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Abstract

Major depressive disorder (MDD) is associated with dysfunctional corticolimbic networks, making functional connectivity
studies integral for understanding the mechanisms underlying MDD pathophysiology and treatment. Resting-state functional
connectivity (RSFC) studies analyze patterns of temporally coherent intrinsic brain activity in “resting-state networks” (RSNs).
The default-mode network (DMN) has been of particular interest to depression research; however, a single RSN is unlikely to
capture MDD pathophysiology in its entirety, and the DMN itself can be characterized by multiple RSNs. This, coupled with
conflicting previous results, underscores the need for further research. Here, we measured RSFC in MDD by targeting RSNs
overlapping with corticolimbic regions and further determined whether altered patterns of RSFC were restored with
electroconvulsive therapy (ECT). MDD patients exhibited hyperconnectivity between ventral striatum (VS) and the ventral
default-mode network (vDMN), while simultaneously demonstrating hypoconnectivity with the anterior DMN (aDMN). ECT
influenced this pattern: VS-vDMN hyperconnectivity was significantly reduced while VS-aDMN hypoconnectivity only
modestly improved. RSFC between the salience RSN and dorsomedial prefrontal cortex was also reduced in MDD, but was not
affected by ECT. Taken together, our results support a model of ventral/dorsal imbalance in MDD and further suggest that the VS

is a key structure contributing to this desynchronization.
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Introduction

Current models describe major depressive disorder (MDD) as a
brain-network disorder affecting fronto-limbic and fronto-striato-
thalamic circuits (Mayberg 1997; Gotlib and Joormann 2010; Price
and Drevets 2012). Neurostimulation treatments attempt to correct
aberrant neural transmission in these networks by delivering elec-
tric or magnetic stimulation to implicated brain regions. Some
therapies target structures directly, including subgenual anterior
cingulate (deep brain stimulation, DBS), ventral striatum (DBS),
and dorsolateral prefrontal cortex (transcranial magnetic and dir-
ect-current stimulation, TMS and tDCS, respectively; [Hauptman
et al. 2008; De Raedt et al. 2014]). Electroconvulsive therapy (ECT)

is less focal and yet most effective at reducing symptoms of
depression, eliciting generalized seizures associated with more
widespread neural changes (Perrin et al. 2012; Abbott et al. 2013;
Tendolkar et al. 2013; Zhang et al. 2013; Dukart et al. 2014; Lyden
et al. 2014; van Waarde et al. 2015; Joshi et al. 2015). However, the
exact nature of network dysfunction responsible for depressive
disorders, and how this dysfunction is best targeted by current
neurostimulation therapies, remains poorly understood.
Connectivity analyses of human neuroimaging data will be
critical for achieving a network-level understanding of MDD neu-
ropathophysiology. A popular approach is to use resting-state
functional connectivity (RSFC) to identify and analyze networks
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that share temporally coherent patterns of intrinsic brain activity
or “resting-state networks” (RSNs). The default-mode network
(DMN) has been of particular interest to depression research,
given the role this network is thought to play in self-referential
processing (Raichle et al. 2001; Morcom and Fletcher 2007; Spreng
and Grady 2010) and its overlap with structures previously impli-
cated in MDD like the hippocampus (Sheline et al. 1999) and med-
ial cortical regions (Drevets et al. 1997; Mayberg et al. 1999).
Studies of MDD have identified hyperconnectivity between the
DMN and specific brain regions including ventral anterior cingu-
late and adjacent ventromedial prefrontal cortex (Greicius et al.
2007; Manoliu et al. 2013), mediodorsal thalamus (Greicius et al.
2007), and dorsolateral prefrontal cortex (Sheline et al. 2009).
More recently, connectivity between the DMN and other RSNs
has been considered, particularly with RSNs involving lateral
prefrontal regions (e.g., “task-positive” networks [Hamilton,
Furman, et al. 2011; Manoliu et al. 2013]).

Studying RSNs allows examination of well-characterized
large-scale networks that have been studied in other contexts
and disorders; however, there are potential confounding factors.
RSNs may be defined in different ways across studies. The DMN,
for example, can be identified using seed regions defined a priori
or data-driven independent component analysis (ICA). Further-
more, the DMN can be identified either as a single network or
as many related networks (Fox et al. 2005; Uddin et al. 2009).
Finally, it is unlikely that any single RSN captures the heteroge-
neous clinical presentation of MDD; rather, RSNs are perhaps
bestused as a tool to probe the function of brain regions hypothe-
sized as most relevant to MDD pathophysiology. When also con-
sidering the challenge of recruiting adequately large and
homogenous cohorts to study MDD and other disorders, or to
study specific clinical or neuropsychological deficits that may
better link with the underlying neuropathophysiology across dis-
orders (Insel et al. 2010), it is clear that validation of past results
with new approaches is crucial.

