1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Biol Psychiatry. Author manuscript; available in PMC 2017 February 15.

-, HHS Public Access
«

Published in final edited form as:
Biol Psychiatry. 2016 February 15; 79(4): 282-292. doi:10.1016/j.biopsych.2015.02.029.

Structural plasticity of the hippocampus and amygdala induced
by electroconvulsive therapy in major depression

Shantanu H. Joshi, PhD?, Randall T. Espinoza, MD, MPHZ, Tara Pirnia, BS?, Jie Shi, PhD3,
Yalin Wang, PhD?3, Brandon Ayers, BS1, Amber Leaver, PhD!, Roger P. Woods, MD12, and
Katherine L. Narr, PhD1:2

1Ahmanson-Lovelace Brain Mapping Center, Department of Neurology, University of California at
Los Angeles, Los Angeles, CA

2Department of Psychiatry and Biobehavioral Sciences, University of Californi at Los Angeles,
Los Angeles, CA

3School of Computing, Informatics, and Decision Systems Engineering, Arizona State University,
AZ

Abstract

Background—Electroconvulsive therapy (ECT) elicits a rapid and robust clinical response in
patients with refractory depression. Neuroimaging measures of structural plasticity relating to and
predictive of ECT response may point to the mechanisms underlying rapid antidepressant effects
and establish biomarkers to inform other treatments. Here, we determine the effects of 1)
diagnosis and 2) ECT on global and local variations of hippocampal and amygdalar structure in
major depression and predictors of ECT-related clinical response

Methods—Longitudinal changes in hippocampal and amygdala structure were examined in
patients with major depression (N= 43, scanned thrice; prior to ECT, after the 24 ECT session,
and within one week of completing the ECT treatment series) referred for ECT as part of their
standard clinical care. Cross-sectional comparisons with demographically similar controls (N= 32,
scanned twice) established effects of diagnosis.

Results—~Patients showed smaller hippocampal volumes compared to controls at baseline (p<.
04). Both hippocampal and amygdalar volumes increased with ECT (p<.001) and in relation to
symptom improvement (p<.01). Hippocampal volume at baseline predicted subsequent clinical
response (p<.05). Shape analysis revealed pronounced morphometric changes in the anterior
hippocampus and basolateral and centromedial amygdala. All structural measures remained stable
across time in controls.
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Conclusions—ECT induced neuroplasticity in the hippocampus and amygdala relates to
improved clinical response and is pronounced in regions with prominent connections to
ventromedial prefrontal cortex and other limbic structures. Smaller hippocampal volumes at
baseline predict a more robust clinical response. Neurotrophic processes including neurogenesis
shown in preclinical studies may underlie these structural changes.
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INTRODUCTION

Major Depressive Disorder (MDD) affects millions of people each year and presents a
substantial societal and economic burden (1). Though amenable to treatment, up to two-
thirds of patients do not respond sufficiently to first-line therapies, which take weeks to
months to exert their effect; approximately a third remain unresponsive despite further
pharmacological interventions (2-5). Phenotypes relating to and/or predicting clinical
response may help identify the mechanisms underlying successful treatment and inform the
development of more effective or accessible fast acting therapeutic approaches (6). One
currently available treatment, ECT, has a rapid onset of effect and induces a substantial
clinical response (50-70%) in most eligible individuals (7, 8). Unlike medications that are
first absorbed into the blood to affect monoaminergic neurotransmitter systems and a
downstream antidepressant response, ECT may involve a more direct action on the central
nervous system (CNS). Thus, though used mostly in refractory depression, ECT is well
suited to determine the biological indicators of treatment response, not mediated or
confounded by systemic effects, over relatively short time intervals.

