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Patients with major depression show reductions in striatal and paleostriatal volumes. The functional integrity and connectivity of these
regions are also shown to change with antidepressant response. Electroconvulsive therapy (ECT) is a robust and rapidly acting treatment
for severe depression. However, whether morphological changes in the dorsal and ventral striatum/pallidum relate to or predict
therapeutic response to ECT is unknown. Using structural MRI, we assessed cross-sectional effects of diagnosis and longitudinal effects of
ECT for volume and surface-based shape metrics of the caudate, putamen, pallidum, and nucleus accumbens in 53 depressed patients
(mean age: 44.1 years, 13.8 SD; 52% female) and 33 healthy controls (mean age: 39.3 years, 12.4 SD; 57% female). Patients were assessed
before ECT, after their second ECT, and after completing an ECT treatment index. Controls were evaluated at two time points. Support
vector machines determined whether morphometric measures at baseline predicted ECT-related clinical response. Patients showed
smaller baseline accumbens and pallidal volumes than controls (Po0.05). Increases in left putamen volume (Po0.03) occurred with ECT.
Global increases in accumbens volume and local changes in pallidum and caudate volume occurred in patients defined as treatment
responders. Morphometric changes were absent across time in controls. Baseline volume and shape metrics predicted overall response to
ECT with up to 89% accuracy. Results support that ECT elicits structural plasticity in the dorsal and ventral striatum/pallidum. The
morphometry of these structures, forming key components of limbic-cortical-striatal-pallidal-thalamic circuitry involved in mood and
emotional regulation, may determine patients likely to benefit from treatment.
Neuropsychopharmacology (2016) 41, 2481–2491; doi:10.1038/npp.2016.48; published online 8 June 2016
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INTRODUCTION

Major depression is one of the most common and
economically burdensome psychiatric disorders (Kessler
et al, 2003). Antidepressants and behavioral therapy are the
most frequently prescribed treatments, but up to a third of
patients remain unresponsive to initial treatment (Trivedi
et al, 2006). With a rapid and high response rate,
electroconvulsive therapy (ECT) is typically used after other
failed treatments and can be particularly beneficial in
suicidal, psychotic, or catatonic depression (Kellner et al,
2012). However, the neural mechanisms underlying clinical
response to ECT remain uncertain. To advance therapeutic
development, research providing clearer understanding of
the neural correlates underlying successful antidepressant
response is crucial.
Current theories describe depression as a brain network

disorder. Converging evidence suggests neural disturbances

occur in a limbic-cortical-striatal-pallidal-thalamic circuit
(Drevets et al, 2008). Structural alterations in the pre-
frontal cortex, particularly the anterior cingulate, and
subcortical hippocampal, amygdalar, thalamic, and striatal/
pallidal centers are consistently implicated (Drevets et al,
2008; Lorenzetti et al, 2009; Schmaal et al, 2015). Lesion and
functional imaging studies show these regions form networks
governing mood regulation, reward sensitivity, and emotion
(Koenigs and Grafman, 2009; Ochsner et al, 2012; Hamilton
et al, 2013; Korgaonkar et al, 2013). Symptoms of depression
such as amotivation, anhedonia, apathy, and rumination are
linked to functional disturbances in the ventral striatum/
pallidum specifically (Disner et al, 2011; Ochsner et al, 2012;
Kuhn et al, 2014). The ventral striatum, ventral pallidum,
and continuity with the ventral caudate nucleus and puta-
men—basal ganglia regions with prominent limbic connec-
tions (Nieuwenhuys et al, 2008; Utter and Basso, 2008)—are
themselves strongly interconnected, receive dopaminergic
input from ventral midbrain regions (Haber and Knutson,
2010), and receive modulation by serotonergic midbrain
pathways and other neurotransmitter systems (Di Matteo
et al, 2008; Nieuwenhuys et al, 2008). The dorsal striatum,
including the caudate nucleus, is involved in reward
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processing as relevant to depression symptomatology (Haber
and Knutson, 2010).
Although less studied than the hippocampus and amygdala,

