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ABSTRACT
Electroconvulsive therapy (ECT) is an established treatment choice for severe, treatment-resistant depression, yet its
mechanisms of action remain elusive. Magnetic resonance imaging (MRI) of the human brain before and after
treatment has been crucial to aid our comprehension of the ECT neurobiological effects. However, to date, a majority
of MRI studies have been underpowered and have used heterogeneous patient samples as well as different meth-
odological approaches, altogether causing mixed results and poor clinical translation. Hence, an association between
MRI markers and therapeutic response remains to be established. Recently, the availability of large datasets through
a global collaboration has provided the statistical power needed to characterize whole-brain structural and functional
brain changes after ECT. In addition, MRI technological developments allow new aspects of brain function and
structure to be investigated. Finally, more recent studies have also investigated immediate and long-term effects of
ECT, which may aid in the separation of the therapeutically relevant effects from epiphenomena. The goal of this
review is to outline MRI studies (T1, diffusion-weighted imaging, proton magnetic resonance spectroscopy) of ECT in
depression to advance our understanding of the ECT neurobiological effects. Based on the reviewed literature, we
suggest a model whereby the neurobiological effects can be understood within a framework of disruption, neuro-
plasticity, and rewiring of neural circuits. An improved characterization of the neurobiological effects of ECT may
increase our understanding of ECT’s therapeutic effects, ultimately leading to improved patient care.

https://doi.org/10.1016/j.biopsych.2021.05.023
Major depressive disorder is a leading cause of disability world-
wide, ranked among the top 10 causes of disability-adjusted
life-years in people aged 10–49 years (1). Although efficient phar-
macological and psychological treatments have been available for
decades, a significant proportion of patients do not respond suf-
ficiently to these first-line treatments, and relapse ratesarehigh (2).
Notably, thesepatientsmaybenefit fromelectroconvulsive therapy
(ECT), which is still regarded as the most effective treatment for
severe or treatment-resistant depressive episodes (3). The ECT
procedure is completed under general anesthesia, when electric
currents are passed through the brain, intentionally triggering a
brief seizure. It is typically administered 2–3 times per week, with
the average patient requiring a range of 6–12 treatments (4).
Despite the well-documented clinical efficacy, ECT’s mechanism
of action remains poorly understood. Preclinical animal models
have contributed substantially to our understanding of the neuro-
biological effects, which include observations of altered mono-
aminergic transmission, stimulation of neuroendocrine systems,
immune system activation, and augmented neuroplasticity (5,6).
However, the results of thesemodels cannot be directly translated
to human populations. As such, neuroimaging, especially mag-
netic resonance imaging (MRI), is an important tool to improve our
understanding of ECT’s neurobiological and eventually clinically
relevant effects.
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Over the past couple of decades, an increasing number of
studies have investigated the neurobiological effects of ECT
through the use of MRI. The earliest studies were mainly
concerned with ECT causing brain damage (7–9), which could
be reflected in signs of reactive gliosis or edema. While some
accumulation of extracellular tissue fluid may be present (10),
the majority of studies have failed to support post-ECT gliosis
or global brain edema (11–13) even after lengthy courses of
ECT (14). In contrast to early work, more recent MRI studies
have focused on ECT’s mechanisms of action. However, many
of these investigations have considerable limitations related to
a selective focus on a few regions of interest (ROIs), under-
powered samples, unstructured treatment algorithms, and
heterogeneity in clinical and sociodemographic characteristics
of the included subjects. Accordingly, the results of these
neuroimaging studies vary considerably, in terms of both the
distribution and the extent of findings, and should be
addressed in studies synthesizing existing evidence.

Here, we review anatomical and molecular MRI (including
T1-weighted imaging, proton magnetic resonance spectros-
copy, and diffusion-weighted imaging [DWI]) studies of ECT in
depression. Information regarding the search strategy and the
included studies can be found in the Supplement. We also
discuss emerging areas of study, including mega-analyses,
f Biological Psychiatry. This is an open access article under the
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machine learning, innovative MRI techniques, and extended
data sampling, which ultimately may lead to a deeper under-
standing of ECT’s neurobiological effects. Based on the
reviewed literature, we propose a model that directly in-
corporates the immediate disruptive effects of the electrical
stimulation and seizure, which are well-known aspects of ECT
usually not accounted for in contemporary models. The im-
mediate disruptive effects are followed by temporarily
enhanced neuroplasticity, which enables the brain to rewire in
more optimal patterns over time. We end by outlining several
testable predictions of this mechanistic model and suggest
new imaging studies, which eventually may improve our un-
derstanding of the ECT’s therapeutic actions.

IMPAIRED NEUROPLASTICITY IN DEPRESSION

Brain plasticity is a generic term that refers to the brain’s ability
to change and adapt as a result of experience. It is seen at
multiple levels, including molecular and cellular alterations,
synaptic connectivity, and changes in large-scale brain net-
works. Depression has been characterized by a failure or
downregulation of neuroplasticity (15,16). This is based on
work in animal models showing reduced dendritic complexity
and synaptic loss in the prefrontal cortex (PFC) and the hip-
pocampus (17,18), respectively, as well as impaired hippo-
campal neurogenesis (19). Equivalently, postmortem
investigations in subjects with depression have demonstrated
reduced number of granule cells in the dentate gyrus, a stem-
cell containing niche of the hippocampus (20,21), and reduced
neuronal size and number of spine synapses in the PFC (22).
These microanatomical changes may translate into volumetric
reductions of gross anatomical ROIs measured using MRI.
Accordingly, reduced hippocampal and PFC volume are two of
the most replicated findings in MRI studies of depression,
especially in patients experiencing an early onset or recurrent
episodes (23,24). Depression is also associated with changes
in the functional and structural connectivity of large-scale brain
networks (25–27). Interestingly, such network alterations have
recently been linked to lower synaptic density in a combined
synaptic vesicle glycoprotein 2A (SV2A) ligand positron emis-
sion tomography and MRI study (28), suggesting a plausible
biological underpinning. The cellular and neuroimaging find-
ings are presumed to result from decreased levels of neuro-
trophins (16,29) and altered levels of proinflammatory
cytokines (30) possibly related to stress and hypercortisolemia
(16,31). Although speculative, a lower plastic potential may
impair cognitive flexibility and the regulatory control of
stimulus-driven affective processing (32), which may translate
into the rigidity and repetitive negative thought patterns
commonly seen in depression.

