintenance sessions (5). Because both response rates (50-80%) and response times (<1
month) are better for ECT than for other currently available treatments (6-8), longitudinal
neuroimaging research of ECT-induced treatment response offers a pivotal opportunity to
improve our understanding of the role of corticolimbic networks in depression and
antidepressant response to treatment.

Previous studies have demonstrated that ECT elicits changes in specific brain regions as
impacted by electrode placement (9; 10). Some of the brain structures affected by ECT,
including the ACC (11-13) and hippocampus (14; 15), are also frequently implicated in the
pathophysiology of major depression by other studies. However, not all patients respond to
ECT; for example, just over half (55-65%) experience remission when using right-unilateral
ECT with optimal parameters (16; 17). Therefore, brain networks affected by ECT-induced
seizures in all patients may differ or only partially overlap with networks supporting
improved depressive symptoms in patients that respond to ECT. To date, very few
neuroimaging studies address the contributions of ECT-induced seizures and symptom
improvement to structural or functional neuroplasticity, relying instead on post hoc analyses
of symptoms in regions already showing ECT effects (11; 18), or restricting analyses to
treatment responders (12; 19; 20). Therefore, some ECT-related effects reported previously
may not underlie clinical outcome, but instead reflect nonspecific physiological effects of
ECT unrelated to depressive symptoms. ECT research is further complicated by the
challenges in recruiting a sufficiently large and homogeneous study sample, as ECT is
typically reserved for more severe or treatment-resistant depression and may be avoided due
to its potential cognitive side effects and lingering stigma. Thus, neuroimaging research has
yet to form a coherent understanding of the neurobiology of ECT.

In the current study, we used functional magnetic resonance imaging (fMRI) to examine
changes in resting state functional connectivity (RSFC) associated both with ECT itself
(AECT) and with changes in depressive symptoms during ECT (AMD). We measured RSFC
during fMRI scans in patients before right-unilateral ECT and after 2-4 weeks of index
treatments, and in healthy volunteers assessed 2-4 weeks apart to quantify normative values
and variance. We used independent component analysis (ICA) to define resting-state
networks (RSNs), which are comprised of brain regions that share temporally coherent (i.e.,
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correlated) intrinsic brain activity while participants are at rest. In particular, we targeted
well-characterized RSNs (21-24) overlapping medial fronto-limbic and temporal regions
previously implicated in depression and ECT response, specifically medial prefrontal cortex,
ACC, and associated fronto-thalamo-striatal networks, and hippocampus. However, because
we hypothesized that AECT and AMD effects would be unlikely to be captured by a single
RSN, we measured RSFC changes both 1) within each RSN, and 2) overlapping across
RSN in partial conjunction analyses.

Methods and Materials

Participants

Thirty patients (16 female, age mean/STD = 40.90/12.45 years) and 33 demographically
similar healthy controls (16 female, age mean/STD = 39.66/12.54 years) gave informed
consent to participate in this UCLA IRB-approved study. All patients were characterized as
treatment refractory and were experiencing a DSM-1V TR defined MDE; 24 were diagnosed
with major depressive disorder and 6 with bipolar disorder, compatible with recent support
for reframing mental disorders in terms of shared symptomatology and neurobiology rather
than binary diagnoses (25). Depressive symptoms were assessed in patients using the
Hamilton Depression Inventory and duration of illness measured from first MDE was
variable. Additional participant information is given in Table 1, and inclusion/exclusion
criteria and additional clinical information is provided in the attached Supplementary
Methods.

Electroconvulsive Therapy (ECT) and Research Sessions

Patients volunteered for this research study before initiating a clinically prescribed course of
ECT at the UCLA Resnick Neuropsychiatric Hospital. Right-unilateral ECT was
administered using standard protocols (Suppl. Methods) after patients were tapered off all
psychotropic medications for a minimum of 48-72 hrs and for the duration of the 2-4 week
index series. Research sessions included inventories to assess depressive symptoms and
MRI scanning at: 1) baseline before starting ECT (MD1), 2) before the third treatment
(MD2), and 3) after 2-4 weeks of treatment (MD3) when clinical decisions indicated
transition to a maintenance therapy. Controls were also scanned twice, approximately 2-4
weeks apart (CO1 and CO3). Research sessions occurred in the morning prior to patients'
ECT sessions; therefore, any changes in functional connectivity measured could be
considered “lasting” or cumulative effects of prior treatments.