basal ganglia substructures show lower volumes in
meta-analyses of depression (Videbech, 1997; Koolschijn et al,
2009). Functional imaging studies demonstrate depression-
related hyporesponsivity in striatal areas (Epstein et al, 2006;
Smoski et al, 2009) and disturbances in fronto-striatal
connectivity (Furman et al, 2011). Deficits in brain activation
and functional connectivity in basal ganglia substructures are
suggested to normalize with different antidepressant treat-
ments (Stoy et al, 2012; Admon et al, 2015). In ECT-treated
patients, we recently showed a hyperconnectivity between the
ventral striatum and ventral default-mode network, while
simultaneously demonstrating hypoconnectivity with the
anterior default-mode network, patterns that were modu-
lated by ECT (Leaver et al, 2015). These results suggest that
the striatum is involved in functional desynchronization
between dorsal and ventral cortico-limbic neural circuits in
major depression and that normalization of these functional
disturbances can occur with ECT.
Hippocampal connections with the hypothalamic–pitui-

tary–adrenal axis, ventral striatal loop, and dopaminergic
mesolimbic system appear particularly relevant to the
pathophysiology of major depression (Russo and Nestler,
2013). We and other groups have shown that ECT elicits
increases in hippocampal (Nordanskog et al, 2010;
Tendolkar et al, 2013; Abbott et al, 2014; Joshi et al, 2015)
and amygdala volume (Tendolkar et al, 2013; Joshi et al,
2015). However, whether structural plasticity occurs in the
dorsal or ventral striatum/pallidum in association with
treatment and illness recovery remains unknown. As full
response to ECT may be observed in only 2–4 weeks (Kellner
et al, 2012), using ECT as a treatment model may identify
predictors and correlates of response over shorter time
intervals where effects are expected to overlap with
antidepressant therapies. We thus performed volumetric
and shape-based analyses to investigate whether morpholo-
gical changes are detectable before and after ECT in four
constituents of the ventral basal ganglia: the caudate,
putamen, pallidum, and nucleus accumbens. We compared
patients with controls, and followed patients prospectively
during an ECT treatment index series. Biomarkers predictive
of treatment response could provide a major advance
towards guiding clinical practice. We thus developed a
machine-learning framework to determine whether morpho-
metric differences, prior to treatment, might predict patients’
responsiveness to ECT. On the basis of our observations of
restoration of functional connectivity (Leaver et al, 2015), we
predicted that ECT-related structural plasticity would also
occur in ventral striatal and connected basal ganglia regions.

MATERIALS AND METHODS

Subjects

Participants included 53 patients experiencing a major
depressive episode (28 females) recruited from individuals
scheduled to receive ECT at the University of California,
Los Angeles (UCLA) Resnick Neuropsychiatric Hospital.
Diagnosis was determined by a board certified psychiatrist
following Diagnostic Statistical Manual (DSM) IV-R criteria

and additionally confirmed by the Mini-International
Neuropsychiatric Interview (M.I.N.I.) (Sheehan et al, 1998).
All patients had experienced two or more earlier major
depressive episodes and failed to respond to at least two prior
adequate medication trials in the index episode. Patients with
comorbid psychiatric disorders including schizophrenia,
schizoaffective disorders, post-traumatic stress disorder,
attention hyperactive deficit disorder, and dissociative
disorders were excluded. Forty-five patients were diagnosed
with unipolar depression and 8 with bipolar disorder, though
mania in the index episode was exclusionary. Other
exclusion criteria included dementia, first-episode depres-
sion, onset after 50 years, depression related to serious
medical illness, or any neuromodulation treatment (eg, vagal
nerve stimulation, repetitive transcranial magnetic stimula-
tion) within 6 months of the ECT index series. All patients
were tapered off antidepressants and benzodiazepines in
preparation for ECT and were completely free of medication
for at least 48–72 h before enrollment and ECT treatment.
Patients were scanned at three time points: (i) baseline,

prior to, and within 24 h of the initial ECT session (T1);
(ii) after the second ECT session (T2, occurring 36–48 h
after baseline assessment and before the third ECT);
and (iii) within a week of completing the ECT treatment
index series (T3, as individually determined based on
stabilization of mood, approximately 4–6 weeks after first
treatment). Of the 53 patients completing baseline, 45
completed T2 and 34 completed T3 assessments. Attrition
was primarily due to early discontinuation of ECT, inability
to come in for or to tolerate repeat scanning, and scanner
hardware failures.
Thirty-three controls (19 females) with similar demo-