MRI STUDIES OF ECT IN DEPRESSION

T1 Structural MRI

Recent theoretical conceptualizations suggest that antide-
pressants, including ECT, may act through reversing a neu-
roplasticity deficit in depression (33,34). Given that MRI
volumetric reductions in depression to some extent reflect
reduced or impaired neuroplasticity, successful treatment may
reverse these volumetric deficits. ECT-mediated changes of
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gray matter are derived from T1-weighted images acquired
before and after treatment and estimated using either a data-
driven whole-brain approach or an ROI approach. The major-
ity of volumetric studies have focused on temporal lobe
structures, most notably the hippocampus and the amygdala.
These studies generally observed an increase in hippocampus
and/or amygdala volume after treatment (12,35–59), although a
few exceptions exist (8,9,60). The findings are further corrob-
orated by recent meta- and mega-analyses reporting volume
increases up to 4%–5% (61,62) for the hippocampus and 5%–

6% (63) for the amygdala. The volumetric expansions are
positively associated with number of ECTs (61) and may be
mediated, at least partly, by the strength of the electrical field
(64). The volumetric changes have been further delineated to
mainly the gray matter subfields of the hippocampus
(37,39,49,65–67) and the basolateral nuclei of the amygdala
(39).

Beyond the hippocampus-amygdala complex, increase of
gray matter volume or cortical thickness in temporal cortex
(36,39,41,44,50,53,68,69), insula (36,39,41,44,53,69,70), ante-
rior cingulate cortex (36,38,41,50,55,68,70), medial prefrontal
cortex (41,53,68), striatum (36,39,45,46,71,72), postcentral
gyrus (41,73), fusiform gyrus (68,70), limbic cerebellum (74),
and the supplementary motor cortex (73) have also been re-
ported after treatment. As most studies used a right unilateral
electrode placement, findings are more frequently reported in
the right hemisphere, which aligns with the distribution of
electric field strength (64). Together, the results of these
studies indicate volumetric enlargement of several cortico-
limbic brain regions (Figure 1A); however, until recently, the
pattern of whole-brain structural alterations after ECT
remained unresolved.

Thus, to investigate changes in whole-brain gray matter, the
Global ECT-MRI Research Collaboration performed a multisite
mega-analysis of individual-level subject data. With the largest
sample size to date (N = 328), the authors reported gray matter
volumetric changes in most cortical and subcortical ROIs, with
the exception of the cerebellum (75). The volumetric expansion
of all subcortical ROIs negatively correlated with total ventricle
size, indicating that the increase of subcortical gray matter may
be at the expense of cerebrospinal fluid spaces. The study
explains why earlier work suggested anatomical specificity of
gross volumetric effects, which could be due to their limited
statistical power to detect the full range of gray matter change.
Furthermore, the results suggest that morphological alter-
ations in the immediate aftermath of treatment are not
restricted to specific depression circuits but instead may
represent a mixture of therapeutically relevant and nonrelevant
effects.

In addition to the focus on a selected number of ROIs, most
studies have compared baseline MRIs with MRIs acquired
within 2 weeks after treatment completion. Understanding the
time-dependency of the MRI effects is important, as this may
point toward their neurobiological underpinning as well as their
clinical relevancy. Based on a limited number of studies,
volumetric increases could be present already after two ECT
sessions (52), with further increases after the remainder of the
ECT series (52). Moreover, existing evidence suggests that the
volumetric expansions are transient, with a return to baseline
of both the hippocampal and PFC volumes by 3–12 months

http://www.sobp.org/journal


Figure 1. Density of studies reporting electro-
convulsive therapy–related volume and mean diffu-
sivity (MD) changes. (A) Summary of T1 magnetic
resonance imaging studies reporting whole-brain or
regional volumetric increases (blue color) before and
after electroconvulsive therapy. Color intensity refers
to the number of studies reporting volumetric in-
crease for the anatomical region. Shaded areas
indicate conflicting results. Results from different
hemispheres were combined. (B) Summary of
diffusion-weighted imaging studies reporting
changes in MD before and after electroconvulsive
therapy. Blue color indicates MD decrease, while red
color indicates MD increase. Color intensity refers to
the number of studies reporting MD changes in the
anatomical region. Results from different hemi-
spheres were combined. AMY, amygdala; CNG,
cingulate cortex; FL, frontal lobe; FL WM, anterior
thalamic radiations, minor forceps, and anterior
cingulum bundle; HIP, hippocampus; HIP WM, hip-
pocampal white matter tracts; HYT, hypothalamus;
IFOF, inferior fronto-occipital fasciculus; ILF, inferior
longitudinal fasciculus; PL, parietal lobe; PLIC, pos-
terior limb of the internal capsule; PUT, putamen; TL,
temporal lobe; UF, uncinate fasciculus.
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(35,45,53,65,66,76). Notably, no study has investigated the full
spectrum of anatomical ROIs; thus, it remains to be estab-
lished whether the return to baseline is global or shows
regional specificity. In addition, extended data sampling from
individual subjects will be necessary to understand the emer-
gence and resolution of the structural effects at a finer scale
and at the individual level.