Mounting evidence suggests that structural variations of the hippocampus reflect clinical
state and relate to treatment response in MDD. Volume deficits are reported in first-episode
depression, though typically after illness onset (9), appear greater during a depressive
episode than in remission (10) and appear influenced by number of prior depressive episodes
(11). Existing data, though often cross-sectional, also suggest that pharmacotherapy protects
against disease-related volume reductions (12-16), at least in treatment responders (14, 16).
Notably, preliminary evidence from two recent regions-of-interest (ROI) studies examining
the effects of ECT on hippocampal (17) and amygdalar structure (18) both reported
increased substructure volume with ECT. However, neither study, which included
concurrent use of psychotropic medications (antidepressants and/or benzodiazepines),
showed relationships with clinical response. Therefore, it remains unclear if ECT-related
structural plasticity occurs solely as a consequence of seizure therapy or accounts for
improvements in depressive symptoms.

To expand on these early findings (17, 18), the current study examined treatment-related
changes in hippocampal and amygdalar structure in patients with experiencing a major
depressive episode (n=43) followed prospectively while receiving ECT. Patients were
assessed at three time points — prior to ECT, after the 2nd ECT and at completion of the
ECT treatment (index) series. To establish normative values, disease effects, and the
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variance associated with repeated measurements, demographically similar controls were
assessed at two time points; effects of diagnosis were determined by comparing patients and
controls at baseline. Since regional changes in hippocampal morphology may indicate
disease and/or treatment-related specificity (19), in addition to volume, local variations in
hippocampal and amygdalar shape were also investigated. Considering evidence that
connections of the hippocampus are organized in an anterior-posterior gradient (19, 20) and
the anterior hippocampus is more densely connected to ventro-medial prefrontal cortex
(vmPFC), anterior cingulate cortex (ACC) and the ventral striatum/pallidum, changes in
morphology were hypothesized to affect anterior hippocampal regions preferentially.

METHODS

Participants

Patients (N=43, 20 males and 23 females) were recruited from individuals scheduled to
receive ECT as part of their routine care at the University of California, Los Angeles
(UCLA) Resnick Neuropsychiatric Hospital. Patients included those with a DSM-IV TR
diagnosis of MDD (n=35) or of bipolar disorder (n=7) currently experiencing a DSM-IV TR
defined major depressive episode as confirmed by psychiatric evaluation and the Mini-
International Neuropsychiatric Interview (M.1.N.1.) (21). All patients had experienced two or
more major depressive episodes in the past and had failed to respond to a least two prior
standard antidepressant treatments. Patients with comorbid psychiatric disorders, dementia,
first episode depression, depression onset after 50 years of age, depression related to serious
medical illness, or any neuromodulation treatment (e.g., vagal nerve stimulation, repetitive
transcranial magnetic stimulation) within 6 months of the ECT index series, were excluded.
All patients were tapered off all psychotropic medications including antidepressants and
benzodiazepines (over a period of 48-72 hours) before enroliment and ECT treatment.

Demographically similar control subjects (N=32, 14 males and 18 females) were recruited
from the Los Angeles area. Controls received M.1.N.I. screening and were excluded for a
history of depression, other psychiatric or medical illness, and/or a history of antidepressant
use. Exclusion criteria for all subjects included history of alcohol or substance abuse within
the past 6 months and/or dependence within the past 12 months, any neurological disorder,
and contraindication to MRI scanning. All participants provided written informed consent
approved by the UCLA Institutional Review Board.

Procedures

Figure 1 depicts the study design. Patients were assessed at 3 time points: T1: <24 hours
before the first ECT treatment, T2: <24 hours after the third ECT treatment, and T3: within
one week of completing the ECT index series at transition to maintenance therapy at which
time medication treatment resumed if clinically indicated. Of the 43 patients examined at
T1, 36 and 29 patients completed T2 and T3 assessments respectively. Attrition was mostly
attributable to patient-initiated discontinuation of ECT or the inability to tolerate further
MRI scanning. Healthy controls completed two testing sessions (C1 and C2 including 32
and 30 subjects respectively) occurring 2-5 weeks apart, approximating the time interval
between the patient T1 and T3 assessments.
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ECT treatment