graphics to patient participants were recruited from the same
geographical area using advertisements. Controls received
M.I.N.I. (Sheehan et al, 1998) screening to exclude history
of depression, other psychiatric, or medical illness, or a
history of antidepressant use. Controls were scanned at two
time points approximately 4–6 weeks apart. Additional
exclusion criteria for all participants included history of
alcohol or substance abuse within the past 6 months or
dependence in the past 12 months, any neurological
disorder, and contraindication to MRI scanning. Table 1
summarizes the demographic and clinical characteristics of
our cohort. Subjects in this study overlap with those in two
recent investigations of hippocampal and amygdala mor-
phometry (Joshi et al, 2015) and functional connectivity
(Leaver et al, 2015). All participants provided written
informed consent as approved by the UCLA Institutional
Review Board.

ECT Treatment

ECT (5000Q MECTA Corp.) was administered three times a
week, using standard protocols for anesthesia (methohexital
at 1 mg/kg dosage) and paralysis (succinylcholine at 1 mg/kg
dosage). ECT followed the seizure threshold titration
method: after establishing the seizure threshold, treatments
were delivered at 5 × seizure threshold for right unilateral
d’Elia lead placement, using an ultra brief pulse-width
(0.3 ms), and at 1.5 × seizure threshold for bilateral
placement, using a brief pulse-width (0.5 ms).
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Mood Ratings

The Montgomery-Åsberg (MADRS) (Montgomery and
Asberg, 1979), Hamilton (HAM-D-17) (Hamilton, 1960)
depression rating scales and the Quick Inventory of

Depressive Symptomology Self Report (QIDS-SR) (Rush
et al, 2003) were collected at the same time points as brain
scanning. Patients were defined as treatment responders if
they showed greater than 50% improvement in symptoms on
the HAM-D. We additionally report differences in patients
who responded with greater than 50% improvement across
all mood scales.

Image Acquisition

High-resolution multi-echo T1-weighted MPRAGE images
with real-time motion correction using navigators (Tisdall
et al, 2012) were acquired on Siemens 3T Allegra (Erlangen,
Germany) system (TEs/TR= 1.74, 3.6, 5.46, 7.32/2530 ms,
TI= 1260 ms, FA= 7°, FOV= 256 × 256 mm, 192 sagittal
slices, voxel resolution= 1.3 × 1.0 × 1.0 mm3).

Image Preprocessing and Segmentation

Each T1-weighted image was processed and volumetrically
quantified using the Freesurfer suite (version 5.3.0), which is
documented and freely available online (http://surfer.nmr.
mgh.harvard.edu/). Preprocessing steps included correction
for magnetic field inhomogeneities, removal of non-brain
tissue, and disconnection and segmentation of subcortical
regions-of-interest including the bilateral putamen, pallidum,
caudate, and nucleus accumbens in each subject and time
point. All segmentations were visually inspected and
manually corrected for minor topographic errors if needed.
Intraclass correlation coefficients for each region from
control subjects scanned 4–6 weeks apart indicated
high concordance (accumbens= 0.77; pallidum= 0.80;
putamen= 0.84, and caudate= 0.93). Figure 1 illustrates the
locations of the caudate, putamen, pallidum, and accumbens.

High-Resolution Surface-Based Analysis

To investigate local group-level variation in subcortical
anatomy, the segmented structures were transformed to a
parameterized mesh surface using methods detailed in Gutman
et al (2015). Briefly, each surface was conformally mapped to
the spherical domain and rigidly rotated to a probabilistic atlas.
Spherical Demons (Gutman et al, 2013) then non-linearly
registered the spherical maps based on curvature profiles. Two
surface-based functions were defined: (i) the global orientation
function, defining the direction of the surface, and, (ii) the
local thickness of the surface with respect to a skeletonized
medial core. Spherical Demon was implemented using both the
medial core and curvature to match each surface to the atlas. In
this parameterization, two shape features are defined at each
vertex: (i) radial distance (RD), a proxy for thickness, and
(ii) the Jacobian determinant (JD), which indicates surface
area dilation or contraction. The number of vertices for each
surface scales with the average structure volume maintain-
ing uniform resolution across structures (vertex counts:
accumbens= 930, caudate= 2502, putamen= 2502, and
pallidum= 1254).