How the changes in gray matter indices relate to clinical
response remains debated. Some of the earliest studies
reported a correlation between baseline hippocampal vol-
ume or the hippocampal volumetric increase and the
reduction in depressive symptoms (38,52). However, the
majority of studies have failed to find an association
(35,42,45,47,48,50,51,59,61,64,75). The lack of association
could be related to the notion that the hippocampus is a het-
erogeneous entity. Thus, clinical response may selectively
pertain to structural changes in anterior subregions (77) or the
dentate gyrus (67,78). Beyond the hippocampal complex, the
baseline volume or the volumetric change of several cortical
[i.e., orbitofrontal (53), inferior frontal gyrus (79)], anterior
cingulate cortex (38,40,50), temporal (50,68), insula (69), and
subcortical [amygdala (52), striatum (46,71)] ROIs have also
been linked to the clinical efficacy of ECT, yet these varying
findings generally await replication in larger samples. Alterna-
tively, clinical effect may be driven by the simultaneous change
of several anatomical regions, which could be tested through
the use of machine learning. The majority of machine learning
studies so far have been modestly successful, using volumetric
change (80), baseline surface-based morphometry (81,82), or
B

multimodal fusion (83). With refinement of analyses and larger
sample sizes, these methods may bring novel insight into
possible anatomical correlates of clinical response.
Diffusion-Weighted Imaging

Studies of whole-brain or regional gray matter volume changes
on ECT treatment are important; however, they do not inform
us regarding the underlying tissue properties. Thus, to under-
stand the biological underpinning of the volumetric changes,
DWI can be useful. DWI measures the restriction of freely
moving water molecules in tissue and uses these restrictions
to infer the organization of the tissue. If modeled with an
ellipsoid shape, represented by a tensor, metrics such as
fractional anisotropy (FA), mean diffusivity (MD), radial diffu-
sivity, and axial diffusivity can be derived (84–86).

With regard to brain white matter, early work suggested a
significant increase in FA of the anterior cingulum, forceps
minor, and left superior longitudinal fasciculus after the
treatment series (87), in addition to a more general increase in
frontal white matter FA (88) (Figure 1B). While biologically
unspecific, the increased FA supported increased integrity of
white matter tracts in these corticolimbic regions. However,
the findings have not been replicated in more recent studies
(10,60,89), which instead showed increased MD in wide-
spread white matter tracts (10,89) (Figure 1B). At the micro-
structural level, increased MD may represent an increase in
the amount of extracellular fluid in white matter or alterna-
tively reduced integrity of the white matter parenchyma itself
iological Psychiatry - -, 2021; -:-–- www.sobp.org/journal 3
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(84). The clinical translation of the DWI findings is presently
limited. Early work found treatment-related increases in FA
and decreases in MD in dorsal frontolimbic circuits to be
associated with decreased depression severity (87). However,
subsequent whole-brain studies failed to find any associa-
tions between white matter MD or FA and clinical response
(10,60,89).

Although mostly used to delineate brain white matter, DWI
can also be used to investigate gray matter properties.
Accordingly, a reduction of average gray matter MD in amyg-
dala and hippocampal ROIs is consistently reported (59,90,91)
after ECT (Figure 1B). Reduced MD has also been observed in
anterior hippocampal pathways (92). The reduction is not
observed after one ECT session (92) or at 4 weeks after
treatment (59). Moreover, it may be independent of the
concomitant volumetric expansion of these anatomical regions
(91). Reduced gray matter MD suggests a shift in tissue
properties with an increased proportion of water molecules in
compartments with more restricted diffusion and may signify
an increase in the number of cells, dendrites, or axons in the
amygdala and the hippocampus (84). Similar to white matter
DWI investigations, studies linking amygdala and/or hippo-
campus MD and clinical response have also produced mixed
results (59,90–92).

Magnetic Resonance Spectroscopy

Changes in brain macro- and microstructure are likely to be
preceded or followed by changes in brain metabolites. In
humans, concentrations of metabolites in the brain can be
measured using proton magnetic resonance spectroscopy.
Measurements are performed within a specific volume, a voxel,
with the anatomical placement varying between studies (i.e.,
hippocampal, anterior cingulate cortex, prefrontal cortex, or
occipital cortex). Although results are mixed (55,93–101), and
many studies do not report on all metabolites within the
spectra, a reduction in N-acetylaspartate (NAA) was reported
in six studies (55,95,98–101). The finding is difficult to reconcile
with a theory that only comprises plasticity enhancing effects
(102). A decrease in NAA is often paralleled by an increase in
choline in clinical radiology, and increased choline has indeed
been reported by some proton magnetic resonance spec-
troscopy investigations (93,94,101) after ECT. Although two
studies reported increased NAA in responders only (95,97),
alterations in NAA have generally not been associated with
clinical response.