Image Acquisition and Preprocessing

Using a 3T Siemens Allegra scanner, functional images were acquired: TR =2.0s, TE=30
ms, flip angle = 70°, 34 axial slices, 3.4 x 3.4 x 5 mm3 resolution, 180 volumes. A high-
resolution T1-weighted anatomical scan (MPRAGE) was also collected at each session.
Preprocessing and normalization procedures are described in detail in the Supplementary
Methods.
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Statistical Analyses

Independent component analysis (ICA) were executed in FSL (Suppl. Methods) and
established cross-subject RSNs. Eight canonical RSNs that a) cover medial cortico-limbic
areas previously implicated in depression and emotional processing and b) have been
reliably demonstrated in healthy controls in previous research (21-24) were targeted as
networks of interest. Two approaches were taken for group-level statistics: one model
measured changes in resting state functional connectivity (RSFC) resulting from ECT
(AECT), and the other measured changes in RSFC associated with changes in depressive
symptoms (AMD).

AECT Analysis—We constructed linear mixed-effects (LME) models implemented in R
version 3.0.3 (The R Project for Statistical Computing), with subject as a random factor and
the hypothesized AECT effect as a fixed factor, which modeled a change in patients and no
change in controls (i.e., MD1 # MD3 = CO1 = CO3 or MD3 # MD1 = CO1 = CO3). First,
this LME model identified regions that exhibited AECT effects within each of the eight
RSNs separately, with FDR-correction for voxelwise threshold (q < 0.05) and cluster
correction using random field theory (26) (pcorr < 0.05, reflecting a further Bonferroni
correction for 8 RSNs). We also performed a partial conjunction analysis to isolate regions
exhibiting modest AECT effects (voxelwise p < 0.05) in at least 3 RSNs (k > 50 voxels).
The probability of achieving this degree of overlap was calculated at peorr < 0.0001 using a
permutation method to assess the rate of false positives (see Suppl. Methods).

AMD Analysis—We performed voxelwise correlation analyses (Pearson's r) between the
change in RSFC in patients (i.e., MD3 vs. MD1) and the corresponding proportional change
in depressive symptoms as measured by the HAMD. We considered both positive and
negative correlations. As with the AECT analysis described above, we measured RSN-
specific AMD effects (FDR correction g < 0.05, cluster correction with Bonferroni
correction for 8 RSNS pgorr < 0.05), as well as overlapping AMD effects (p < 0.05 voxelwise
in at least 3 RSNs, k > 50) in a partial conjunction analysis. To estimate the rate of false
positives in this latter analysis, we used permutation testing to calculate the probability of
achieving this degree of overlap with our chosen parameters, which was less than 0.01%, as
above (peorr < 0.0001; Suppl. Methods).

Region of interest (ROI) analyses

We performed ROI analyses on regions exhibiting AECT and AMD effects in partial
conjunction analyses. While analyses described thus far measured functional relationships
between ROIs and RSNs, these analyses examined the extent to which direct ROI-to-ROI
relationships were affected by AECT and AMD effects. Graph theory analyses performed in
Matlab using the Brain Connectivity Toolbox (27) established three network metrics
(strength, efficiency, and clustering coefficient) and single-node calculations were
performed for every ROI (Suppl. Methods) (27; 28). Graph theory metrics and pairwise ROI
correlation values (Fisher's z) were subjected to the same AECT and AMD analyses
described above. Effects were considered significant at peorr < 0.05, Bonferroni-corrected
for the number of tests performed for each metric.
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Results

Clinical Scores

Depressive symptoms (HAMD scores) significantly decreased after an index series of right-
unilateral ECT (MD1 vs. MD3; t = 10.55, p < 1x10°8). In these patients, 76.2% exhibited at
least a 50% reduction in HAMD scores after index, and 33.3% remitted (HAMD score < 7,
(29)) (Figure 1).