Statistical Analysis

Statistical analyses addressed (1) cross-sectional differences
between patients and controls at baseline, (2) longitudinal

Table 1 Demographic and Clinical Characteristics

Patients,
N= 53

Controls,
N= 33

Age, mean (SD), years 44.1 (13.8) 39.3 (12.4)

Gender (M/F) 25/28 14/19

Race/ethnicity

African American 3 3

Asian 4 3

Hispanic 6 2

White 38 24

Multi-ethnic 1 1

Adjusted education, years 15.78 (2.70) 16.94 (2.30)

Dextral/non-dextrala 37/12 28/4

Clinical Information

RUL/mixed lead placement/bilateralb 27/6/1

Unipolar/bipolar 45/8 –

Percent responders/non-respondersc 65/35

Age at onset, mean (SD), years 24.26 (12.54) –

Current episode, mean (SD), years 2.31 (4.81) –

Lifetime illness, mean (SD), years 18.53 (13.27) –

Responders,
N= 20

Non-responders,
N= 14

Age, mean (SD), years 44.9 (12.6) 37.2 (14.6)

Gender (M/F) 12/8 6/8

Race/ethnicity

African American 1 1

Asian 1 3

Hispanic 2 2

White 15 8

Multi-ethnic 1 0

Adjusted education, y 10.1 (2.4) 9.6 (2.9)

Clinical Information

# of ECT Index sessions, mean (SD) 10.35 (2.34) 13.0 (3.53)

# of ECT Index sessions, range 6-15 8-22

Unipolar/bipolar 16/4 12/2

Age at onset, mean (SD), years 26.84 (14.64) 20.07 (10.94)

Current episode, mean (SD), years 1.94 (3.04) 2.52 (3.63)

Lifetime illness, mean (SD), years 17.65 (11.30) 15.21 (11.63)

Time point T1, N= 53 T2, N= 45 T3, N= 34 C1, N= 33 C2, N= 31

HAM-D 24.34 (6.16)d 20.20 (6.23)e 12.46(8.04)f – –

QIDS-SR 20.60 (4.02)d 16.75 (5.47)e 10.82 (6.55)f – –

MADRS 38.44 (9.31)d 31.47 (9.55)e 17.08 (11.94)f – –

Abbreviations: C1: control baseline; C2: control follow-up; HAM-D: Hamilton
Rating Scale for Depression; MADRS: Montgomery–Åsberg Depression Rating
Scale; QIDS-SR: Quick Inventory of Depressive Symptomatology – Self-Report;
RUL: right unilateral lead placement; T1: patient baseline; T2: after the 2nd ECT;
T3: after the ECT index series.
aHandedness was estimated using the modified Edinburgh Handedness Inventory
(Oldfield, 1971) where a laterality quotient of o0.7 defined non-dextrals.
bLead placement for patients completing all three time points.
cResponse defined as 450% improvement in HAM-D scores over the course of
treatment.
dSignificant effect between T1 and T2.
eSignificant effect between T2 and T3.
fSignificant effect between T1 and T3.
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effects of ECT (or time in control subjects), (3) cross-
sectional differences between ECT responders and non-
responders, and (4) predictors of ECT-related clinical
response (using baseline imaging measures only). To reduce
the number of comparisons while allowing for estimation of
lateralized effects, hemisphere was included as a repeated
measure in all volumetric analyses (implemented in IBM
SPSS Statistics, v22). Shape-based analyses (executed in R;
https://www.r-project.org) used the same statistical models
except they were conducted in each hemisphere separately to
allow for examination of focal effects.
Analysis #1 above used the General Linear Model including

sex, age, and brain volume as covariates to determine cross-
sectional effects of diagnosis (comparing baseline measures
between patients and controls). Analysis #2 used the General
Linear Mixed Model, which models the correlation structure
of repeated measurements while leveraging the statistical
power gained using each subject as their own control, to
determine longitudinal effects of ECT. These models, which
allow for unbiased parameter estimates despite missing time
points, included subject as a random effect and sex, age, and
brain volume as covariates. Individual time points were
compared pairwise for measures showing significant main
effects of ECT. Analysis #3 used the General Linear Model to
determine whether change in morphometry over the course
of ECT differed in treatment responders and non-responders.
As difference scores (change in morphometric measures and
change in mood scores) were examined, only patients
completing all time points (n= 34) were examined. Age and
sex were included as covariates.
To determine whether baseline morphometry predicts

