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ABSTRACT

Background: Electroconvulsive therapy (ECT) is one of the most effective treatments for severe depressive disorders. A recent multi-center study found no consistent
changes in correlation-based (undirected) resting-state connectivity after ECT. Effective (directed) connectivity may provide more insight into the working mech-
anism of ECT.

Objective: We investigated whether there are consistent changes in effective resting-state connectivity.

Methods: This multi-center study included data from 189 patients suffering from severe unipolar depression and 59 healthy control participants. Longitudinal data
were available for 81 patients and 24 healthy controls. We used dynamic causal modeling for resting-state functional magnetic resonance imaging to determine
effective connectivity in the default mode, salience and central executive networks before and after a course of ECT. Bayesian general linear models were used to
examine differences in baseline and longitudinal effective connectivity effects associated with ECT and its effectiveness.

Results: Compared to controls, depressed patients showed many differences in effective connectivity at baseline, which varied according to the presence of psychotic
features and later treatment outcome. Additionally, effective connectivity changed after ECT, which was related to ECT effectiveness. Notably, treatment effec-
tiveness was associated with decreasing and increasing effective connectivity from the posterior default mode network to the left and right insula, respectively. No
effects were found using correlation-based (undirected) connectivity.

Conclusions: A beneficial response to ECT may depend on how brain regions influence each other in networks important for emotion and cognition. These findings
further elucidate the working mechanisms of ECT and may provide directions for future non-invasive brain stimulation research.
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1. Introduction

With more than 250 million people affected, depression is one of the
leading causes of disability worldwide [1]. Patients suffer weeks to
sometimes years of low mood, anhedonia, sleep problems, weight loss,
and — in more severe cases — suicidality, motor retardation and psy-
chotic features. Although 70% of patients show a positive response to
extensive treatments with pharmacotherapy and psychotherapy [2],
approximately half of them eventually relapse and experience one or
more recurrent episodes in their lifetime [2,3]. Patients suffering from
severe depressive episodes that are not responsive to initial treatments
may benefit from electroconvulsive therapy (ECT). With a remission rate
of 48-65%, ECT is currently the most effective treatment for
pharmacotherapy-resistant depression [4]. Nevertheless, it is clear that
for a substantial group of depressed patients an effective treatment is
still lacking. Enhancing our understanding on the neural mechanisms of
depression and its treatments is indispensable to improve treatment
effectiveness and to develop novel treatments.

The neural correlates of depression and its treatment with ECT have
been studied extensively using structural magnetic resonance imaging
(MRI) [5,6], functional MRI (fMRI) [7,8] and electroencephalography
(EEG) [9,10]. Studies using fMRI have used correlation-based connec-
tivity measures and have focused on the default mode network (DMN),
salience network (SN) and central executive network (CEN). Due to their
importance in psychopathology, these networks and their modes of
interaction were incorporated into a ‘triple network model’ of psycho-
pathology [11]. This model is also proposed to be of key importance for
the etiology of depression [7,12]. However, despite multiple small scale
studies reporting changes in prefrontal cortex connectivity after ECT, a
recent multicenter study found no evidence for changes in functional
connectivity after ECT [13]. This suggests that functional connectivity
changes are not consistent across different samples.

One drawback of correlation-based connectivity is that it assumes
undirected connections between regions of interest. Alternative methods
have been developed that focus on effective connectivity, a measure of
the extent to which one neural system exerts influence over another (e.
g., how region A influences region B, in contrasts with mere correlations
between time series of region A and B [14];. Dynamic causal modeling
(DCM) is one of the most common of such methods, which uses a
generative neural-mass model to infer effective (i.e., directed) connec-
tions between brain regions. Recent developments of DCM have enabled
exploration of relatively large-scale networks [15] and longitudinal
analyses.