Corticolimbic RSNs

Three default-mode networks (DMNSs) were identified: 1) ventral DMN (vDMN) including
ventromedial prefrontal cortex (PFC), posterior cingulate cortex (PCC) and adjacent
precuneus, bilateral hippocampus, and dorsolateral PFC, 2) anterior DMN (aDMN)
including medial PFC and PCC, and 3) posterior DMN (pDMN) including PCC and
precuneus. Additional networks chosen were: 4) Salience Network including anterior
cingulate cortex (ACC) and adjacent medial PFC, mid-cingulate cortex, bilateral insula, and
dorsolateral PFC, 5) an orbitofrontal network including orbitofrontal cortex, ventral
striatum, and basal forebrain, and RSNs including 6) dorsal basal ganglia, 7) ventral basal
ganglia and thalamus, and 8) antero-medial temporal lobe structures. All eight RSNs have
been reliably demonstrated in healthy volunteers in previous research (21-24).

AECT effects within single RSNs

We identified several changes in RSFC associated with treatment (AECT) within individual
RSNSs (Peorr < 0.05, Figure 2, Table S1). In the RSN including thalamus and ventral basal
ganglia (Th/vBGN), functional connectivity with the dorsal ACC increased with ECT in
patients to a level similar to that seen in controls. Correspondingly, RSFC was also restored
between the Salience RSN (which includes dorsal ACC) and mediodorsal thalamus.
Together, these results indicate that ECT strengthens connectivity between the thalamus and
ACC, and of the mediodorsal thalamus and dorsal ACC specifically.

RSFC in PCC was also restored to normative patterns with both the anterior DMN and the
anteromedial temporal network. Complementary to this latter effect, RSFC decreased
between a cluster overlapping the left hippocampus and the posterior DMN (which includes
the PCC), though this effect was compensatory, i.e. diverged from normal. Together, these
results indicate that PCC connectivity with medial prefrontal areas (anterior DMN) and
anteromedial temporal regions change with ECT, and that functional connectivity in the
PCC and medial parietal cortex more generally (i.e., posterior DMN) may also change in
relation to the hippocampus (part of the anteromedial temporal network).

Connectivity was also reduced with ECT between the Salience RSN and a cluster in the left
lateral cerebellum. No AECT effects were seen for other RSNs.

Partial conjunction of AECT effects across RSNs

Next, we considered effects of ECT on RSFC that were robust across multiple RSNs (peorr <
0.0001), hypothesizing that these may reflect more general changes in functional
connectivity not specific to any single RSN (Figure 3A, Table S1). Using a voxelwise
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criterion of p < 0.05 for three or more RSNs, many more than three RSNs were often
represented in each cluster (Figure 3B). Regions exhibiting significant overlapping AECT
effects included the dorsal ACC, mediodorsal thalamus, PCC, right anterior temporal cortex
(R ATL), and precuneus. Three of these regions, dorsal ACC, mediodorsal thalamus, and
PCC, also demonstrated significant AECT effects in the within-RSN analysis (Figure 2),
indicating that the effects of ECT on RSFC in these regions is perhaps more complex and/or
involves more regions of the brain than demonstrated by the within-RSN analysis.

AMD effects within single RSNs

We used voxelwise correlation analyses (Pearson's r) to assess the relationship between
changes in RSFC within each RSN and changes in depressive symptoms (HAMD) over the
course of ECT (AMD, Figure 1C). At our chosen thresholds (voxelwise FDR correction at g
< 0.05 and cluster correction at peorr < 0.05), no brain regions exhibited significant AMD
effects with any of our eight RSNs.