ECT response based on the combined and individual mood
scales (examined separately), analysis #4 used support vector

machines (SVM), a supervised machine-learning algorithm.
Leave-one-out cross validation was used to assess the
performance of SVMs using a combined feature set of all
baseline volume and shape measures. SVMs fit an optimal
hyperplane in an n-dimensional feature space to separate
labels matching input features. Our SVMs used radial kernels
to model non-linear decision boundaries (Sánchez A, 2003).
SVMs using radial kernels were compared with linear SVMs
using DeLong’s test for two receiver operating characteristic
curves. Though the area under the curve (AUC) between the
radial and linear SVMs was not significantly different, radial
AUC was larger, thus the radial kernel was used. Grid search
was used to find optimal combinations of the SVM cost and
gamma parameters. Features were scaled to zero mean
and unit variance. The significance of each SVM model was
assessed using permutation tests achieved by comparing the
observed AUC to a distribution of 1000 simulated AUCs
derived from fitting SVMs to randomly shuffled labels. The
proportion of permuted models with AUCs larger than the
observed AUC provided the permutation P-value.
On the basis of our a priori hypotheses derived from prior

findings showing ECT-related changes of functional con-
nectivity in the striatum/pallidum with ECT (Leaver et al,
2015), a two-tailed alpha level of 0.05 was the threshold for
significance for volumetric analyses. Surface-based analyses
controlled for false positives using false discovery rate
(Benjamini and Hochberg, 1995) using a 5% false positive
rate, surface-wise.
Finally, post hoc analyses were performed to test for

differences between patients diagnosed with unipolar
(n= 45) or bipolar depression (n= 8) and possible lead-
placement effects (the % of ECT sessions using right
unilateral) for measures showing significant ECT effects.

Figure 1 Relative anatomical locations of the putamen, pallidum, caudate, and nucleus accumbens as extracted from each MRI volume from (a) posterior
and (b) inferior perspectives. All surface images are in radiological orientation, ie, left-right flipped. Orientation axes are provided for each subcortical map.
Note that circles with central dots indicate the orientation coming out of the page while circles with central ‘x’ marks indicate the orientation going into
the page.
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Figure 2 Average volume by group and time point for the accumbens, pallidum, and putamen. Error bars are +/− 1 standard error. Asterisks (*) indicate
significant differences.
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As lead placement was clinically determined (American
Psychiatric Association. Committee on Electroconvulsive
Therapy, 2001), effects of lead placement were examined
while controlling for baseline mood scores.

RESULTS

Demographic and Clinical Effects

Sex, Χ2 (1, 85)= 0.18, P= 0.66, and age, F(1, 85)= 2.67,
P= 0.11 distributions were similar in ECT patients and
controls. MADRS, HAM-D, and QIDS rating scales showed
highly significant effects of ECT, F(2, 36.75)= 38.66,
F(2, 38.16)= 32.74, F(2, 36.81)= 37.60; all Po0.0001, respec-
tively. Demographic and clinical details for each group and
time point are provided in Table 1.

Cross-Sectional Effects of Diagnosis

Volumetric analyses showed smaller volumes of the nucleus
accumbens, F(1, 81)= 4.67, P= 0.034, − 8.0% and pallidum,
F(1, 81)= 3.96, P= 0.05, − 4.9% in patients relative to
controls at baseline. Cross-sectional effects were non-
significant for the putamen, F(1, 82.04)= 2.76, P= 0.101
and caudate F(1, 80.70)= 0.095, P= 0.76 and no region
showed hemispheric interactions. Means for each diagnostic
group and time point are plotted in Figure 2. No significant
between-group shape variation was observed.

Longitudinal Effects of ECT

A significant volumetric association with ECT, F(2, 42.80)=
5.36, P= 0.008 and ECT by hemisphere interaction was

observed for the putamen, F(1, 44.17)= 3.40, P= 0.042. A
significant increase in left putamen volume occurred with
ECT, F(1, 39.83)= 3.57, P= 0.038, 2.4%. Pairwise compari-
sons of time points revealed significant volume increases
between T1 and T3, P= 0.01 (Figure 2). Regional shape
changes were non-significant for all four substructures,
though statistical maps, shown in Figure 3, suggest more
diffuse surface expansion with ECT. Effects of time in control
subjects were non-significant for both shape and volume.

