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To date, electroconvulsive therapy (ECT) is the most potent
treatment in severe depression. Although ECT has been success-
fully applied in clinical practice for over 70 years, the underlying
mechanisms of action remain unclear. We used functional MRI and
a unique data-driven analysis approach to examine functional con-
nectivity in the brain before and after ECT treatment. Our results
show that ECT has lasting effects on the functional architecture of
the brain. A comparison of pre- and posttreatment functional con-
nectivity data in a group of nine patients revealed a significant
cluster of voxels in and around the left dorsolateral prefrontal
cortical region (Brodmann areas 44, 45, and 46), where the average
global functional connectivity was considerably decreased after
ECT treatment (P < 0.05, family-wise error-corrected). This de-
crease in functional connectivity was accompanied by a significant
improvement (P < 0.001) in depressive symptoms; the patients’
mean scores on the Montgomery Asberg Depression Rating Scale
pre- and posttreatment were 36.4 (SD = 4.9) and 10.7 (SD = 9.6),
respectively. The findings reported here add weight to the emerg-
ing “hyperconnectivity hypothesis” in depression and support the
proposal that increased connectivity may constitute both a bio-
marker for mood disorder and a potential therapeutic target.
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The treatment of depressive disorder is one of the most
pressing issues in contemporary medical practice: The illness

is a leading cause of significant disability worldwide (1). Current
therapeutic strategies are imperfect, and there is an urgent need
to develop more consistently effective and rapidly acting treat-
ment solutions. Unfortunately, our understanding of the etio-
pathology of mood disorder is incomplete. As a result, the
elucidation of the mechanisms of action of effective treatment
has necessarily been less than secure and advance has been slow.
Available treatments (e.g., chemical antidepressant therapy)
were discovered serendipitously rather than designed, and in-
sight into the biology of depressive disorder by study of antide-
pressant actions has been limited. In particular, the effectiveness
of electroconvulsive therapy (ECT), the most potent and rapidly
acting of all antidepressant agents (2), has eluded a coherent
explanatory framework despite its regular use for more than 70
years. However, if the effects of ECT could be reproduced in
a less invasive way, and with a more benign side-effect profile,
the treatment of severe depression would be significantly en-
hanced. To achieve this, we need first to understand better how
ECT influences brain function. Here, we show that ECT alters the
functional architecture of frontal systems by strongly down-regu-
lating connectivity in key circuits implicated in mood disorder.
Efforts to delineate the neural substrate of mood disorder using

functional brain imaging technology have generally identified
abnormal frontal cortical and limbic activity in depressed patients
(3–9). Although such regional findings tend to correspond ana-
tomically to those brain areas maximally activated by diverse
emotional tasks in normal individuals (10), the nature (over- or
underactivity) of the dysfunction seen in depressed subjects has

seemed contradictory at times and its significance uncertain.
Several recent functional imaging studies have focused on the
investigation of functional connectivity among cortical and corti-
colimbic networks rather than the description of stimulus-induced
or task-related activity in individual regions of interest (11–13).
Connectivity abnormalities have been described in a range of

functional networks hypothesized to play a role in the generation
of mood symptoms in depressed patients. Such networks have
been characterized on the basis of their anatomical components
and the functions they subserve, and defined by their measureable
relationships to candidate seed regions as revealed by strong
temporal correlations in blood oxygen level-dependent signals
detected by functional MRI (fMRI) when the brain is not en-
gaged in a specific cognitive task (14). In particular, Sheline et al.
(11) have shown that three networks (the affective network, the
cognitive control network, and the default mode network), each
implicated in different aspects of mood disorder, not only show
increased intrinsic resting state connectivity in depressed patients
compared with healthy controls but further share increased
connectivity to a common component in the dorsal medial pre-
frontal cortex that they term the dorsal nexus. They hypothesized
that a reduction in regional connectivity might prove an impor-
tant therapeutic target in the treatment of depression.
Subsequent findings from treatment studies are consistent with

this idea. Healthy volunteers taking chemical antidepressants
have been shown to have reduced connectivity between the
amygdala and frontal regions compared with subjects taking
placebo (with different frontal connectivity patterns observed for
serotonin and noradrenaline reuptake inhibitors) (13), and higher
pretreatment orbitofrontal cortex connectivity levels may predict
a positive response to antidepressants in depressed patients (12).
There is thus an emerging hypothesis that pathological “hy-