Partial conjunction of AMD effects across RSNs

Effects of symptom change (AMD) overlapping across multiple RSNs were next considered,
using the same thresholds as for AECT analyses (pcorr < 0.0001). Again, we reasoned that
these effects may reflect more general changes in RSFC not specific to any single RSN. Five
frontal and ACC regions exhibited significant overlapping AMD effects (Figure 4A). These
included the subgenual ACC (sgACC), ventromedial prefrontal cortex (vmPFC),
dorsomedial prefrontal cortex (dmPFC), dorsolateral prefrontal cortex (dIPFC), and dorsal
ACC. Other regions showing these effects were the mediodorsal thalamus, left
hippocampus, putamen, and two clusters in bilateral lateral parietal cortex (IPar). Three of
these regions - dorsal ACC, mediodorsal thalamus, and hippocampus -also demonstrated
AECT effects as described above. Although the voxelwise criterion included overlap with
three or more networks, all clusters exhibited modest AMD effects in 6 or more RSNs
(Figure 4B, Table S1).

ROI-to-ROI analyses

In regions exhibiting AECT and AMD effects in multiple RSNs, we examined direct ROI-to-
ROI connectivity in relation to AECT and AMD effects. In a connectivity graph based on
mean ROI-to-ROI correlations (Figure 5A), ROIs exhibiting AECT effects were mostly
central, demonstrating their relatively higher connectivity with other network ROIs. No
significant AECT and AMD effects were identified for graph theory metrics (27; 28) or
pairwise ROI-to-ROI correlation values (peorr > 0.05). Thus, direct ROI-to-ROI
relationships were similar across groups and time-points (Figure 5B) and seemed not to
drive AECT and AMD effects within RSNs reported above.

Discussion

The current study targeted functional plasticity associated with ECT in patients with severe,
refractory depression. We first identified brain regions that were similarly affected by ECT
across all patients regardless of clinical outcome (AECT), including PCC, precuneus,

cerebellum, and anteromedial temporal cortex. Because RSFC did not change in these same
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regions in healthy volunteers (as chosen by design), we can assume these effects were not
due to habituation to MRI. In a complementary analysis, we identified a largely separate set
of regions associated with changes in depressive symptoms (AMD) over the course of ECT,
including medial and dorsolateral PFC, subgenual ACC, basal ganglia, and lateral parietal
cortex. Notably, some structures exhibited both AECT and AMD effects: mediodorsal
thalamus, dorsal ACC, and hippocampus. Modulation of these three regions by ECT-
induced seizure activity may ultimately confer functional changes underlying improved
depressive symptoms. In the following, we discuss our findings in relation to previous
research examining the effects of ECT, depression, and seizures on the brain, ending with a
discussion of challenges facing ECT research.

Deriving ECT's mechanism of action from overlapping AECT and AMD effects

Two partially separable groups of regions were associated with ECT (AECT) and with
changes in depressive symptoms (AMD). We hypothesized that interactions between these
two AECT and AMD “networks” might elucidate how the cumulative effects of ECT-
induced seizures elicit brain changes necessary to support antidepressant response. Our
study addressed this in two ways: by identifying regions exhibiting both AECT and AMD
effects, and through an ROI-ROI network analysis directly measuring changes in RSFC
between regions (i.e., rather than between ROIs and RSNs). The latter ROI-ROI approach
did not yield significant results, suggesting that direct interactions between specific regions
may not be as important to ECT's effectiveness as more global interactions between ROIs
and larger networks like RSNs.

Changes in three regions were associated with both AECT and AMD effects: mediodorsal
thalamus, dorsal ACC, and hippocampus. AECT effects in these three regions were strong in
relation to specific RSNs (Figure 2), and consistently present, though less pronounced in
some cases, for multiple RSNs (Figure 3). By contrast, no AMD effects survived the strict
thresholds used in within-RSN analyses; instead, more modest but consistent AMD effects
were present between dorsal ACC, mediodorsal thalamus, and hippocampus and multiple
RSNs (Figure 4). Thus, treatment efficacy appears associated with more widespread changes
in functional connectivity (i.e., rather than between specific regions). Although the spatial
extent of clusters may not overlap in these regions (see Table S1 for coordinates),
nevertheless these results suggest that RSFC modulation of hippocampus, thalamus, and
dorsal ACC may be critical for ECT's efficacy, supporting and extending current theories of
ECT and depression.