Effects of Morphometric Change with Clinical Response

Significant effects of response status were observed for the
volume of the accumbens, F(1, 28)= 4.29, P= 0.048 where
responders showed volumetric gain, F(2, 18.98)= 9.18,
P= 0.002, with no change in non-responders (P40.05).
There was a significant effect of response status for change in
caudate volume over time, F(1, 29.03)= 4.29, P= 0.048.
Though volumes tended to increase over time in responders
and decrease over time in non-responders, these effects were
non-significant within group (both P40.05). Significant
regional increases in caudate morphometry were observed
with the JD of the left superior and inferior caudate
increasing in HAM-D responsive patients and decreasing in
non-responsive patients over time. Finally, local decreases in
the posterior medial aspect of the right pallidum for RD and
JD were present in responders at time point 3. Figure 4 shows
significant volume and shape differences by ECT-response.

Baseline Predictive Effects

Using the entire combined set of baseline shape and volume
features, SVM prediction of clinical outcome using the

Figure 3 T-value maps of striatal and pallidal surfaces resulting from the mixed effects model examining the effect of ECT on thickness (RD, radial distance)
over time. The perspectives are (a) posterior, (b) anterior, (c) inferior, and (d) superior views. All maps are in radiological orientation (ie, left-right flipped).
Regions with warmer colors are expanding while those in cooler colors are contracting over time.

ECT and striatal morphometry in depression
BSC Wade et al

2486

Neuropsychopharmacology



combined mood scale resulted in 90% AUC (95% CI:
68–93%, P= 0.000), a maximum accuracy of 89%. Response
prediction for individual mood scales yielded 54% AUC
(95% CI 29–78%; P= 0.599, maximum accuracy= 72%) for
HAM-D; 59% AUC (95% CI 36–80%; P= 0.392, maximum
accuracy= 68%) for MADRS, and 84% AUC (95% CI
64–93%; P= 0.001, maximum accuracy= 75%) for QIDS.
Figure 5a plots the receiver operating characteristic curves
associated with each SVM while Figure 5b plots the
associated accuracy, sensitivity, and specificity values across
a range of decision thresholds. As a post hoc analysis, we
investigated the performance of SVMs using metric-specific
features in the prediction of response. With performances
averaged across mood scales, RD-specific features yielded a
mean of 77%, JD 63%, and volume 60% AUC. Because
overfitting with high-dimensional features is a common
problem, we tested whether LASSO feature selection,
implemented within each cross-validation fold, would
significantly affect classifier performance. LASSO retained
an average of two features and provided an AUC of 76%,
which did not significantly differ from the full-feature SVM
(P= 0.226).

Post hoc Analyses of Diagnostic Category and ECT Lead
Placement

There were no significant differences for volume or shape
when comparing unipolar vs bipolar depression. Associa-
tions with the proportion of right unilateral treatments given
across the ECT index series also failed to show significant
effects for volume or shape.

DISCUSSION

Our study addressed whether ECT impacts the morphome-
try of four components of the dorsal and ventral basal
ganglia that are known to have a role in cognitive and
affective function of high relevance to depression: the
accumbens, putamen, pallidum, and caudate. Each struc-
ture’s morphometry was modeled using global volumetric
and local descriptions of shape variation. Exploring effects of
diagnosis and treatment, we contrasted region-of-interest
morphometry between patients and controls at baseline, in
patients across the course of ECT, and between patient
responders and non-responders. Finally, we showed that
patients’ responsiveness to ECT could be predicted from
baseline brain morphometry using machine learning.
Cross-sectionally, we observed reduced accumbens and

pallidum volumes in patients prior to treatment. This
corroborates prior reports of lower striatal volumes in
depressed cohorts (Videbech, 1997; Koolschijn et al, 2009).
We did not detect shape differences between patients and
controls, so volumetric differences may be more globally
dispersed than focal. Several longitudinal patterns emerged.
The left putamen volume increased between baseline and the
end of the ECT treatment index. We did not observe
significant ECT effects for morphometry in other regions-of-
interest. Differential patterns of morphometry were observed
within patients based on their responsiveness to ECT. The
accumbens volume significantly increased over the course of
ECT (Figure 4a). However, effects in the right medial