During the index series, ECT (5000Q MECTA Corp.) was administered three times a week,
using a standard protocol for general anesthesia (methohexital at 1mg/kg dosage) and for
paralysis (succinylcholine at 1mg/kg dosage). ECT followed the seizure threshold (ST)
titration method where after establishing the ST at the first ECT session, subsequent
treatments were delivered at 5x ST for right unilateral (RUL) d’Elia lead placement, using
an ultrabrief pulse-width (0.3msec), and at 1.5x ST for bilateral placement, using a brief
pulse-width (0.5msec). Thirty-two patients received RUL lead placement, 9 patients
received mixed RUL and bilateral lead placement and 2 patients received bilateral lead
placement during the treatment index series. The number of index ECT sessions was
individually determined (mean number of ECT treatments for patients completing the ECT
index treatment series: 11.45 sessions, 3.21 SD, range 7-22).

Clinical assessments

Patients received clinical assessments at each time point using the Hamilton Depression
Rating Scale (HAM-D), 17-item(22) and the Montgomery—Asberg Depression Rating Scale
(MADRS) (23). Since the HAM-D and MADRS are highly correlated, the HAM-D was
used as the primary measure of response (24). The Quick Inventory of Depressive
Symptomatology (QIDS) Self Report (25) determined subjective response.

Image acquisition and analysis

High-resolution motion-corrected multi-echo MPRAGE images (26, 27) were acquired on a
Siemens 3T Allegra system (Erlangen, Germany) for all subjects and time points (TES/TR=

1.74, 3.6, 5.46, 7.32/2530 ms, T1=1260 ms, FA=7°, FOV=256 x 256 mm, 192 sagittal slices,
voxel resolution = 1.3 x 1.0 x 1.0 mm?3).

Image processing of structural T1 data, performed using Freesurfer (version 5.3.0) software,
included removal of non-brain tissue (28), intensity normalization — i.e., correction for radio
frequency inhomogeneities (29) and automated volumetric segmentation of deep gray matter
structures including the hippocampus and amygdala using established workflows that use
probabilistic information based on manually labeled training sets (30, 31). Hippocampal and
amygdala segmentations underwent visual inspection by two independent raters.
Approximately 10% of the segmentations required correction of mislabeled voxels or larger
anatomical errors. To test for the reliability of segmentation and estimate the variance for
repeated measurements across time within subjects, intraclass correlations for the control
subjects were computed. High concordance was observed across the two separate time
points (left and right hippocampus: r1=.94 and .90; left and right amygdala, r; = .94 and .
93). Concordance rates were also computed prior to manual correction of small
segmentation errors to ensure reduction of variance across time after correction. As
expected, intraclass correlations prior to manual correction were lower across time (left and
right hippocampus: r1=.87 and .72; left and right amygdala, r{ = .71 and .76). Please see
Supplement 1 to view an example of hippocampal volume extraction prior to and following
ECT in a single subject.
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Shape analysis

The manually edited Freesurfer segmentations for the hippocampus and amygdala were
smoothed (FWHM=1.0 mm?3) and rigidly registered (32) to the first time point within each
subject. The resulting transformation was then applied to high-resolution surface meshes
obtained using conformal parameterization (33) for both sub-structures. The surface meshes
were cut along automatically defined landmark points corresponding to the anterior and
posterior coordinates, and were flattened and aligned to a rectangular coordinate system (33,
34) and brought into correspondence across subjects and time points. Radial distance (35)
was computed for each spatially aligned mesh as the distance from each parametric surface
point to the central core of the substructure and used as the feature for statistical analysis to
estimate local surface deformations inferring local changes in volume.

Statistical analysis

The general linear model (GLM) established cross-sectional effects of diagnosis for
hippocampal and amygdala volumes at baseline (comparing T1 and C1) controlling for age,
sex and total brain volume.

The general linear mixed model (GLMM) tested for longitudinal effects of ECT within
patients and effects of time within controls including sex and age as covariates. The GLMM,
which is robust to randomly missing data points, allowed for the inclusion of all available
data despite the absence of follow-up assessments for some subjects. Time point (T1, T2 and
T3 or C1 and C2) was used as a continuous variable for longitudinal analysis with random
intercepts and slopes to account for within-subject correlations for repeated measurements.
Dependent variables included hippocampal and amygdalar volume for volumetric analysis
performed using IBM SPSS Statistics, Version 22.0. Radial distances were used as
dependent measures for shape analysis executed in R (http://www.R-project.org) using
statistical models identical to those used for volume. Follow-up analyses compared each of
the 3 time points pairwise (in patients).