The hippocampus has been consistently linked to both depression and ECT response.
Neuroimaging studies have shown decreased hippocampal volume in depressed patients that
is restored with ECT (14; 18), which could reflect increases in synapses, dendrites, or glial
cells and/or neurogenesis (30) as demonstrated in studies using electroshock to simulate
ECT in mice and nonhuman primates (31; 32). Our data are among the first to lend insight
into the functional consequences of these morphological changes. In the current study, ECT
associated with normalization of RSFC between the hippocampus and medial parietal and
posterior cingulate cortices, as evidenced by reduced correlations between 1) an
hippocampal region and the posterior DMN (which contains precuneus and PCC) and 2) a
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PCC region and the anteromedial temporal RSN (which contains hippocampus). These
results confirm a previous report of normalized RSFC of right hippocampus with ECT,
though our methodological approaches differed (33). PCC and precuneus share direct
anatomical connections with the hippocampus (34; 35), and together with medial PFC form
the default mode RSN widely implicated in self-referential processing and depression (36—
38), and aspects of epilepsy (39). The hippocampus is also a key structure in the
pathophysiology of seizure disorders (e.g., temporal lobe epilepsy) (40), perhaps indicating
that this structure is vulnerable to (and may even help to propagate) seizure activity elicited
during ECT.

Some have also hypothesized that, in order for ECT to be effective, seizure activity must
reach subcortical structures, specifically the thalamus (41; 42). In our data, ECT was
associated with restored connectivity between mediodorsal thalamus and the Salience RSN
(containing dorsal ACC) and between dorsal ACC and the RSN containing thalamus and
ventral basal ganglia. The thalamus is thought to play a major role in cortico-cortical
interactions and feedback (43), and the mediodorsal thalamus has direct anatomical
connections with hippocampus, ACC, and mPFC (44-46). Dorsal ACC and mediodorsal
thalamus have been associated with ECT-related seizure activity in PET/SPECT research (9;
42; 47; 48), and more recent studies further highlight the relevance of dorsal ACC to ECT.
Our own work has indicated that ECT restores white-matter microstructure in tracts adjacent
to dorsal ACC (11), and other RSFC studies have reported that baseline RSFC in RSNs
overlapping dorsal ACC may help predict clinical response to ECT (13), and that ECT alters
functional relationships between an RSN overlapping dorsal ACC and other RSNs. Our
current results extend these findings by highlighting the importance of dorsal ACC in
relation to the thalamus. Indeed, mediodorsal thalamus serves a role in depression (49; 50),
perhaps particularly as a major interface between the hippocampus and mPFC mediating
regulatory control of emotional and cognitive aspects of behavior and depression (51; 52).
Future research cutting across imaging modalities and model systems will be most helpful in
integrating these and other findings to inform and improve hippocampal neurotrophic
theories (53; 54) and other models (41; 42) of ECT and of depression.

Functional plasticity in medial prefrontal circuits underlying changes in depressive

symptoms

To parse effects relating to antidepressant response from the effects of seizure activity, we
directly assessed changes in RSFC associated with changes in symptoms (AMD). There
were no significant AMD effects within single RSNs; however, partial conjunction analyses
identified a set of regions that were in part separate from AECT analysis, particularly in
medial and lateral PFC, sgACC, and associated regions like the putamen, mediodorsal
thalamus, and dorsolateral prefrontal cortex. Medial PFC regions form well-recognized
circuits with thalamic and striatal nuclei (55; 56), and these thalamo-cortico-striatal loops
factor prominently in current models of depression (1; 37; 52; 57). The mPFC may play a
particular role in depression and treatment response (3); the sgACC exhibits volume loss and
hyperconnectivity in MD (36; 58; 59), and BA 25 is a current target of deep brain
stimulation (DBS) in clinical trials (60). The vmPFC is also modulated by pharmacological
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treatment of MDD (60; 61), and the ventral striatal loop and mesolimbic reward pathway are
implicated in depression (37; 49; 50; 62), including ECT response (42; 62).