Studies on effective connectivity reported widespread effective
connectivity correlates associated with depression during task and
resting-state fMRI [16-19]. With respect to depressed patients treated
with ECT, only a few studies have examined effective connectivity
correlates. Those studies have identified increased connectivity from a
cerebellar region to the subgenual anterior cingulate cortex [20], and
from the fusiform face area to the amygdala [21] following ECT. Addi-
tionally, another study found that effectiveness of ECT was associated
with an increase in connectivity from the dorsolateral prefrontal cortex
to the angular gyrus after ECT [22]. These studies were, however,
limited to only a few regions of interest and small sample sizes.

In this present multicenter study, we used spectral DCM of resting-
state fMRI (RS-fMRI) data to investigate effective connectivity be-
tween fourteen regions of the triple network model. Our primary ana-
lyses assessed whether there are consistent changes in effective
connectivity after treatment with ECT and whether this is related to
treatment response. Additionally, we performed secondary analyses to
investigate whether there are consistent differences at baseline between
patients with severe depression and healthy controls, between patients
with and without psychotic features, and whether there were consistent
associations with later treatment outcome. This study included the same
samples as previous analysis [13], which did not show any changes in
“regular” correlation-based functional connectivity or associations with
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clinical effectiveness.
2. Methods
2.1. Participants and treatment

Data were obtained from the Global ECT-MRI Research Collabora-
tion (GEMRIC) [23]. All patients in this study were indicated for ECT
and were treated according to internationally accepted guidelines. The
data used for this study were acquired at seven sites across Europe and
North America. All contributing sites received ethics approval from their
local ethics committee or institutional review board. In addition,
approval for the centralized mega-analysis was given by the Regional
Ethics Committee South-East in Norway (No. 2018/769). All patients
had a clinical diagnosis of unipolar major depressive disorder, classified
according to the International Statistical Classification of Diseases and
Related Health Problems (ICD-10). Two of the seven sites provided
neuroimaging data for healthy controls at baseline, one site provided
longitudinal neuroimaging data for healthy controls. Some sites strictly
studies predictive biomarkers and therefore only provided baseline data.
Descriptive data on demographics (age, sex), baseline clinical (depres-
sion severity, presence of psychotic features), treatment (number of
administered ECT-sessions during the course) and outcome (depression
severity after the ECT-course, response [i.e., post-ECT >50% reduction
of depression severity score], remission [i.e., post-ECT depression
severity score <7]) variables were available. Depression severity was
assessed using the 17-item Hamilton Depression Rating Scale (HAM-D)
or Montgomery-Asberg Depression Rating Scale (MADRS), depending
on the sites’ preferences. Ratings of the MADRS were converted to
HAM-D scores [24], using the following formula:

HAMD = — 1.58 4+ 0.86 x MADRS.

To create a more homogeneous sample, patients were excluded if
bipolar disorder was present. Additionally, patients were excluded if
neuroimaging data were unavailable or of insufficient quality.

2.2. fMRI acquisition and preprocessing

Structural and RS-fMRI data were acquired within two weeks before,
and approximately one week after the ECT-course (for scanning pa-
rameters per site, see Supplementary Table 1). For healthy controls, the
test-retest time was approximately 5 weeks. The fMRI preprocessing
steps were identical for each participant. First, structural and functional
images were reoriented and brain extraction was performed using
Advanced Normalization Tools (ANTs v2.2.0). Images were coregistered
using ANTs and FMRI Software Library (FSL v5.0.10) using boundary-
based registration. After discarding the first two volumes for each
fMRI series, FSL’s MCFLIRT was used to apply head movement correc-
tion by realigning the volumes to the middle volume using six param-
eters for rigid body transformations. Functional images were spatially
smoothed using a Gaussian kernel with 5 mm full-width at half-
maximum. For motion correction, an ICA-based strategy for Automatic
Removal of Motion Artifacts (ICA-AROMA) was used. The noise com-
ponents estimated by ICA-AROMA were used to compute denoised co-
sines for high pass filtering (f = 0.009). Furthermore, mean white matter
(WM) and cerebrospinal fluid (CSF) timeseries were computed as
additional nuisance variables. Temporal high-pass filtering was used to
remove low-frequency drifts (<0.01 Hz) and images were registered to
4 mm isotropic voxel size. Both the denoised cosines and WM/CSF
nuisance variables were used to denoise the fMRI data and perform high
pass filtering in one single step [25]. ANTs were used for normalization
of transformation matrices to Montreal Neurological Institute (MNTI)
space using 2 mm standard templates. Finally, the quality of the pre-
processed images was assessed, and images with suboptimal quality
were excluded from the analysis. The procedure for quality control is
described in the supplementary information. Finally, RS-fMRI of
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sufficient quality was available for a total of 248 participants with
respect to cross-sectional baseline data. Regarding longitudinal data,
RS-fMRI data of sufficient quality was available for 105 participants.