To determine ECT-related clinical response and relationships between clinical response and
change in substructure volume across time, mood scores (HAM-D and QIDS ratings) were
included as covariates of interest in the GLMMs. Though the majority of patients (74%)
received RUL ECT for the duration of the ECT index series, to establish possible effects of
lead placement on change in sub-structure volume, interactions between time point and the
percentage of RUL ECT sessions received by each subject were also examined. Further,
since a prior study suggests differential effect of ECT in patients with unipolar and bipolar
depression (36) on brain morphology, including of the hippocampus, we also examined
whether treatment-related changes in substructure volume varied in patients similarly
diagnosed in the current study. Finally, repeated measures ANOVA was used to determine if
volume measures at baseline predicted ECT-related change in clinical response. Only
patients completing all three-time points (n=29) were included in this statistical test.

Biol Psychiatry. Author manuscript; available in PMC 2017 February 15.


http://www.R-project.org

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Joshi et al. Page 6

RESULTS

Baseline characteristics

Patient and control groups did not differ in age F(1, 74) = 1.34, p = .25, gender x2(1, 74) =.
05, p= .81 or education F(1,73) = 3.73, p = .06. Age of onset, duration of current episode
and duration of illness (controlling for age) did not associate with hippocampal or amygdalar
volumes at baseline. Test distributions did not deviate from normality, Kolmogorov-
Smirnov tests all p > .05.

Cross sectional effects of diagnosis on volume

Significantly smaller right, F(1,74) = 4.14, p < .05, and left hippocampal volumes, F(1,74) =
15.62, p <.000001, were observed in patients compared to controls at baseline. These
effects trended towards significance for the left, F(1,74) = 3.63, p < .07, and right amygdala,
F(1, 74) = 3.20, p < .08 [Table 1, Fig 2].

Longitudinal effects of ECT and time on volume

Significant longitudinal effects of ECT were observed for all substructures: left
hippocampus, F(2, 31.09) = 36.73; right hippocampus, F(2, 32.68) = 48.82; left amygdala,
F(2, 31.16) = 18.65 and right amygdala, F(2, 32.04) = 14.88, all p < .000001. Significant
increases in volume were also present between each time point when compared pairwise
within patients. Volumes remained stable across time in controls [Table 1 and 2; Fig 2].
Brain volume did not vary significantly across time points in patients or controls, all p > .05.

Effects of lead placement or diagnosis of bipolar disorder on change in volume

Lead placement (quantified as the percentage of sessions performed with RUL lead
placement) was not shown to significantly influence change in volume occurring with ECT
for the left or right hippocampus or amygdala, all p > .30. Change in substructure volume
with ECT was not shown to differ between patients diagnosed with unipolar (n=32) or
bipolar depression (n=7), all p > .82.

Longitudinal effects of ECT on shape

Local ECT-related deformations in surface structure were pronounced in anterior
hippocampal regions (head and anterior body), particularly in the right hemisphere, but were
more regionally pervasive when comparing T1 and T3 only (p < .05, corrected (37), Fig 3).
Deformations in amygdala surface structure were prominent in the vicinity of the basolateral
and centromedial nuclei (p < .05, corrected (37), Fig 4)

Effects of ECT on clinical response

Highly significant effects of ECT were observed for HAM-D, F(2, 29.62) = 35.99, p < .0001
and QIDS-SR scores, F(2, 29.44) = 50.03, p < .0001 [Fig 5A]. Pairwise comparisons
showed symptom improvement early after the initiation of ECT (T1 vs. T2) and further
improvements by the end of ECT index (T1 vs. T3 and T2 vs. T3) [Table 1 and 2]. Since
ECT-related clinical response was a factor for manipulating lead placement, as expected,
relationships with HAM-D, Pearson’s r = —.24, p = .013 and QIDS-SR scores, r = -.25, p <.