The seizure threshold is known to increase during an
ECT treatment series (103,104), which supports the hy-
pothesis that ECT mediates antidepressant efficacy through
anticonvulsive mechanisms (105). Increased GABAergic
(gamma-aminobutyric acidergic) transmission would provide
additional support for ECT’s anticonvulsant properties. Early
work supported this notion with increased GABA concen-
trations after an ECT series (106). However, more recent
work has not found significant changes in GABA on treat-
ment completion (99,107). In contrast, ECT may affect
excitatory neurotransmission (55,95–97,100,101,108), which
is suggested by recent studies reporting an increase in
glutamate or Glx (glutamate1glutamine) after ECT
(96,97,100,101,108).
4 Biological Psychiatry - -, 2021; -:-–- www.sobp.org/journal
THE BIOLOGICAL SIGNIFICANCE OF THE MRI
FINDINGS

Several biological processes have been proposed to underlie
the MRI structural effects, but among them, neuroplasticity,
including augmented neurogenesis, has received most atten-
tion recently. The neuroplasticity hypothesis is based on work
in preclinical animal models suggesting a dose-dependent
increase of neurogenesis in the dentate gyrus of the hippo-
campus after electroconvulsive stimulation [the animal model
of ECT (109)]. Importantly, interfering with this neurogenic
process blocks the antidepressant effect (110) [but see (111)].
Although increased neurogenesis may not be exclusive to ECT
treatment, the neurogenic effect of electroconvulsive stimula-
tion exceeds that of antidepressant medications, and the onset
is faster, being comparable to the superior and fast onset ef-
fects of ECT (112). ECT may operate by inducing neurogenesis
in humans as well; however, neurogenesis is not likely to be the
main mediating factor of the T1 gray matter volumetric effects.
First, the volumetric changes induced by neurogenesis are
expected to be microscopic and confined to a few anatomical
structures (113,114). Thus, neurogenesis cannot explain the
global volumetric changes reported in recent MRI studies.
Second, discrepant hippocampal volumes in animal models of
depression are largely explained by differences in neuropil and
glial cell numbers, while deficits in neuronal number contrib-
utes to a lesser extent (115). Third, the timing of effects makes
neurogenesis as the principal mediator of the volumetric
changes unlikely. While structural changes may be seen even
after two ECT sessions (52), the maturation, migration, and
integration of newborn neurons into functional circuits takes
place over several months (116).

Beyond neurogenesis, a plethora of other plastic processes
have been reported in animal models of ECT, including syn-
aptogenesis, dendrogenesis, dendritic arborization, glio-
genesis, mossy fiber sprouting, and angiogenesis (117–119).
Notably, these neuroplastic processes are closely inter-
connected through the actions of trophic factors and are not
restricted to the hippocampal complex. Among the various
plastic processes, shifts in cumulative length of dendrites and
dendritic spine density have recently been associated with the
gray matter density signal in voxel-based morphometry (120)
or gray matter volume (121). This is arguably in line with studies
linking electrical field strength to dendritic arborization in ani-
mal models (122). Moreover, MRI-detectable volumetric
changes in relation to psychopathology and learning have both
been correlated with the synaptic marker GAP43 (123,124),
which is essential for the growth, regeneration, and function of
neurites (i.e., dendrites and axons). These various lines of ev-
idence suggest an effect of ECT on neurites, which accords
with the DWI studies investigating gray matter properties.

Although commonly interpreted to reflect augmented neu-
roplasticity, the volumetric expansions could also reflect fluid
shifts. Indeed, the volumetric changes may be driven by
changes in blood flow, as the T1 relaxation times for arterial
blood and gray matter are not clearly distinguishable (125).
Accordingly, a recent study using arterial spin labeling reported
that ROIs with significant volumetric enlargements also
exhibited increased blood flow after ECT (126). Alternatively,
an increase of fluids in the extracellular space (i.e., vasogenic
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edema) secondary to the hypertensive surge and a possible
breach of the blood-brain barrier (127) could also explain the
volumetric expansion. However, this is not supported by
studies investigating gray matter MD, which instead suggest
an increased volume fraction of more restricted water pools in
subcortical gray matter after treatment (59,90,91). Although
speculative, the findings may reflect neuroplastic changes
leading to greater occupation and hence restriction of water
molecules in the extracellular space (84,85). Taken together, a
multitude of plastic processes may contribute to the MRI-like
plasticity after ECT; however, the type and extent remain un-
determined and may show regional variability. As such, brain
regions exhibiting the greatest volumetric alterations may be
those subjected to several plastic processes, which makes
gross volumetric change more readily detectable (128).

Notably, not all MRI findings fit with the neuroplasticity
conceptualization, and indeed, there is evidence to support
that ECT also has transient disruptive effects on brain function
and structure. Early work in animal models reported electro-
convulsive stimulation to cause a reversible loss of long-term
potentiation (LTP) in the hippocampus (129,130). LTP is a
process by which synaptic connections are strengthened,
producing a long-lasting increase in signal transmission be-
tween neurons. Because LTP is likely to be the process by
which information is stored in the brain, a temporary loss of
LTP may be related to some of ECT’s side effects (e.g.,
confusion, amnesia). More importantly, these preclinical and
clinical observations support a temporary disruption of brain
function on treatment. Likewise, reports of decreased levels of
NAA (55,95,98–101) [and, to some extent, increased levels of
choline (93,94,101)] are also difficult to reconcile with a
mechanistic model that only entails plasticity enhancing ef-
fects. A decrease in the NAA peak suggests reduced neuronal
integrity after ECT (131). Notably, reduced neuronal integrity is
likely to affect the connectivity of large-scale neuronal net-
works. Although not included in this review, several studies
have indeed reported reduced resting-state functional con-
nectivity after ECT (132–134), which in some patients may be
paralleled by changes in corresponding structural pathways
(10). Notably, reduced functional connectivity has been related
to cognitive side effects by some (134). As such, the brain
disruptive effects may underlie both the rapid clinical response
and the side effects, which is further suggested by studies
reporting associations between duration of postictal confusion
and clinical outcome (135) as well as between postictal
confusion and ECT-mediated cognitive impairments (136). The
temporary disruption may act on neural circuits, which pro-
motes the rigid negative bias of attention, memory, in-
terpretations, and self-representations, allowing these to
rewire in nondepressed states (32). However, disruption
beyond the neural circuits maintaining depressive symptoms
[likely related to dose (137)] may add side effects without
further symptom reduction.
CONCLUSION AND FUTURE DIRECTIONS