Previous studies have reported ECT-related changes in RSFC in dorsolateral PFC (19; 20).
In the current study, we identified AMD effects in dorsolateral PFC in partial conjunction
analyses; however, dorsolateral PFC did not exhibit AECT effects, meaning that RSFC did
not change on average across all patients in this region. One explanation for this discrepancy
is that all patients in these previous studies remitted to ECT (19; 20), while our study
included patients with varied clinical response. Thus, these previous studies were unable
separate the impact of remitted depressive symptoms from the effects of ECT itself.
Alternative explanations are possible, including differences in ECT administration, sample
size, and statistical approach between studies. However, this further illustrates the
importance of including nonresponders in ECT neuroimaging research where possible.

Parsing the lasting effects of seizure therapy

Generalized seizures associated with ECT and epilepsy preferentially affect certain parts of
the brain, presumably influenced by electrode placement or seizure focus, respectively (42;
47). Our study supports this notion: right-unilateral ECT affected right-lateralized and
midline structures in our AECT model. Two clusters identified, right anterior temporal
cortex and dorsal ACC, were even located relatively close to electrode sites and have been
previously associated with ECT (9; 11-13). Epilepsy research suggests these regions are
impacted during seizures (63). Notably, the cerebellum exhibits increased activity during
post-ictal phase (i.e., a period of altered consciousness following a seizure) (39; 63), and
may influence thalamocortical circuits to aid in seizure termination and suppression (39; 64).
In our study, functional plasticity in the cerebellum and other regions exhibiting AECT
effects in the absence of AMD effects may reflect nonspecific physiological effects of
seizure-related processes. However, cerebellar function has also been linked depression, for
example (65), and other aspects of therapy may influence the brain and clinic outcome as
well (e.g., anesthesia, increased care). More focal neurostimulation approaches (e.g., animal
models, deep brain stimulation in humans) will be useful in determining precisely which
regions are critical for clinical response, and which are epiphenomena of ECT and related
factors.

Conclusions and additional considerations

Our study results add new understanding with respect to how the brain changes both with
ECT and with clinical response. Separate consideration of AECT and AMD effects,
combined with the longitudinal examination of other biomarkers of treatment-related
neuroplasticity (e.g., dorsal ACC connectivity changes, hippocampal volume increases,
functional genomics, immune system response, etc.) may ultimately lead to more targeted
and fast-acting therapies for depression. However, there are several additional challenges
facing ECT research, some of which are also relevant for the current study.

Heterogeneity within patient groups presents an ongoing issue in clinical and translational
research. Symptoms vary within diagnostic categories, leading some to argue that
identifying the shared neurobiology underlying common symptoms across disease categories
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may be more effective for translation and more personalized treatments (25). In the current
study, we targeted functional plasticity associated with ECT and with improvements in
severe depressive symptoms. Therefore, our study sample included patients that underwent
right-unilateral ECT and shared a diagnosis of treatment-refractory MDEs, while taking care
to match patients and healthy volunteers in age and sex. So, although unipolar/bipolar
diagnosis, duration of illness, past medication history, clinical outcome, psychosis, and other
factors may also affect the brain, we reasoned that AECT and AMD effects would have
similar neurobiological underpinnings regardless of inter-subject variability. Indeed, the fact
that our longitudinal analyses identified these effects consistently across subjects makes our
results more generalizable than if we had restricted our sample further (e.g., to include only
unipolar patients). Multi-site studies will be better able to leverage large and diverse samples
to determine how the neurobiology of ECT and MDEs are differentially affected in patients
with heterogeneous features. These larger studies will also have greater power to address the
problem of attrition, which is a challenge for this and other clinical studies.