Biol Psychiatry. Author manuscript; available in PMC 2017 February 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Joshi et al. Page 7

011 indicated that patients with lower mood scores were initially prescribed or switched to
bilateral ECT. However, position of lead placement did not significantly impact change in
HAMD or QIDS-SR scores over the course of the ECT index series, both p >. 05.

Associations between hippocampal and amygdalar volume and clinical response

Hippocampal volumes increased in association with improved (decreasing) HAM-D, left,
F(1, 43.28) =7.12, p = .01, and right, F(1, 46.55) = 6.72, p = .013, and QIDS ratings, left,
F(1, 3.61) = 8.29, p =.007, and right, F(34.71) = 11.06, p = .002. Improved QIDS ratings
associated with increased left and right amygdala volume, F(1, 43.36) = 4.161, p = .047 and
F(1, 37.55) = 4.01, p = .05, respectively [Fig 5B].

Predictors of clinical response

Smaller hippocampal volumes at baseline indicated greater treatment-related change in
HAM-D scores, F(1,28) = 3.76, p = .038. Though interactions with hemisphere were absent,
when examined separately effects exceeded the threshold of significance for the left
hippocampus only, F(1,28) = 5.43, p = .032 [Fig 5C].

DISCUSSION

Several key findings emerged from this longitudinal study assessing the effects of ECT on
hippocampal and amygdala structure in MDD. Study results demonstrated that 1) ECT
induces structural plasticity in the hippocampus and amygdala; 2) volume deficits linked
with MDD normalize towards control values; 3) regional differences in hippocampal and
amygdalar morphology are more pronounced in areas with greater connections to limbic
structures involved in the expression and regulation of emotion and mood; 4) the extent of
ECT-related hippocampal and amygdalar plasticity relates to the extent of clinical response;
and 5) the volume of the hippocampus at baseline is predictive of subsequent clinical
outcome, i.e., patients with smaller hippocampal volumes prior to the start of ECT are more
likely to show treatment-related clinical improvement after the initial phase of treatment.

Reductions of hippocampal volume are widely reported in patients with MDD in prior
studies, particularly in patients with a more chronic course of illness (11,12, 38-41). The
hippocampus is centrally involved in learning and memory and in the regulation of 1)
emotion, 2) responses to emotion and 3) susceptibility to chronic stress via it’s connections
with the amygdala, the limbic hypothalamic-pituitary-adrenal (HPA) axis and ventral striatal
loop and dopaminergic mesolimbic system (42), all systems that appear central the
pathophysiology of the disorder (43-45). The amygdala, also widely implicated in
neuroimaging studies of MDD (46, 47), plays a pivotal role in emotional memory
(particularly for negatively valenced stimuli), in the regulation of emotion and in modulating
autonomic responses to emotion (42, 44, 48). In line with our findings, some earlier
evidence suggests effects of ECT on hippocampal volume in MDD; only one prior study has
simultaneously investigated ECT-related changes in amygdala volume. Specifically,
bilateral increases in hippocampal volume have been reported to occur between baseline and
the end of the ECT treatment series in a sample of 12 MDD patients receiving concurrent
antidepressant treatment (17). An independent pilot study (18) similarly showed ECT-
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related increases in hippocampal as well as in amygdalar volume in 15 antidepressant-free
MDD patients. However, in this study, benzodiazepines, which may interact with treatment
(49, 50) and potentially also with biological processes, were permitted during ECT. As
possibly attributable to the heterogeneity of major depression and the study of small
samples, in contrast to our findings, neither of the studies above could demonstrate
significant relationships between change in substructure volume and ECT-related clinical
response.