This review focuses on MRI structural and biochemical
changes associated with ECT. Based on the reviewed litera-
ture, we show that ECT causes broad volumetric expansions of
brain gray matter in the post-treatment phase, which is likely to
B

represent a mixture of therapeutic and nontherapeutic ECT-
induced effects. Accordingly, attempts to link the gray matter
volumetric changes to clinical response have produced mixed
results. Measurements of gray matter diffusivity suggest that
the changes are not due to fluid shifts, but instead represent
plastic changes in the parenchyma itself. However, the exact
biological underpinning of the volumetric expansions remains
to be established. In contrast, investigations of the brain’s
metabolite spectra, white matter properties, and functional
connectivity suggest that ECT also has disruptive effects.
Thus, we propose a mechanistic model, which includes a
temporary disruption followed by augmented neuroplasticity
and rewiring (Figure 2A, B). Indeed, while neuroplastic effects
have been postulated before, we here suggest a sequential
model that includes the cause and the consequence of the
neuroplasticity enhancement. Notably, there are likely to be
optimal levels of disruption and neuroplasticity, which pro-
duces sufficient antidepressant response with minimal side
effects, and these optimal levels may be related to ECT dose
(i.e., electric stimulation and seizure characteristics). Thus, ECT
dose may have to be individually tailored to obtain remission
while simultaneously ensuring cognitive safety (Figure 2C, D).

While the theoretical basis and the indirect evidence for our
model may at first seem compelling, the model needs to be
tested more rigorously in future studies. These studies should
aim to study the brain at a higher resolution, which is made
possible by some of the latest advances in MRI acquisition,
image processing, and modeling. Combined with animal
studies, such methods may delineate the biological processes,
one element at a time. Alterations in synaptic connections may
be assessed by studies of the individual functional con-
nectome (138–140), preferably in combination with SV2A
ligand positron emission tomography, which (indirectly) mea-
sures synaptic densities. We hypothesize that ECT’s disruptive
effects lead to a loss of individual connectome stability early in
the treatment course, possibly reflecting changes in interneu-
ronal communication at the level of brain synapses (129,130).
These effects may be paralleled by regional reductions of
SV2A density. Moreover, we propose that the disruption and
neuroplasticity enhancement should be linked; thus, the de-
gree of connectome instability early in the treatment course
should predict later increases in regional synaptic density as
measured by SV2A ligand positron emission tomography. To
further investigate neuroplasticity, we suggest using the latest
advances in DWI, which combine multishell acquisition with
refined modeling [e.g., neurite orientation dispersion and
density imaging (141), restricted spectrum imaging (142), and
spherical mean technique multicompartment (143)]. These
techniques may provide valuable information regarding
changes in the amount of neuropil after ECT treatment and
may show cumulative effects over the course of an ECT
treatment series. Finally, although the electrical field seems
important for the gray matter changes (64), the role of the
seizure characteristics needs further study (144,145).

Notably, existing studies of ECT’s morphometric and
biochemical effects have produced mixed results, which is
likely to reflect clinical and demographic differences between
the data samples in combination with different data processing
and analyses pipelines. The variability of results is reinforced
by the small sample sizes of most studies. Thus, to increase
iological Psychiatry - -, 2021; -:-–- www.sobp.org/journal 5
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Figure 2. Disrupt, potentiate, and rewire. This
figure illustrates the proposed mechanistic model.
The model assumes that the subject has the po-
tential to respond to electroconvulsive therapy (ECT)
and does not address nonresponse despite
adequate dosing. (A) Exemplary Electroconvulsive
Therapy–Magnetic Resonance Imaging study pro-
tocol. Number of ECTs depends on the clinical
response and judgment of the treating ECT practi-
tioner and are usually performed within a period of
2–6 weeks (—.). Magnetic resonance imaging is
typically acquired within 1 week before and within 2
weeks after the treatment series. (B) Proposed
model integrating the effects of ECT at ideal dosing.
Before treatment (left side of x-axis), the brain is in a
depressed state, characterized by high symptom
load and possibly low plastic potential (reduced
neurotrophic factors). Each session of ECT (elec-
trical stimulation and seizure) constitutes a tempo-
rary disruption (gray curve; peaks with exponential
decay) of brain function (postictal confusion, etc.)
with corresponding physiological effects (reduced
N-acetylaspartate, functional connectivity, and white
matter integrity). The brain’s response to the

disruptive effects is a temporary enhancement of neuroplasticity (green line), which may lead to an increase in volume of gray matter (green line). The disruption
and neuroplastic effects in combination lead to rewiring of neural circuits underlying depressive symptoms (blue line). During optimal dosing, neural circuits
implicated in cognition are minimally affected (red line). Note that the lines represent mean change over time and are not necessarily representative of each ECT
session. (C) Excessive ECT dosing (high electric field strength, very long seizure duration) will result in long postictal recovery, more widespread disruptive
effects (affecting circuits implicated in depression and cognition), and possibly more extensive volumetric effects. The clinical outcome will be antidepressant
response with cognitive impairment. (D) Insufficient ECT dosing (low electric field strength, very short seizure duration) will result in short postictal recovery
times, limited disruption, and insufficient changes in neuroplasticity. The clinical outcome will be minimal antidepressant response and no side effects.
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replication, there is a need for prospective collaborative efforts
aiming to collect harmonized in-depth clinical and de-
mographic information, as well as using a harmonized imaging
protocol. In addition, attempts to harmonize the way ECT is
administered, including electric dosage and electrode place-
ment, will also be important to discover the neurobiological
mechanisms related to its therapeutic action.