2.3. Statistical analysis

Spectral DCM (spDCM) for RS-fMRI was used to estimate effective
connectivity parameters [26]. Analyses were conducted in Statistical
Parametric Mapping (SPM12, revision 7771) with DCM12.5 (revision
7497). spDCM used a generative forward model with two components.
The first one described how neuronal populations causally interact. The
second component mapped neuronal activity from the first model to
observed (cross-spectra of) hemodynamic responses. Thereby, spDCM
was able to estimate directed connectivity between brain regions as well
as regional self-connections. The construct validity of spDCM has been
shown by its ability to accurately recover effective connectivity in
simulated data [26,27], and specific effective connections correspond-
ing to well-documented neural pathways in rodents [28].

A first-level spDCM analysis was performed on 14 regions of interest
(ROIs; see Fig. 1), which comprise the core of the triple network model.
Time series were extracted from a sphere with 5 mm radius centered
around MNI coordinates extracted from previous research (Fig. 1 [29];.
For analysis of baseline images, a spDCM analysis with default setting
were used. For the longitudinal analysis, a multisession resting-state
spDCM approach was used. For a detailed description of the first-level
analysis procedure, see the supplementary information.

Group-level effects were estimated using Parametric Empirical Bayes
(PEB) models [30]. A PEB general linear model (GLM) was used to infer
effects at multiple levels (i.e., group effects or between-session effects)
by combining the expected values and (co)variances from all
individual-level spDCM parameters. PEB models were used to analyze
the primary longitudinal effects associated with ECT and to analyze
secondary group differences and associations with clinical characteris-
tics at baseline. For each PEB model, the region-to-region effective
connectivity was examined using Bayesian model reduction (BMR). This
method compared model evidences for all possible reduced models (i.e.,
models with some connectivity parameters ‘turned off’ by fixing the
prior probability to zero), and models with connectivity parameters that
did not contribute to model evidence were iteratively discarded. This
process was continued until removing parameters reduced the model
evidence. Subsequently, a Bayesian model average was calculated over
the 256 models with the largest model evidence in the final iteration.
Using this ‘pruning’ and averaging approach allowed inference on the
posterior probability of specific parameters. The specific PEB GLM
models were adjusted for the following potentially confounding vari-
ables: age, sex, depression severity, medication use (antidepressants,
benzodiazepines, and antipsychotics), psychotic features, electrode
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placement (only longitudinal analyses), number of ECT sessions (only
longitudinal analyses), and site. A 99% posterior probability (pp)
threshold was used. The (hyper)priors used in hierarchical Bayesian
models such as these prevent overfitting and multiple comparison
problems, therefore no corrections for multiplicity are applied [31,32].
In order to compare effective connectivity analyses with common
resting-state analyses, correlation-based connectivity was investigated
with mass univariate classical GLMs. An alpha of 0.05 was used for the
latter analysis, Bonferroni corrected for multiple comparison.