Using a whole-brain voxel-based rather than a ROl approach, a third investigation
comparing 10 ECT patients (5 unipolar/5 bipolar) undergoing variable pharmacological
treatments staged with ECT, also reported a significant effect of ECT (yes, if a patient
received ECT within 3 or 6-months after beginning medication treatment, or no, if the
patient did not receive ECT) in right hippocampal gray matter (36). Though symptom
improvement was shown to relate to regional gray matter change in post-hoc analyses,
investigators also noted differential effects in the 5 unipolar and 5 bipolar patients examined.
Since ECT was preceded by different medication treatments, patients were scanned at
variable time points during the course of medication and ECT treatment, and statistical
contrasts in this small sample were collapsed into ECT versus no-ECT groups to investigate
interactions, the nature of these relationships remain opaque. Our findings more clearly
demonstrate that ECT-induced structural changes in the hippocampus and amygdalar are not
solely the consequence of successive seizure therapy, but rather reflect neuroplasticity
associated with therapeutic effects. Further, our results also show that changes in volume
occur in patients tapered off psychotropic medications prior to the initiation of ECT and thus
confirm that the observed neuroplastic processes are independent of pharmacotherapy.
Contrasting with the prior report mentioned above (36), the present results also do not
support that the therapeutic effects of ECT on brain structure vary in patients diagnosed with
unipolar and bipolar depression. Since DSM categorizations of depression may reflect both
overlapping and differing biological bases (51, 52), as for this prior study (36), the current
investigation may not adequately address such factors with the current sample size.

Notably, our findings newly show that hippocampal structure prior to ECT may be an
important indicator of treatment outcome. That is, patients with smaller hippocampal
volumes at baseline are shown more likely to exhibit increases in volume with ECT and to
show concomitant improvements in clinical symptoms. Results further indicate that both
clinical response to ECT and ECT-induced changes in volume occur rapidly. That is,
significant changes in both clinical scores and hippocampal and amygdalar volume are
observable after the 24 ECT session (within ~72 hours of treatment initiation). These novel
findings thus add to the existing literature to demonstrate that ECT-induced structural
plasticity in the hippocampus both relates to and may predict therapeutic response to ECT.
Though showing the same pattern, variations in size of the amygdala at baseline did not
significantly relate to overall clinical outcome. Increased variability in this region due to its
smaller size and/or the limited spatial resolution of structural imaging data may account for
our failure to observe significant relationships. However, it is also possible that the
hippocampus is more central to the mechanisms underlying positive treatment response and
that changes in amygdala structure relate more closely to specific clinical symptoms.
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Neuroplasticity, including processes of synaptogenesis, dendrogenesis, angiogenesis, or
neurogenesis or other changes in the structure of neurons and glial cells and their processes
may contribute to ECT-related changes in hippocampal and amygdala volume (53-55).
Neurogenesis, the process by which neurons are generated from neural progenitor cells, is
shown to occur in the hippocampal dentate subgranular zone throughout life (56, 57).
Preclinical data has previously demonstrated links between adult neurogenesis, neurotrophic
factors and depression (54). For example, observations that electroconvulsive shock (ECS)
(58), the animal model of ECT, and antidepressants to a lesser extent (59), increase
neurogenesis in the dentate gyrus support that neurogenesis may be a mechanism
contributing to treatment efficacy. Further, stress, regulated via the HPA axis, can suppress
ongoing neurogenesis involved in fear-related learning and memory via connections
between the hippocampal dentate gyrus and amygdala (43, 60). Adult neurogenesis as well
as the growth of neural processes may therefore underlie successful treatment response and
contribute to structural plasticity of the hippocampus and consequently, to structural changes
of the amygdala and other limbic regions.

Neurotrophic factors (proteins supporting the growth, survival and maintenance of neurons),
that could precede, follow or act independently of neurogenesis, also exhibit convincing
links with MDD pathophysiology and antidepressant response. Brain-derived neurotrophic
factor (BDNF), for example, is shown as decreased in animal models of depression, and
increases after ECS and modulates limbic circuits to promote treatment-related
neuroplasticity (61-66). Other neurotrophic factors implicated in MDD and in
antidepressant response include vascular endothelial growth factor (VEGF), (67-69)
fibroblast growth factor-2 (FGF-2), (70, 71) and nerve growth factor (NGF) (72). Since the
hippocampus appears particularly vulnerable to stress, processes that mediate immune
system response (73) may also account for changes in the structure of the hippocampus and
related antidepressant response.