perconnectivity” among intracortical and corticolimbic circuits
underlies important aspects of depressive disorder. Predictably,
precise anatomical correlation patterns in reports vary with the
candidate seed regions used to define the networks chosen for
investigation and the nature of the comparisons being made
(e.g., sufferers vs. healthy controls; “treatment” effects vs. pla-
cebo in healthy subjects, and within-subject effects before and
after treatment in depressed patients).
In the present study, we examined the impact of ECT on

connectivity in nine patients successfully treated for severe de-
pressive disorder by comparing functional connectivity in the
whole brain before and after therapy using fMRI. Rather than
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investigating effects on networks derived from the prior specifi-
cation of candidate seed regions, we calculated the average
global functional connectivity of each voxel with all the other
voxels in the brain based on temporal signal correlation, com-
paring findings before and after treatment. This permitted an
unbiased, data-driven analysis of treatment effects and the
identification of a target region of interest that exhibited a sig-
nificant decrease in connectivity after treatment. This region was
then used to determine the associated functional brain networks
(i.e., the brain areas to which this region was functionally con-
nected before and after treatment).

Results
A comparison of pre- and posttreatment functional connectivity
data revealed a significant and unexpectedly restricted cluster of
voxels in and around the left dorsolateral prefrontal cortex
(DLPFC) region (Fig. 1), where the average global functional
connectivity was considerably decreased after ECT treatment
[P < 0.05, family-wise error (FWE)-corrected]. Fig. 2 shows a 3D
orthogonal representation of this cluster, which extends into
Brodmann areas (BAs) 44, 45, and 46.
The average global functional connectivity, also known as

weighted global connectivity (WGC), is a quantitative parameter
that tells us to what extent each voxel is connected to all other
voxels in the brain (Methods). The observed reduction in the av-
erage global functional connectivity therefore means that for each
voxel within the cluster shown in Figs. 1 and 2, the average con-
nectivity with all other voxels in the brain was significantly reduced
after ECT treatment. To localize the spatial distribution of these

connectivity changes, an additional analysis was performed. The
statistically generated cluster was used as a seed region to de-
termine the associated functional brain networks [i.e., the brain
areas to which the seed region was functionally connected before
and after ECT treatment (Methods)]. The results of this analysis
are summarized in Fig. 3. Areas that exhibited significant func-
tional connectivity (P < 0.001, FWE-corrected) with the seed re-
gion before ECT treatment are shown in orange, whereas areas in
which significant functional connectivity persisted after ECT
treatment are shown in cyan; note that no voxels were found that
were significantly connected after but not before ECT treatment.
Fig. 3 reveals that ECT treatment had significantly reduced con-
nectivity between medial cortex structures (anterior cingulate,
BAs 24 and 32; medial frontal cortex, BA 8); DLPFCs bilaterally
(BA 9 extending to BAs 6, 44, and 45); and a unilateral (left) re-
gion in the supermarginal gyrus, angular gyrus, and somatosensory
association cortex (BAs 7, 39, and 40). This observed decrease in
functional connectivity was accompanied by a significant reduction
in depressive symptoms (Fig. 3, bar chart). The patients’ mean
score on the Montgomery Asberg Depression Rating Scale
(MADRS) before treatment was 36.4 (SD = 4.9), indicating se-
vere depression. The mean score after treatment was 10.7 (SD =
9.6). This significant (P < 0.001) reduction in depressive symptoms
of 25.8 points (SD = 11.6) indicates a very substantial and typical
response to ECT treatment.