3. Results
3.1. Sample and treatment

In total, 248 RS-fMRI baseline scans could be included (n = 189
patients; n = 59 healthy controls) in our analyses. For 105 participants,
post-ECT scans were included (n = 81 patients; n = 24 healthy controls).
The mean age for the total patient sample was 55.4 + 15.8 SD, and 59%
of the patient sample were female. Patients were severely depressed at
baseline (mean HAM-D score 26.2 + 7.2 SD). In the patient sample, 43
(23%) showed psychotic features at baseline. Most patients used
concomitant pharmacotherapy during the ECT-course (61.4%), and
patients without current use of pharmacotherapy did receive at least one
trial of pharmacotherapy before. In the group of patients currently using
antidepressants (AD), 34% used selective-serotonin reuptake inhibitors,
36% used selective-noradrenaline reuptake inhibitors, 27% used tricy-
clic antidepressants and 3% used monoamine oxidase inhibitors. Of the
patients, 40% used concomitant benzodiazepines (BZ). Regarding used
electrode placements, 126 patients received ECT with right unilateral
(RUL) and 62 patients with a bilateral (BL) electrode placement. The
average number of administered ECT-sessions per course was 12.4 & 5.5
SD. For 13 patients post-ECT HAM-D scores were not available. After the
ECT-course, mean HAM-D-score decreased significantly (post-ECT
HAM-D 9.9 + 8.1 SD; p < 0.001), 119 (68%) patients responded and 83
(47%) patients achieved remission. Patients that were included in the
longitudinal analysis did not differ significantly from patients only
included in baseline analysis with respect to age, sex, or change in HAM-
D (p > 0.05 for all analyses). Patients only included in the baseline
analysis did show slightly greater baseline HAM-D at trend level (p =
0.06). This was mainly due to one site that only acquired baseline scans
and included more severely depressed patients.

3.2. Effective connectivity at baseline

A wide range of effective connectivity parameters showed differ-
ences between patients and healthy controls (pp > 0.99; Fig. 2). All
analyses are adjusted for potential confounding variables such as

dmPFC Fig. 1. Overview of the regions of interest with
0.24.46 their respective MNI coordinates. The regions
. belong to three networks: the central executive

network (blue), salience network (red), and default
mode network (green). aPFC = anterior prefrontal
cortex; sPar superior parietal cortex; mPFC
medial prefrontal cortex; dmPFC = dorsomedial pre-
frontal cortex; iPar = inferior parietal cortex; dACC
= dorsal anterior cingulate cortex; PCC = posterior
cingulate cortex. (For interpretation of the references
to colour in this figure legend, the reader is referred
to the Web version of this article.)
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Fig. 2. Effective connectivity differences between patients with severe
unipolar depression and healthy controls. For off-diagonal parameters (i.e.,
between region connectivity), red and blue indicate increased and reduced
connectivity strength in depression compared to healthy controls, respectively.
The units are in Hertz. For parameters on the diagonal (self-connections), red
and blue indicate stronger and weaker self-inhibition compared to healthy
controls, respectively. These parameters are in arbitrary units. The variance for
each connectivity parameter shown here was < 0.01. For abbreviations, see
Fig. 1. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

medication use (see Methods). Most notably, patients showed altered
efferent (outgoing) connectivity from the medial prefrontal cortex
(mPFC; DMN), the right insula (SN) and the left anterior PFC (aPFC; SN).
Additionally, patients showed reduced excitation from all nodes of the
CEN to the right aPFC (SN) compared to healthy controls. Patients
showed increased connectivity from the right insula to posterior CEN
regions, whereas reduced connectivity from right insula to anterior CEN.
Moreover, patients showed greater self-inhibition in multiple regions of
the SN compared to healthy controls, i.e., the bilateral aPFC and right
insula. Analysis on effective connectivity correlates of depression
severity did not yield any connections with sufficient evidence.

Analysis on differences between patients with and without psychotic
features yielded strong evidence for group differences in 21 connectivity
parameters (pp > 0.99; Supplementary Fig. 1). Among other connec-
tions, the presence of psychotic features was associated with increased
excitation from multiple nodes of the SN to the left aPFC (CEN). Addi-
tionally, multiple nodes throughout different networks showed reduced
self-inhibition in patients with psychotic features. Psychotic features
were also associated with an inter-hemispheric connectivity pattern
within the SN. Specifically, patients with psychotic features showed
increased excitation from the left insula to the right insula, and from the
left aPFC to the right aPFC.