In summary, although preclinical animal models have been
useful in understanding the working mechanisms of ECT in
depression, human MRI studies are important to delineate
which aspects can be translated and which aspects may be
unique to human populations. Based on the reviewed litera-
ture, we propose a model in which brain disruption, plasticity
potentiation, and rewiring occur in sequence and ultimately
explain immediate, short-, and long-term effects of ECT.
Although evidence for our model is indirect, it may be a
framework for understanding the neurobiological underpinning
of ECT’s therapeutic effects and derive new testable hypoth-
eses, which ultimately may bring the field forward.
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98. Tosun Ş., Tosun M, Akansel G, Gökbakan AM, Ünver H, Tural Ü.
(2020): Proton magnetic resonance spectroscopic analysis of
changes in brain metabolites following electroconvulsive therapy in
patients with major depressive disorder. Int J Psychiatry Clin Pract
24:96–101.

99. Knudsen MK, Near J, Blicher AB, Videbech P, Blicher JU (2019):
Magnetic resonance (MR) spectroscopic measurement of g-amino-
butyric acid (GABA) in major depression before and after electro-
convulsive therapy. Acta Neuropsychiatr 31:17–26.

100. Njau S, Joshi SH, Espinoza R, Leaver AM, Vasavada M, Marquina A,
et al. (2017): Neurochemical correlates of rapid treatment response to
electroconvulsive therapy in patients with major depression.
J Psychiatry Neurosci 42:6–16.

101. Zhang J, Narr KL, Woods RP, Phillips OR, Alger JR, Espinoza RT
(2013): Glutamate normalization with ECT treatment response in
major depression. Mol Psychiatry 18:268–270.

102. Erchinger VJ, Ersland L, Aukland SM, Abbott CC, Oltedal L (2021):
Magnetic resonance spectroscopy in depressed subjects treated
with electroconvulsive therapy-A systematic review of literature.
Front Psychiatry 12:608857.

103. Coffey CE, Lucke J, Weiner RD, Krystal AD, Aque M (1995): Seizure
threshold in electroconvulsive therapy (ECT) II. The anticonvulsant
effect of ECT. Biol Psychiatry 37:777–788.

104. Krystal AD, Coffey CE, Weiner RD, Holsinger T (1998): Changes in
seizure threshold over the course of electroconvulsive therapy affect
therapeutic response and are detected by ictal EEG ratings.
J Neuropsychiatry Clin Neurosci 10:178–186.

105. Sackeim HA (1999): The anticonvulsant hypothesis of the mecha-
nisms of action of ECT: Current status. J ECT 15:5–26.

106. Sanacora G, Mason GF, Rothman DL, Hyder F, Ciarcia JJ,
Ostroff RB, et al. (2003): Increased cortical GABA concentrations
in depressed patients receiving ECT. Am J Psychiatry 160:577–
579.

107. Erchinger VJ, Miller J, Jones T, Kessler U, Bustillo J, Haavik J, et al.
(2020): Anterior cingulate gamma-aminobutyric acid concentrations
and electroconvulsive therapy. Brain Behav 10:e01833.

108. Pfleiderer B, Michael N, Erfurth A, Ohrmann P, Hohmann U,
Wolgast M, et al. (2003): Effective electroconvulsive therapy reverses
glutamate/glutamine deficit in the left anterior cingulum of unipolar
depressed patients. Psychiatry Res 122:185–192.

109. Madsen TM, Treschow A, Bengzon J, Bolwig TG, Lindvall O,
Tingström A (2000): Increased neurogenesis in a model of electro-
convulsive therapy. Biol Psychiatry 47:1043–1049.

110. Santarelli L, Saxe M, Gross C, Surget A, Battaglia F, Dulawa S, et al.
(2003): Requirement of hippocampal neurogenesis for the behavioral
effects of antidepressants. Science 301:805–809.

111. Olesen MV, Wörtwein G, Folke J, Pakkenberg B (2017): Electrocon-
vulsive stimulation results in long-term survival of newly generated
hippocampal neurons in rats. Hippocampus 27:52–60.

112. Malberg JE, Eisch AJ, Nestler EJ, Duman RS (2000): Chronic anti-
depressant treatment increases neurogenesis in adult rat hippo-
campus. J Neurosci 20:9104–9110.

113. Sierra A, Encinas JM, Maletic-Savatic M (2011): Adult human neu-
rogenesis: From microscopy to magnetic resonance imaging. Front
Neurosci 5:47.

114. Kornack DR, Rakic P (1999): Continuation of neurogenesis in the
hippocampus of the adult macaque monkey. Proc Natl Acad Sci U S
A 96:5768–5773.

115. Willard SL, Riddle DR, Forbes ME, Shively CA (2013): Cell number
and neuropil alterations in subregions of the anterior hippocampus
in a female monkey model of depression. Biol Psychiatry 74:890–
897.