Discussion
The impact of ECT on global functional connectivity change (as
opposed to the many reported widespread effects on other aspects

Fig. 1. Significant reduction in the average global functional connectivity after ECT treatment in a group of severely depressed patients (n = 9). A significant
decrease (P < 0.05, FWE-corrected) was observed in a cluster of voxels in and around the left DLPFC region (BAs 44, 45, and 46). Results were obtained by
means of a nonparametric permutation test comparing post- and pretreatment global connectivity data on a voxel-by-voxel basis.
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of brain function) appears remarkably restricted and lateralized,
limited to an area within the left DLPFC. This finding is consistent
with long-standing recognition that the DLPFC is an executive
component of brain circuitry implicated in depressive disorder and
cognitive function (10, 15), both of which are substantially affected
by ECT (2), whereas the laterality of the finding mirrors asym-
metries in DLPFC activity in depressed patients (16). The con-
nectivity map obtained using this DLPFC region as a seed region
for a connectivity analysis with the pretreatment fMRI data (Fig. 3,
area displayed in orange) includes the corresponding portion of
the right DLPFC; the more dorsal part of the medial prefrontal
cortex and anterior cingulate; and portions of the left supra-
marginal gyrus, angular gyrus, and somatosensory association
cortex. Functional connectivity between the DLPFC and these
areas was selectively reduced following ECT treatment (Fig. 3,
area displayed in cyan). These regional effects are consistent with
general formulations of the neuroanatomy of mood disorder based
on activation studies (3–9), which emphasize dysfunctional rela-
tionships between cortical and limbic structures. With regard to
studies of treatment effects, reductions in functional connectivity
observed here encompass the region lesioned in anterior cingu-
lotomy for severe treatment-resistant depressive disorder (17),
those areas stimulated in rapid-rate transcranial magnetic treat-
ment for depression (18), and parallel aspects of the impact of
cognitive behavioral therapy (19). The observed effects were en-
tirely intracortical [including changes in functional connectivity
between the neocortex and limbic cortex (e.g., DLPFC, anterior
cingulate)], in contrast to connectivity studies exploring chemical
antidepressant therapy, where subcortical limbic structures are
implicated (12, 13). Strikingly, the medial areas to which connec-
tivity has been reduced (Fig. 3) also include the so-called dorsal
nexus, recently described by Sheline et al. (11) as an area of
common hyperconnectivity between the three networks, which
exhibited pathologically increased connectivity inmood disorder in
their study of depression. We propose here that ECT acts to re-
duce the contribution of DLPFC to the hypothesized nexus of

pathological connectivity, restoring aspects of emotional function
yet simultaneously generating the cognitive side effects of ECT.
Considering the asymmetry of our findings, the lateralized

impact of ECT is generally consistent with an extensive literature
recording interhemispheric imbalance in mood disorder. Func-
tional studies using neuropsychological, psychophysiological, and
imaging methods suggest hyperactivation of right frontal areas
and hypoactivation of left frontal systems, whereas studies of
unilateral brain lesions (stroke, tumors, and epilepsy) have often,
although not exclusively, implicated left hemisphere dysfunction
in mood disorder (reviewed in 20). It is tempting to speculate
that ECT might act to rebalance hemispheric activity through
modulation of connectivity, but the data presented here cannot
confirm or refute this notion.
Given that successful chemical antidepressant therapy does not

have a similar effect on cognitive function, the spectrum of con-
nectivity effects seen heremay differ in detail from those associated
with antidepressant therapy. Indeed, efforts to dissociate cognitive
side effects from the therapeutic actions of ECT have proven
problematic, with therapeutic efficacy tending to correlate with
cognitive dysfunction even when using unilateral ECT (where the
nondominant hemisphere is stimulated in treatment). Although
this procedure may spare cognitive function to a degree, right
unilateral electrode placement tends to be less effective than bi-
lateral ECT (2) and less rapidly acting than left unilateral ECT [in
dextral subjects (21)]. All the patients in this study received bilateral
ECT. It is of interest, given the left-sided laterality of our connec-
tivity findings, that themajority of patients receiving unilateral ECT
have the stimulus applied to right hemisphere (because most are
left hemisphere-dominant). Speculatively, thismay explain both the
cognitive sparing effects and the reduced efficacy of right uni-
lateral ECT, given our similarly lateralized findings.
It may be hypothesized that lessening the DLPFC contribution

to the proposed “nexus” among mood disorder-relevant circuits
may lessen the pathological impact of dysfunction of all of them
on affective function, but this requires further investigation. Al-
though the statistical effects are highly significant, the sample size
is small. This reflects the difficulty in recruiting severely depressed
patients receiving ECT for studies requiring repeated imaging,
and replication is required. Further, although patients had failed
to respond to psychotropic medication, they continued to take it
and medication effects cannot be ruled out. Similarly, patients
received repeated anesthesia (propofol), and a muscle relaxant
(suxamethonium) was administered in the course of ECT.
Future studies should examine longitudinal changes in con-

nectivity, particularly in those patients who subsequently relapse,
and compare patterns of connectivity change across a range of
physical and psychotherapeutic antidepressant treatments.
The findings reported here add weight to the emerging