Finally, although we report our findings as “lasting” effects of seizure therapy, many
patients relapse during a variable period following the end of treatment (5). This suggests
that the short-term therapeutic effects of ECT may be different from changes integral to
maintaining response long term. However, most ECT research, including the current study,
focuses on short-term response. Future studies targeting long-term outcomes are thus needed
to fully address the global burden of depression. Furthermore, patients who do not respond
to treatment quickly may end treatment, making attrition both a clinical and research issue.
Specifically targeting regions most associated with symptom change in future
neurostimulation therapies, especially regions showing both AMD and AECT effects, may
improve treatment efficacy while minimizing unwanted cognitive side effects. Though
largely effective, ECT can be improved; we hope that this and other work will ultimately
support that goal.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A. Symptoms of depression significantly improved after ECT (p = 1x10°8). Depressive

symptoms as assessed with the Hamilton Depression Rating Scale (HAMD) are plotted (y-
axis) for each patient in shades of blue for baseline (MD1) and follow-up measurements
after the ECT index series (MD3). A black line marks mean HAMD scores across all
patients for MD1 an MD3; asterisk indicates a significant difference in these means (paired
t-test). Note that although there is variability in clinical response, the great majority of
patients improved. B. Analyses of resting-state functional connectivity were restricted to
networks of interest (RSNs) overlapping with fronto-limbic and medial temporal regions
previously implicated in depression and ECT. Group maps including data from both patients
and controls are displayed, overlaid on a group-average template brain. Color of voxels
indicates the corresponding RSN (key at bottom).
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Figure 2.

Response to right-unilateral electroconvulsive therapy (AECT) within individual resting-
state networks of interest (RSNs). A. The results of a linear mixed-effects analysis of AECT
within each RSN are displayed, restricted to voxels belonging to any RSN (abbreviations
given in Figure 1B). Significant clusters are displayed on an average-template brain (peorr <
0.00625); color indicates the RSN for which the AECT effects (described in Figure 1B) were
significant (key in B). Effects were significant in dorsal anterior cingulate (dACC), posterior
cingulate (PCC), mediodorsal thalamus (mdTh), hippocampus (HC), and cerebellum (CB).
B. Mean resting-state functional connectivity (RSFC, z-score) in significant clusters is
plotted for each group and time-point at right, where color indicates group and shade
indicates time-point (key displayed at right). Error bars mark the standard error of the mean
across subjects.
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No. of Th/
voxels vDMN __aDMN__ pDMN _ OFN Sal-N  vBGN BGN AMTN
dACC 122 157, N 145,C -2 00, C 2.25,.C 15,N 1.87,C
PCC 93 1.82,C 2.00,N
R ATL 69 2.03,N 1.96,C n/a
mPar1 65 nfa 217, N
mdTh 65 n/a -1.18, N n/a na 2.38,N 1.58,C - 1.89,C
mPar2 51 _2.02,C 1.75,.C nfa_1.95, C‘ 189, C 143N
Figure 3.

Response to electroconvulsive therapy (AECT) overlapping across multiple networks of
interest (RSNs). A. Voxels displayed exhibited significant partial conjunction (pegrr <
0.0001) of voxelwise AECT effects (p < 0.05) in at least 3 different resting-state networks
(RSNs; k > 50). Color indicates the number of RSNs significant for each voxel (key at lower
right). Significant effects are shown in dorsal anterior cingulate (/ACC), posterior cingulate
(PCC), mediodorsal thalamus (mdTh), precuneus (mPar), and right anterior temporal cortex
(R ATC). B. For each region of interest (ROI) in A, the mean z-score for each RSN is
displayed (for voxels p < 0.05; abbreviations given in Figure 1C), along with the
corresponding model direction (C, compensation, MD3 # MD1 = CO1 = CO3; N,
normalization, MD1 # MD3 = CO1 = CO3). ROIs with no significant voxels in a given RSN
are indicated with “n/a.” Color and z-score sign indicate the direction of change from MD1
to MD3, either an increase in functional connectivity (positive, orange) or a decrease
(negative, blue).

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Leaver et al.