116. Kohler SJ, Williams NI, Stanton GB, Cameron JL, Greenough WT
(2011): Maturation time of new granule cells in the dentate gyrus of
adult macaque monkeys exceeds six months. Proc Natl Acad Sci U S
A 108:10326–10331.
iological Psychiatry - -, 2021; -:-–- www.sobp.org/journal 9

http://refhub.elsevier.com/S0006-3223(21)01340-8/sref78
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref78
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref79
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref79
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref79
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref79
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref80
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref80
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref80
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref80
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref81
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref81
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref81
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref81
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref82
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref82
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref82
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref82
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref83
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref83
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref83
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref84
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref84
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref85
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref85
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref86
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref86
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref86
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref87
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref87
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref87
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref88
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref88
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref88
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref88
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref89
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref89
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref89
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref89
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref90
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref90
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref90
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref90
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref91
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref91
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref91
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref91
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref92
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref92
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref92
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref92
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref93
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref93
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref93
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref93
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref94
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref94
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref94
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref94
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref95
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref95
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref95
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref95
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref96
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref96
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref96
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref96
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref97
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref97
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref97
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref97
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref97
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref98
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref98
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref98
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref98
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref98
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref98
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref99
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref99
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref99
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref99
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref100
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref100
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref100
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref100
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref101
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref101
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref101
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref102
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref102
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref102
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref102
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref103
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref103
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref103
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref104
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref104
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref104
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref104
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref105
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref105
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref106
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref106
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref106
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref106
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref107
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref107
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref107
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref108
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref108
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref108
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref108
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref109
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref109
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref109
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref110
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref110
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref110
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref111
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref111
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref111
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref112
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref112
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref112
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref113
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref113
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref113
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref114
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref114
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref114
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref115
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref115
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref115
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref115
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref116
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref116
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref116
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref116
http://www.sobp.org/journal


MRI Studies of ECT in Depression
Biological
Psychiatry
117. Hellsten J, West MJ, Arvidsson A, Ekstrand J, Jansson L,
Wennström M, Tingström A (2005): Electroconvulsive seizures induce
angiogenesis in adult rat hippocampus. Biol Psychiatry 58:871–878.

118. Wennström M, Hellsten J, Tingström A (2004): Electroconvulsive
seizures induce proliferation of NG2-expressing glial cells in adult rat
amygdala. Biol Psychiatry 55:464–471.

119. Vaidya VA, Siuciak JA, Du F, Duman RS (1999): Hippocampal mossy
fiber sprouting induced by chronic electroconvulsive seizures.
Neuroscience 89:157–166.

120. Keifer OP, Hurt RC, Gutman DA, Keilholz SD, Gourley SL, Ressler KJ
(2015): Voxel-based morphometry predicts shifts in dendritic spine
density and morphology with auditory fear conditioning. Nat Com-
mun 6:7582.

121. Kassem MS, Lagopoulos J, Stait-Gardner T, Price WS, Chohan TW,
Arnold JC, et al. (2013): Stress-induced grey matter loss determined
by MRI is primarily due to loss of dendrites and their synapses. Mol
Neurobiol 47:645–661.

122. Smitha JS, Roopa R, Khaleel N, Kutty BM, Andrade C (2014): Images
in electroconvulsive therapy: Electroconvulsive shocks dose-
dependently increase dendritic arborization in the CA1 region of the
rat hippocampus. J ECT 30:191–192.

123. Lerch JP, Yiu AP, Martinez-Canabal A, Pekar T, Bohbot VD,
Frankland PW, et al. (2011): Maze training in mice induces MRI-
detectable brain shape changes specific to the type of learning.
Neuroimage 54:2086–2095.

124. Golub Y, Kaltwasser SF, Mauch CP, Herrmann L, Schmidt U,
Holsboer F, et al. (2011): Reduced hippocampus volume in the
mouse model of Posttraumatic Stress Disorder. J Psychiatr Res
45:650–659.

125. Franklin TR, Wang Z, Shin J, Jagannathan K, Suh JJ, Detre JA, et al.
(2013): A VBM study demonstrating ‘apparent’ effects of a single
dose of medication on T1-weighted MRIs. Brain Struct Funct 218:97–
104.

126. Leaver AM, Vasavada M, Joshi SH, Wade B, Woods RP, Espinoza R,
Narr KL (2019): Mechanisms of antidepressant response to electro-
convulsive therapy studied with perfusion magnetic resonance im-
aging. Biol Psychiatry 85:466–476.

127. Andrade C, Bolwig TG (2014): Electroconvulsive therapy, hyperten-
sive surge, blood-brain barrier breach, and amnesia: Exploring the
evidence for a connection. J ECT 30:160–164.

128. Sackeim HA (2020): The impact of electroconvulsive therapy on brain
grey matter volume: What does it mean? Brain Stimul 13:1226–1231.

129. Hesse GW, Teyler TJ (1976): Reversible loss of hippocampal long
term potentiation following electronconvulsive seizures. Nature
264:562–564.

130. Stewart C, Jeffery K, Reid I (1994): LTP-like synaptic efficacy
changes following electroconvulsive stimulation. NeuroReport
5:1041–1044.