pallidum suggested more localized volume reductions in
responders.
Cumulatively, the above findings support that structural

deficits in striatal and paleostriatal structures occur in major
depression and ECT leads to neuroplasticity in these regions.
While the basal ganglia have pivotal roles in psychomotor
function, these regions are also densely connected with
proximal limbic regions including the hippocampus and
amygdala (Nieuwenhuys et al, 2008). As there is typically a
lengthy delay between the initiation of standard antidepres-
sant therapies and clinical response, biomarkers that help
guide future treatment decisions may have substantial clinical
impact. Using SVMs to learn differential patterns of brain
morphometry between responsive and non-responsive pa-
tients, we predicted patient response with up to 89% accuracy
when defining response across all mood scales. Some
demographic and clinical factors, such as the presence of
psychotic symptoms, have been associated with improved
ECT response (Petrides et al, 2001). Yet, without any other
basis for determining potential outcome, an 89% predictive
value may be very beneficial, particularly if this prediction
generalizes to other forms of antidepressant treatment.
ECT promoted a volumetric increase or local surface

deformations in the striatum over short time intervals
(4–6 weeks). A leading hypothesis regarding the mechanisms
underlying major depression is that neurotrophic factors are
adversely affected. This is supported by observations that
antidepressant treatments influence transduction pathways
associated with neuronal plasticity (Duman, 2002). For
example, electroshock—the animal model of ECT—stimu-
lates neurogenesis in the hippocampus of rodents (Malberg
et al, 2000) and non-human primates (Perera et al, 2007). As
adult neurogenesis occurs in the hippocampal dentate gyrus,
in line with a neurotrophic model of antidepressant response
(Kellner et al, 2012; Fosse and Read, 2013), several prior
structural imaging studies of ECT in humans showed ECT-
related increases in hippocampal volume (Duman, 2002;
Nordanskog et al, 2010; Tendolkar et al, 2013; Abbott et al,
2014; Jorgensen et al, 2015). In a sample overlapping with the
current study, we also observed changes in hippocampal
morphometry with ECT and relationships with symptom
improvement (Joshi et al, 2015). Notably, Inta and Gass
(2015) reported ECT-triggered neurogenesis in striatal and
frontal brain regions following ECT in a rat model suggesting
that cell proliferation extends beyond the hippocampus.
Others (Liu et al, 2009) have also reported increased
subventricular zone neuroblast cell proliferation to striatal
areas following seizures. Further, ECT-related structural
neuroplasticity is shown in the amygdala (Tendolkar et al,
2013; Joshi et al, 2015). These subcortical limbic structures
are intricately connected to the striatum, and via the
cortico-striatal-pallido-thalamo-cortical loop and projections
to the hypothalamus and brainstem, act together to influence
emotional expression and motivation (Cardinal et al, 2002).
Additional mechanisms may account for ECT-related

neuroplasticity. These include an increase in monoamine
neurotransmitter production, release of hypothalamic
hormones, increased angiogenesis (Wennstrom et al, 2006),
glial cell activation (Jansson et al, 2009), and gliogenesis
(Wennstrom et al, 2006). The ventral striatum and parts of
the dorsal striatum form part of the mesolimbic dopami-
nergic pathway involved in reward processing. Patients with
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depression frequently show a diminished ability to derive
pleasure or positive motivation from rewarding stimuli
leading to symptoms of anhedonia (Zhang et al, 2013).