“hyperconnectivity hypothesis” of depression and support the
proposal that increased connectivity may constitute both a bio-
marker for mood disorder and a potential therapeutic target. The
anatomy of the localized pattern of connectivity change described
here may explain why efforts to dissociate memory dysfunction
from the therapeutic effects of ECT by manipulation of electrode
placement and stimulus parameters have largely failed, and it
challenges the long-standing notion that the therapeutic and
cognitive effects of treatment have distinct neurobiological sub-
strates. The findings thus offer a coherent explanation of the
mode of action of ECT in the context of current formulations of
the pathophysiology and neuroanatomy of depressive disorder.

Methods
Participants. Ethical approval was obtained from the National Health Service
North East of Scotland Research Ethics Committee, and the study was con-
ducted in accordance with the principles expressed in the Declaration of
Helsinki. Participants were recruited from the Royal Cornhill Hospital ECT
service. Males and females aged 18 y and older who had been diagnosed

Fig. 2. 3D orthogonal representation of the left DLPFC cluster of voxels
(shown in red) for which a significant reduction in the average global func-
tional connectivity was observed after ECT treatment (Fig. 1). The coordinates
(x, y, and z) refer to Montreal Neurological Institute standard space.

Perrin et al. PNAS Early Edition | 3 of 5

N
EU

RO
SC

IE
N
CE



with severe depression; were receiving ECT on a voluntary basis; were able
to give informed consent; had not had ECT in the past 6 mo; were without
MRI contraindications; and were without a comorbid psychiatric diagnosis,
brain pathology, or a history of strokes were eligible to take part. In total,
nine right-handed participants completed the study (6 males and 3 females,
mean age = 46.8 y). All had failed to respond to chemical antidepressant
treatment, which they continued to take during the study. Four patients
were also taking antipsychotic medication (olanzapine or haloperidol), and
two of them were also receiving lithium therapy.

ECT Treatment. ECT was administered twice weekly until patients’ symptoms
remitted (mean number of treatments = 8.3) using a brief-pulse, constant-
current apparatus (Thymatron DGx, Somatics Inc.). At the first treatment,
individual seizure thresholds were determined using standard stimulus
dosing techniques, and subsequent treatments were given at twice the sei-
zure threshold. Patients were anesthetized with propofol and given a muscle
relaxant (suxamethonium) at each treatment session. All patients received
bilateral (bitemporal) ECT electrode placements. The electrodes were placed
4 cm above the midpoint between the lateral angle of the eye and the ex-
ternal auditory meatus. A detailed description of the ECT procedure is pro-
vided in SI Text.

Clinical Measure of Depression. Clinical measures were obtained within 48 h of
the first ECT treatment, after the fourth ECT treatment, and after ECT treat-
ment was complete. The MADRS (22) was used to rate depressive symptoms.

MRI Protocol.All participants underwent fMRI scanning before ECT treatment
and again after ECT treatment had been completed. All scanning was per-
formed on a 3-T Philips system at the Aberdeen Biomedical Imaging Centre,
using a standard echo planar imaging sequence. Imaging parameters were as
follows: repetition time/echo time = 2,500/30 ms, matrix size = 128 × 128, in-
plane resolution = 1.88 × 1.88 mm, slice thickness = 4.5 mm, and total
number of fMRI volumes = 240. A simple cognitive task (“virtual” ball-

passing) was used to keep the participant’s attention focused during the
scan (23). A detailed description of the task is provided in SI Text.

Data Preprocessing. The statistical parametric mapping software package
(SPM8; www.fil.ion.ucl.ac.uk/spm) was used for fMRI preprocessing, which
included realignment, slice timing correction, coregistration, normalization,
reslicing to 4 × 4 × 4 mm, and spatial smoothing using an 8-mm FWHM
Gaussian isotropic kernel. A low-pass filter (0.125-Hz cutoff frequency) was
applied, and a second-order baseline correction was applied by using a set of
two cosine functions as linear regressors. A binary mask was defined on the
basis of the SPM8 tissue probabilistic map for gray matter, which included all
voxels with a gray matter probability greater than 0.2. Pairwise temporal
correlations between all voxels in the functional imaging time series within
this mask (N = 27,600) were computed using Pearson’s correlation co-
efficient, which resulted in an N × N correlation matrix A.