131. Stagg C, Rothman DL (2014): Magnetic Resonance Spectroscopy:
Tools for Neuroscience Research and Emerging Clinical Applications.
London: Academic Press.
10 Biological Psychiatry - -, 2021; -:-–- www.sobp.org/journal
132. Perrin JS, Merz S, Bennett DM, Currie J, Steele DJ, Reid IC,
Schwarzbauer C (2012): Electroconvulsive therapy reduces frontal
cortical connectivity in severe depressive disorder. Proc Natl Acad
Sci U S A 109:5464–5468.

133. Argyelan M, Lencz T, Kaliora S, Sarpal DK, Weissman N,
Kingsley PB, et al. (2016): Subgenual cingulate cortical activity pre-
dicts the efficacy of electroconvulsive therapy. Transl Psychiatry
6:e789.

134. Bai T, Wei Q, Xie W, Wang A, Wang J, Ji GJ, et al. (2019): Hippo-
campal-subregion functional alterations associated with antidepres-
sant effects and cognitive impairments of electroconvulsive therapy.
Psychol Med 49:1357–1364.

135. Magne Bjølseth T, Engedal K, �Saltyt _e Benth J, Bergsholm P,
Strømnes Dybedal G, Lødøen Gaarden T, Tanum L (2016): Speed of
recovery from disorientation may predict the treatment outcome of
electroconvulsive therapy (ECT) in elderly patients with major
depression. J Affect Disord 190:178–186.

136. Sackeim HA, Prudic J, Devanand DP, Nobler MS, Lisanby SH,
Peyser S, et al. (2000): A prospective, randomized, double-blind
comparison of bilateral and right unilateral electroconvulsive ther-
apy at different stimulus intensities. Arch Gen Psychiatry 57:425–434.

137. Abbott CC, Quinn D, Miller J, Ye E, Iqbal S, Lloyd M, et al. (2021):
Electroconvulsive therapy pulse amplitude and clinical outcomes. Am
J Geriatr Psychiatry 29:166–178.

138. Ousdal OT, Kaufmann T, Kolskår K, Vik A, Wehling E, Lundervold AJ,
et al. (2020): Longitudinal stability of the brain functional connectome
is associated with episodic memory performance in aging. Hum Brain
Mapp 41:697–709.

139. Finn ES, Shen X, Scheinost D, Rosenberg MD, Huang J, Chun MM,
et al. (2015): Functional connectome fingerprinting: Identifying in-
dividuals using patterns of brain connectivity. Nat Neurosci 18:1664–
1671.

140. Kaufmann T, Alnæs D, Doan NT, Brandt CL, Andreassen OA,
Westlye LT (2017): Delayed stabilization and individualization in
connectome development are related to psychiatric disorders. Nat
Neurosci 20:513–515.

141. Zhang H, Schneider T, Wheeler-Kingshott CA, Alexander DC (2012):
NODDI: Practical in vivo neurite orientation dispersion and density
imaging of the human brain. Neuroimage 61:1000–1016.

142. White NS, Leergaard TB, D’Arceuil H, Bjaalie JG, Dale AM (2013):
Probing tissue microstructure with restriction spectrum imaging:
Histological and theoretical validation. Hum Brain Mapp 34:327–346.

143. Kaden E, Kruggel F, Alexander DC (2016): Quantitative mapping of
the per-axon diffusion coefficients in brain white matter. Magn Reson
Med 75:1752–1763.

144. Fink M (2014): The seizure, not electricity, is essential in convulsive
therapy: The flurothyl experience. J ECT 30:91–93.

145. Luber B, Nobler MS, Moeller JR, Katzman GP, Prudic J,
Devanand DP, et al. (2000): Quantitative EEG during seizures induced
by electroconvulsive therapy: Relations to treatment modality and
clinical features. II. Topographic analyses. J ECT 16:229–243.

http://refhub.elsevier.com/S0006-3223(21)01340-8/sref117
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref117
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref117
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref118
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref118
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref118
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref119
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref119
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref119
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref120
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref120
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref120
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref120
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref121
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref121
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref121
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref121
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref122
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref122
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref122
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref122
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref123
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref123
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref123
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref123
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref124
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref124
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref124
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref124
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref125
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref125
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref125
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref125
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref126
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref126
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref126
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref126
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref127
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref127
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref127
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref128
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref128
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref129
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref129
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref129
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref130
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref130
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref130
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref131
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref131
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref131
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref132
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref132
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref132
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref132
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref133
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref133
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref133
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref133
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref134
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref134
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref134
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref134
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref135
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref135
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref135
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref135
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref135
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref135
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref135
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref136
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref136
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref136
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref136
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref137
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref137
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref137
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref138
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref138
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref138
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref138
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref139
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref139
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref139
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref139
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref140
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref140
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref140
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref140
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref141
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref141
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref141
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref142
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref142
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref142
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref143
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref143
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref143
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref144
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref144
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref145
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref145
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref145
http://refhub.elsevier.com/S0006-3223(21)01340-8/sref145
http://www.sobp.org/journal

	The Neurobiological Effects of Electroconvulsive Therapy Studied Through Magnetic Resonance: What Have We Learned, and Wher ...
	Impaired Neuroplasticity in Depression
	MRI Studies of ECT in Depression
	T1 Structural MRI
	Diffusion-Weighted Imaging
	Magnetic Resonance Spectroscopy

	The Biological Significance of the MRI Findings
	Conclusion and Future Directions
	References