Though the structure of the hippocampus is uniform along its extent, afferents, transmitted
mostly via the entorhinal cortex (EC), and efferents are organized according to the cortical
and subcortical regions to which they connect in an anterior-posterior gradient (19, 20).
Findings from this study showed anterior aspects of the hippocampus exhibit pronounced
volume changes with ECT, particularly in the right hemisphere. The topographic
organization of the EC-hippocampal perforant path leads to a convergence of exteroceptive
sensory information on the posterior hippocampal formation; information from subcortical
centers, including the septum, thalamic midline nuclei and amygdala, reflecting intrinsic
state, transmit more anteriorly. For the amygdala, the basolateral nuclear group receives
inputs from the temporal and the orbitofrontal cortex, vmPFC cortex and the hippocampus
as are involved in determining the relative value of reward; the hippocampus is vital for
encoding and recalling stimuli. These connections are thus thought central to integrating
complex sensory data, with respect to emational salience. Since the anterior hippocampus
has more prominent connections with the amygdala, vmPFC, ACC, as well as the medial
thalamus and ventral basal ganglia, these results support the involvement of circuits relating
to mood regulation and emotion (74).
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Although it is not possible to distinguish amygdala cytoarchitecture and thus delineate
specific amygdala nuclei with structural MR, statistical shape maps of the amygdala
structure visually identify significant ECT-related volume changes in the vicinity of the
basolateral nuclei as well as the centromedial nuclei that together act to regulate emotional
learning and emotional arousal (75, 76).

CONCLUSION

ECT elicits neuroplastic processes associated with clinical response that act to normalize
MDD-related reductions in hippocampal and amygdalar structure. Patients with smaller
relative hippocampal volumes are most likely to show volume increases and improved
clinical response. The mechanisms underlying the beneficial effects of ECT are expected to
overlap with those of other forms of successful treatment. Thus, variations in hippocampal
and amygdalar structure may serve as potential biomarkers for the development of other fast
acting treatments. Future research should address the longer-term effects of ECT in relation
to structural plasticity, especially in regard to maintenance of treatment response and
relapse.
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Figure 1.
Schematic showing the study research design and types of analyses conducted on the

hippocampus and amygdala.
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Figure 2.
Cross-sectional effects (after controlling for age, gender and total brain volume) of diagnosis

and longitudinal effects of ECT in patients and time in controls on hippocampal (top) and
amygdala (bottom) volume (mm3).
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Figure 3.

Longitudinal effect of ECT on local hippocampal shape. Left panel shows significant local
expansion in the right anterior hippocampus in patients across all time points (T1, T2, and
T3). Right panel shows significant expansions in the right anterior hippocampus that extend
into more posterior CA2 and C3 regions in patients at T3 compared to T1. P-values are

corrected for FDR (37) (q=0.05).
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Figure 4.

Longitudinal effect of ECT on local amygdalar shape. Top left panel shows significant
local bilateral expansion in the dorsomedial amygdala as well as the left basolateral
amygdala in patients across treatment time points. Top right panel shows significant
expansions in the left basolateral amygdala in patients at T3 compared to T1. P-values are
corrected for FDR (37) (q=0.05). The bottom panel shows the surface anatomy of the
amygdala and hippocampus along with labeled orientations.
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Figure 5.

A: Treatment effect of ECT on mood scores; HAM-D, F(2, 29.62) = 35.99, p < .0001,
QIDS-SR scores, F(2, 29.44) = 50.03, p <.0001 and MADRS, F(2, 29.08) = 47.5, p <.0001.
B: Significant associations of hippocampal (top) and amygdala (bottom) volumes with
improvement in mood scores across all time points T1, T2 and T3. C: Association of
baseline volumes of the hippocampus and change in clinical response over the course of
ECT. The left hippocampus is significantly correlated with improvement in percentage

change in HAMD between T1 and T3.
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