Functional Connectivity Analysis. To identify statistically significant changes in
functional connectivity between pre- and posttreatment data, a unique
method referred to as cortical hub and related network topology (CHART)
analysis was used, which consisted of two stages. First, for each subject and
each condition (i.e., pre- and post-ECT treatment), maps of the average
global connectivity, also known as weighted global connectivity (WGC),
were calculated from the components akn of the corresponding correlation
matrices A according to the method of Cole et al. (24):

wk ¼ 1
N

XN

n¼1

akn k ¼ 1 . . .N [1]

To obtain statistically significant differences in the WGC between pre- and
posttreatment data on a voxel-by-voxel basis, a nonparametric permutation
test (SnPM8 toolbox) was used (25). To correct for multiple comparisons,
a whole-brain FWE correction was applied (26). A cluster of 12 voxels
exhibited a significant decrease in the WGC (P < 0.05, FWE-corrected)

Fig. 3. Functional connectivity in severely depressed patients before ECT (displayed in orange) and persisting connectivity after ECT (displayed in cyan),
showing a substantial reduction in cortical connectivity after ECT treatment (P < 0.001, FWE-corrected); z values refer to distance in millimeters from the
midline in stereotaxic space [Montreal Neurological Institute standard space]. The observed reduction in functional connectivity following ECT treatment was
accompanied by a significant decrease (P < 0.001) in depressive symptoms (bar chart).
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posttreatment (Fig. 1). Because the WGC is a univariate global measure, it
cannot provide any information about the local specificity of these changes.
This information was obtained during the second stage of the analysis. The
significant cluster of voxels identified during the first stage of the analysis
was used as a seed region to determine the associated functional brain
networks (i.e., the brain areas to which the seed region was functionally
connected before and after ECT treatment). To this end, the average cor-
relation coefficient was calculated for each voxel k according to

�ck ¼ 1
SM

XS

i¼1

XM

j¼1

ckji k ¼ 1 . . .N [2]

where S is the number of subjects, M is the number of seed voxels, and N is
the total number of voxels. (Note that for each seed voxel, the correlation of
the corresponding time series with itself was excluded from the summation.)
Two correlation maps, showing connectivity with the seed region pre- and
post-ECT treatment, were created. These correlation maps were then con-
verted to binary connectivity maps by applying a correlation threshold of 0.5
(P < 0.001, FWE-corrected). The FWE-corrected probability was calculated in
a Monte Carlo process from a set of 1,000 surrogate data with matching
spatial smoothness and temporal autocorrelation; the autocorrelation in-
herent in the data was estimated by an autoregressive AR(1) model. Finally,
the two binary pre- and posttreatment connectivity maps were combined
into a single parametric map, and significant pre- and posttreatment con-
nections were color-coded (Fig. 3). A detailed description of the functional
connectivity analysis is provided in SI Text.

Methodological Considerations. In a large number of functional connectivity
studies that are typically referred to as “resting-state fMRI,” subjects are
instructed “to just relax and not to think about anything specific.” However,
as pointed out by Morcom and Fletcher (27), the concept of a resting state or
baseline in the human brain is somewhat elusive. In the absence of a specific
task, we anticipate that brain activity will exhibit a wider variance because
different subjects will be thinking about different things and some may even
fall asleep. In this study, we used a simple virtual ball-passing task to keep
the subjects’ attention focused. Based on the theoretical arguments put
forward by Morcom and Fletcher (27), we anticipate that such a task will
reduce the within-group variance, and therefore improve the sensitivity of
the between-group comparison.

Themajority of connectivity studies use seed-based correlation analyses. In
these studies, the anatomical location of the seed region is typically chosen by
the researcher to prove or disprove a specific hypothesis. A drawback of this
approach is that the researcher’s choice of a specific seed region may bias the
outcome of the analysis. The advantage of the CHART method described
here is that the choice of the seed region is purely data-driven, and there-
fore independent of any a priori hypothesis.
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