Analyses on baseline effective connectivity correlates of ECT effec-
tiveness (change in HAM-D; pp > 0.99; Supplementary Fig. 2), response
(>50% change; Supplementary Fig. 3) and remission (post-ECT HAM-
D<7; Supplementary Fig. 4) revealed widespread associations
throughout the brain. Parameters that were associated with all three of
the effectiveness variables were increased connectivity from the dorso-
medial PFC (dmPFC; CEN) to the dorsal anterior cingulate cortex (dACC;
SN), and from the left insula (SN) to the right aPFC (SN).

The baseline models on correlation-based functional connectivity did
not yield any significant results (p > 0.05, adjusted for multiple com-
parison for all connections).
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3.3. Effective connectivity after ECT

To study the general effect of ECT, we examined longitudinal dif-
ferences in effective connectivity between patients and healthy controls.
The analysis yielded 12 connectivity parameters with longitudinal dif-
ferences between groups (pp > 0.99). However, eight of these parame-
ters showed strong evidence for differences between time points in
healthy controls only, indicating that these reflect test-retest variability
in the healthy control group. The other four parameters suggested that,
after the ECT-course, patients had increased connectivity from the right
inferior parietal cortex (iPar; DMN) to the right insula (SN), increased
connectivity from the dmPFC (CEN) to the left iPar (DMN) and reduced
connectivity from the left superior parietal cortex (sPar; CEN) to the left
insula (SN). Additionally, patients showed reduced self-inhibition in the
left aPFC (SN) after ECT (Fig. 3). This seems to reverse altered effective
connectivity associated with depression in the baseline analysis (see
increased self-inhibition in the left aPFC at baseline in Fig. 2).

Analyses on longitudinal connectivity correlates of ECT effectiveness
(change in HAM-D) showed lateralized effects in the insula (pp > 0.99).
Specifically, higher effectiveness was associated with increased con-
nectivity after the ECT-course from the posterior parietal cortex (PCC;
DMN) to the right insula (SN), and with reduced connectivity from the
PCC (DMN) to the left insula (SN) (Fig. 4). Effective connectivity cor-
relates of remission and response did not overlap with correlates of the
continuous effectiveness measure. Both response and remission were
associated with increased connectivity from the posterior DMN to the
right aPFC (CEN) (pp > 0.99; Supplementary Figs. 5 and 6).

Multiple effective connectivity parameters were correlated with the
number of administered ECT-sessions during the course (pp > 0.99).
Among other parameters, strong evidence was found for an association
between the number of ECT-sessions and decreased self-inhibition in the
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Fig. 3. Longitudinal changes in effective connectivity after electrocon-
vulsive therapy (ECT). For off-diagonal parameters (i.e., between region
connectivity), red and blue indicate increased and reduced connectivity
strength in depression after ECT compared to longitudinal data in healthy
controls, respectively (thresholded at pp > 0.99). The units are in Hertz. For
parameters on the diagonal (self-connections), red and blue indicate stronger
and weaker self-inhibition after ECT compared to longitudinal data in healthy
controls, respectively. These parameters are in arbitrary units. Green squares
indicate connectivity parameters that were not due to test-retest variability in
the healthy control group. The variance for each connectivity parameter shown
here was < 0.1. For abbreviations, see Fig. 1. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)
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left aPFC (CEN and SN) after ECT (Supplementary Fig. 7).

Finally, effective connectivity was associated with unilateral versus
bilateral electrode placement (pp > 0.99). Notably, unilateral electrode
placement resulted in greater connectivity from the right insula (SN) to
the dACC (SN) after treatment compared to bilateral electrode place-
ment. Additionally, left to right insula (SN) effective connectivity
showed greater increase in bilateral treatment (Supplementary Fig. 8).

The longitudinal models on correlation-based functional connectiv-
ity did not yield any significant results (p > 0.05, adjusted for multiple
comparison for all connections).