Disease-related abnormalities in reward processing are
characterized as reflecting ‘reward hyposensitivity’, and brain
activation studies typically show hypoactivation in striatal
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and prefrontal regions (Forbes et al, 2009; Zhang et al, 2013).
Human neuroimaging studies also demonstrate that
disturbed regulation between regions involved in reward
processing occur via the serotonin transporter (Hahn et al,
2014). Preclinical studies further show that anxiety and
depressive-like behavior associate with lower levels of
serotonin and norepinephrine in the striatum (Brenes et al,
2008) where serotonergic and adrenergic systems are targets
of commonly prescribed antidepressants. Though it is
possible that changes in striatal morphometry may be
influenced by anesthesia rather than by treatment-related
effects, observations of change in responders vs non-
responders makes this less likely.
Because shape-based descriptors are less commonly used

than volumetric descriptions of brain structures, we
endeavored to demonstrate their value as both predictors
in the SVM and a descriptor of morphometry. In the context
of classification, we compared the use of RD-only, JD-only,
and volume-only features and showed the average perfor-
mance of SVMs using shape-based descriptors was higher
than those using volume-only. Overfitting is another concern
when using high-dimensional features. Thus, we compared
an SVM using all features with a LASSO subset. AUC did not
significantly differ between these models, therefore it is

unlikely that significant overfitting occurred with the full
feature set; however, this may be confirmed with a larger
sample.
The value of shape-based approaches is their ability to

reveal local variation in surface topology rather than simply
identify gross volumetric variation. This is particularly
valuable because we did not segment sub-nuclei of
subcortical structures. The locality of the shape measures
could thus inform future studies using subfield measure-
ments. A related concern is that shape and volume are highly
correlated. Indeed, the average correlation between RD and
volume was r= 0.37 and JD and volume r= 0.44; however,
this is expected because the measures are of the same
structure. The value of the descriptors’ combined use lies in
their ability to reveal separate, complementary aspects of the
structure’s topology.
Placed in the context of existing literature, ECT-related

structural neuroplasticity in basal ganglia substructures could
be attributed to neurotrophic factors that include cell and/or
synaptic proliferation possibly linked to changes in mono-
aminergic neurotransmitter systems that form part of the
prefrontal-striatal-limbic circuitry. Though this is the first
study to our knowledge to show that ECT affects the
morphometry of the striatum and paleostriatum, several

Figure 5 (a) Receiver operating characteristic curves resulting from support vector machines prediction of responsive patients from baseline shape and
volume features. One curve is given for each mood scale (Combined, QIDS-SR, HAM-D, and MADRS) used to determine response status. (b) Plots of the
accuracy, sensitivity, and specificity values mapped separately for each model across a range of decision thresholds.

Figure 4 (a, left) Scatterplot of the percent change in bilateral nucleus accumbens volume between baseline and the end of the ECT index (T1 and T3) and
the percent improvement in patients defined as ECT responders and non-responders on the HAM-D scale. This shows responders having generally larger
gains in accumbens volume than non-responders. However, within responder and non-responder groups, scatterplots showing change in volume with change
in mood scale show slopes in the unexpected direction, though these are non-significant. (a, right) Boxplot of the percent change in bilateral nucleus
accumbens volume by response category showing larger average change in the HAM-D responders relative to non-responders. (b) Uncorrected (top) and
FDR-thresholded (bottom) t-value maps of shape variation at time point 3 by combined-scale response status for the right pallidum. Negative t-values indicate
smaller values in responders, whereas positive t-values indicate larger values in responders. The left column shows RD maps and right column shows JD maps.
Linear regression trend lines with 95% confidence intervals color-coded by response status are shown for the average shape feature (RD or JD) within the right
pallidum. (c) Maps of the longitudinal association of the surface area (JD measure) with response status. The top maps are uncorrected t-maps while the
bottom maps are FDR-thresholded. Positive t-values indicate an increased rate of surface area gain in patients responsive to ECT relative to non-responsive
patients. The associated interaction plots show the significant differential trajectories of the average surface area of the left caudate between responders and
non-responders.
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limitations exist. First, despite a priori hypotheses justifying
the study of these regions, these findings warrant indepen-
dent replication. As morphometry of subcortical regions are
highly variable even in normal populations, this variability
may have impacted our ability to detect local shape changes.
Finally, though we investigated relationships with changes in
overall symptom ratings in the current study, it is possible
that ECT-related neuroplasticity may be more closely related
to specific symptoms such as anhedonia, apathy, amotiva-
tion, and rumination as have been linked with altered striatal
circuitry in functional imaging studies.

CONCLUSION

Our findings provide new evidence to support that ECT
induces neuroplastic changes in striatal regions in addition to
other subcortical limbic regions. We also demonstrate that
these changes are associated with clinical improvement and
have the potential to predict an affected individual’s
treatment response using machine learning based solely on
imaging features.
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