Page 18

I3zs RSNs

B. RSNs: AMD z-scores for voxels p < 0.05
No. of Thi
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L HC 77 -188 221 -183 nfa -1.67 -1.79 221 nfa
dACC 73 192 -185 185 183 -187 n/a 191 217
sgACC 71 -218 208 -214 209 na 189 -1.81 nfa
R dIPFC 67 -1.89 -205 214 203 nfa 213 -183 -1.81
R IPar 63 203 -2.01 nla 156 -1.86 200 nfa 195
R vmPFC 52 -203 188 183 193 -207 n/a -1.99 -1.99

Figure 4.
Changes in depressive symptoms (AMD) in patients receiving right-unilateral

electroconvulsive therapy (ECT) correspond with changes in resting-state functional
connectivity (RSFC) in regions overlapping across resting-state networks (RSNs). A.
Statistical maps display voxels exhibiting significant partial conjunction (peorr < 0.0001) of
voxelwise AMD effects (p < 0.05) in at least 3 different resting-state networks (RSNs; k >
50). Color indicates the number of RSN significant for each voxel (key at lower right).
Significant effects are shown for dorsal and subgenual anterior cingulate (dACC and sgACC
respectively), dorsomedial, ventromedial, and dorslateral prefrontal cortex (dmPFC, vmPFC,
and dIPFC respectively), mediodorsal thalamus (mdTh), hippocampus (HC), and lateral
parietal cortex (IPar). B. A matrix shows the mean AMD z-score, representing the
relationship between changes in RSFC and changes in depressive symptoms (HAMD score)
in regions of interest (ROIs) displayed in A. Values are listed for each RSN (columns;
abbreviations given in Figure 1B) and significant region (rows). Color indicates the direction
of the effect; positive values in orange reflect instances where larger changes in ROI-to-RSN
RSFC correlate with larger improvements in HAMD scores, while negative values in blue
reflect larger changes in ROI-to-RSN RSFC correlating with minimal improvements in
HAMD. ROIs with no significant voxels in a given RSN are indicated with “n/a.”
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Figure 5.

Cross-correlation analyses between regions of interest (ROIs). A. A graph plots the mean
ROI-to-ROI relationships across all groups (MD1, MD3, CO1, CO3). Nodes represent ROIs
resulting from analyses of AECT and AMD effects in multiple RSNs (Figure 3A, Figure
5A), and edges or lines represent ROI-to-ROI correlations significant in each time-point
(Pcorr < 0.005 for each of MD1, MD3, CO1, CO3). Node colors reflect the results of a
hierarchical clustering analysis applied for easier visualization of graph connectivity, the
dendogram for which is displayed in B. Black edges mark connections, and grey lines mark
inter-cluster connections. B. Similarity matrices are plotted for each group, where color
indicates the strength of functional connectivity (key at right). Numbers along rows and
columns indicate the ROI plotted in A. Dendrogram is shown from hierarchical cluster
analysis for visualization of ROI-ROI relationships described in A. ROIs include dorsal and
subgenual anterior cingulate (dACC and sgACC respectively), dorsomedial, ventromedial,
and dorslateral prefrontal cortex (dmPFC, vmPFC, and dIPFC), medial and lateral parietal
cortex (mPar and IPar), right anterior temporal cortex (R ATC), mediodorsal thalamus
(mdTh), putamen (Put), and hippocampus (HC).

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2017 January 01.



Page 20

Leaver et al.

123 UM auljaseq woly 3109s QINWH Ul sabueyd pasedwod $)sa)-) patied pue ‘eyep abe pasedwod 1s81-) palredun ‘eyep xas 03 patjdde sem 31sa} (5X) pasenbs-1yD
z ,

‘(e/u) ajqearjdde 10u ‘(QINWH) 91aS Buney uoissaidaq uoljiweH :SUoieIASIqY

(1000°0>) 20T (T000°0>) 9'G  ®/u e/u B/u (0£°0) 60 (enpen-d) 101y
U e/u e/u B/u e/u (921) L'6E (cg = u) sjonu0D AypesH
(s9)¢6 (7'9) v'0z (8e)e9oz (ce)v6 (ser) sve (seT) 607 (0€ = u) syuaned 3AN
€ I T SUOISS3S 103 # [€J0L  3posida AN T ¥e 3bv by

$8409S ANVH

Author Manuscript

T alqel

Author Manuscript

sonsias1oesey) edionued

Author Manuscript

Author Manuscript

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2017 January 01.