4. Discussion

In this multi-center cohort study, we explored the effective resting-
state connectivity correlates of severe depression and its treatment
with ECT. The effective connectivity analyses yielded many cross-
sectional and longitudinal effective connectivity correlates throughout
the triple network model. This indicates that having a depression is
associated with altered effective connectivity, and that ECT changes the
influence from multiple brain regions in the triple network model to
other nodes of these networks. In contrast, correlation-based functional
connectivity analyses did not show any significant connectivity corre-
lates. Severe depression at baseline was associated with altered efferent
effective connectivity from core regions of the SN and DMN and
increased self-inhibition in multiple regions of the SN. Whereas
depressed status was associated with many effective connectivity pa-
rameters, analysis on depression severity did not reveal any associated
parameters. Regarding treatment with ECT, treatment effectiveness was
associated with decreasing and increasing effective connectivity from
the PCC (DMN) to the left and right insula (SN), respectively. Greater
connectivity between the PCC and the left insula at baseline was also
associated with depressive status, response, and remission to ECT.

The results of this study suggest that patients suffering from severe
depression are characterized by increased inhibition within multiple
nodes of the SN, including the right insula. This possibly reflects a
general down-regulation of activity in the SN in severely depressed
patients. This is in line with previous findings, that showed reduced
functional connectivity [33] and flexibility [34] within the SN in
depressed patients. The SN, and the right insula in particular, has been
put forward as a critical system for switching between the CEN and DMN
[35,36]. This is proposed to underlie appropriate responses to salient
stimuli by adaptively switching between task-oriented (supported by the
CEN) and self-oriented attention (supported by the DMN) [11]. Addi-
tionally, the SN is thought to play a key role in emotion regulation,
salience detection, and interoception [37,38]. Excessive inhibition of
the SN may therefore underlie depressive phenotypes [39,40].

Previous studies showed decreased connectivity between the

N\
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Fig. 4. Changes in effective connectivity after
electroconvulsive therapy (ECT) associated with
treatment effectiveness. (a) Red and blue, respec-
tively, indicate increased and reduced connectivity
after ECT associated with treatment effectiveness
(thresholded at pp > 0.99). Effectiveness is measured
in change in Hamilton Depression Rating Scale
(HAM-D) score. The units are in change in Hertz after
ECT per points change in HAM-D. The variance for
each connectivity parameter shown here was < 0.003
For abbreviations, see Fig. 1. (b) a graphical repre-
sentation of the findings in (a). Red and blue arrows,
respectively, indicate increased and reduced connec-
tivity after ECT associated with treatment effective-
ness (thresholded at pp > 0.99). (For interpretation of
the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

/

posterior DMN and CEN in patients suffering from depression (for a
review, see Ref. [7]. Additionally, dynamic resting-state connectivity
between the posterior DMN and the right nodes of the right CEN showed
decreased variability in depression [48]. In line with this, our findings
suggest reduced connectivity from the right CEN to the PCC (DMN).
Interestingly, response and remission after ECT were associated with a
longitudinal increase in connectivity from the posterior DMN to the
right CEN after ECT. This suggests that ECT may restore dynamics be-
tween the posterior DMN and CEN.

We found dissociable lateralized associations of ECT effectiveness in
connections from the PCC to the left and right insula. That is, clinical
improvement after ECT was associated with decreased connectivity
from the PCC to the left insula, and increased connectivity from the PCC
to the right insula. Lateralization in the insula has been associated with
aberrant processing of positive emotions [41] and a dissociation be-
tween salience detection and cognitive control processes for subsequent
behavioral adaptation [42], both phenotypes that are highly disturbed
in severe depression. Additionally, lateralized effects in the insula with
respect to treatment effectiveness were previously reported for antide-
pressants [43,44], cognitive behavioral therapy [44], and transcranial
magnetic stimulation [45]. Lateralized treatment effects in the insula
may thus be an interesting target for future studies on treatments for
depression.

Our findings show the added value of effective connectivity analyses
using DCM. That is, whereas “regular” functional connectivity analyses
did not show any effects, DCM analyses yielded strong evidence for
many connectivity correlates. The absence of findings in the mass uni-
variate correlation-based analyses may have been due to a lack of power
when correcting for comparisons (i.e., the number of all tested con-
nections, n = 196). Additionally, this contrast in findings may be
explained by the different methods used to infer connectivity. Regular
correlation-based analysis estimates zero-lag correlations, whereas the
data features used by DCM (i.e., the cross-spectral density) is the Fourier
transform of the cross-correlation function, which represents the cor-
relation at varying lags. In other words, the data used by DCM is richer
than that used by a standard correlation analysis. Additionally, contrary
to univariate correlation-based connectivity, DCM uses a neural mass
model to infer multivariate directed connections. Also, shrinkage is
applied in the PEB model by placing prior probabilities on the regression
parameters. For future analyses, DCM analyses with PEB models may
rather be compared to multivariate frequentist analyses with shrinkage
for a fairer comparison. In this study, we used mass univariate
correlation-based analysis, since this is currently the most commonly
used method.

Another noticeable finding was that the analyses on ECT effective-
ness (i.e., a continuous measure of treatment effect) yielded a much
sparser effective connectivity pattern compared to the analyses on
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response and remission (i.e., binned effectiveness variables). We per-
formed this dichotomization because it can facilitate the interpretation.
Clinically relevant cut-points may increase the clinical relevancy of
findings, and ease the translation of research findings to the clinical
practice [46]. However, dichotomizing variables that are originally
continuous in nature usually has negative statistical effects if used in
regression models. It results in a loss of power and effect size, reduced
measure reliability and potentially inflated Type 1 errors [46,47]. Also,
the loss of information due to dichotomization may increase the prob-
ability that the binned variables coincide with unobserved confounds (i.
e., unmeasured or unknown clinical, demographic, or treatment char-
acteristics). In contrast to a loss of power, we actually observed more
changes in effective connectivity in the dichotomous compared to the
continuous analysis. We speculate that this could be the result of a
nonlinear but monotonic relationship between changes in effective
connectivity and symptoms, and/or the association to other unobserved
clinical variables such as comorbidity and medication use. Future
studies should assess the sensitivity of neuroimaging analyses to inflated
type I errors due to dichotomization.

Multiple limitations should be considered when interpreting these
findings. First, these analyses were performed on observational data
collected in a cohort study design. Controlled trials are particularly
uncommon in ECT-research, due to the difficulty to design a proper
control condition. Nevertheless, the current study design did not allow
us to separate placebo effects from treatment effects. Second, the sample
size of healthy controls (especially the longitudinal sample) was small.
This resulted in considerable test-retest variability, reflected by longi-
tudinal changes in effective connections within the healthy control
group. Similarly, the number of patients with longitudinal data was
considerably smaller compared to the baseline sample. Third, data of
different centers were retrospectively pooled. Therefore, specific study
characteristics such as treatment indication and data acquisition were
not standardized between centers. In the future, studying more homo-
geneous samples over different sites would be desirable. Additionally,
the exact time since last treatment was not available in the database,
which is a potential confounder for the relation between treatment
effectiveness and effective connectivity. Fourth, data on cognitive out-
comes were not available during the time of analysis. Cognitive out-
comes are important in studies on ECT, since cognitive adversities are
one of its most common side-effects. Finally, we studied effective con-
nectivity in a specific subset of regions within the triple network model.
Future studies could focus on including more regions of interest to
capture a broader view of ECT effects on effective connectivity.

In conclusion, this multicenter cohort study yielded many effective
connectivity parameters of severe depression and its treatment with
ECT. This shows the added value of effective connectivity analyses for
generating new hypotheses regarding psychopathology and working
mechanisms of treatment. This study suggests that the connectivity from
the posterior DMN to the bilateral insula is important for the effective-
ness of ECT and therefore an interesting target for treatments of severe
depression.
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