In the current study, we assessed differences in patterns of in-
trinsic, spontaneous activity between MDD patients and demo-
graphically matched healthy volunteers using ICA of resting-
state functional magnetic resonance imaging (MRI). We aimed
to measure changes associated both with the diagnosis of MDD
and with treatment response measured by examining patients
before and after they received an index treatment series of ECT.
We specifically targeted limbic and medial cortical structures
by measuring 6 previously characterized RSNs (Damoiseaux
et al. 2006; Smith et al. 2009; Allen et al. 2011; Laird et al. 2011), in-
cluding 3 DMNSs, the Salience Network (Sal-N), an orbitofrontal
network (OFN), and an RSN covering the thalamus and ventral
basal ganglia (Th/BG-N; Fig. 1). In this way, we hoped to elucidate
the striato-thalamo-frontal and limbic circuits impaired in MDD.

Materials and Methods

Participants

Thirty-three patients (13 males, age mean/SD = 43.55/13.78 years)
and 33 demographically similar healthy volunteers (14 males,
age mean/SD =39.33/12.48 years) gave informed written consent
to participate in this UCLA IRB-approved study. All patients were
diagnosed with MDD (unipolar; DSM-IV-TR) and had failed to re-
spond to at least 2 prior antidepressant therapies (i.e., were clas-
sified as “treatment resistant”). Patients with comorbid
psychiatric or neurological disorders or concurrent serious ill-
ness were excluded. All patients ceased benzodiazepine, anti-
depressant, and/or anti-anxiety drugs at least 48-72 h prior to

the study and had not received neuromodulation treatment
within 6 months prior to the study (i.e., ECT, transcranial magnet-
ic stimulation, or vagal nerve stimulation). For healthy volun-
teers, exclusion criteria were as follows: any history of serious
illness, neurological disorders, or psychiatric disorders [assessed
using the Mini-International Neuropsychiatric Interview, MINI
(Sheehan et al. 1998)]. Depressive symptoms were assessed in
patients using the Hamilton Depression Inventory (HAMD,
17-item); patients with HAMD scores <21 were not included in
this study. Additional measures (Montgomery Asberg Depression
Rating Scale and Quick Inventory of Depressive Symptomatology)
were strongly intercorrelated with HAMD scores; thus, we report
only HAMD measures in this manuscript. Participant characteris-
tics are given in Table 1.

Study Visits and ECT

Patients completed 3 MRI scans: 1) within 24 h before first ECT
session (baseline), 2) immediately before their third ECT appoint-
ment, and 3) after their ECT index series as clinically determined
(2—4 weeks after baseline). Twenty-four patients returned for the
third timepoint; only these patients were used in analyses asses-
sing treatment response, and they received either right unilateral
ECT (RUL; n = 18) or a combination of right unilateral and bifrontal
ECT (RUL +BF; n=6) using standard procedures (d’Elia 1970;
Zhang et al. 2013; Lyden et al. 2014), 3 times a week during the
index series (mean/SD number of treatments=11.79/3.34;
Table 1) at UCLA Resnick Neuropsychiatric Hospital. A group of
healthy never-depressed “control” volunteers were also scanned
twice, at baseline and at a 2- to 4-week follow-up, to establish
normative values and test-retest reliability of resting-state fMRI
variables.

Image Acquisition and Preprocessing

Using a 3T Siemens Allegra scanner, 180 functional images were
acquired: TR=2.0 s, TE =30 ms, flip angle = 70°, 34 axial slices, 3.4
x 3.4 x 5 mm? resolution. A high-resolution T;-weighted anatom-
ical scan (MPRAGE) was also collected at each session. Functional
images were preprocessed using standard protocols in FSL v 5.0
(FMRIB, Functional MRI of the Brain), including slice-time correc-
tion, rigid-body motion correction (6 degrees of freedom, aligned
to middle volume), high-pass filter (0.01 Hz), and spatial smooth-
ing (6x6x6mm?. Two leading functional volumes were
discarded prior to preprocessing. Additionally, spin-history arti-
facts resulting from interleaved slice acquisition (often correlated
with head motion [Friston et al. 1996]) were removed from voxel
time courses using ICA and FSL'’s regfilt. Briefly, ICA was run sep-
arately on each subject’s fMRI data, and ICs representing spin-
echo artifacts were identified by 1 deciding observer and con-
firmed by a second observer (average interrater agreement was
85%). Artifact ICs were then removed from voxel time courses
by taking the residuals from a linear regression using noisy IC
time courses as regressors. Preprocessed and denoised images
were aligned to each subject’s MPRAGE first within each session
and then aligned across sessions to the MPRAGE from the
first scan using FSL. Finally, images were normalized to MNI
standard space using a nonlinear transformation and interpo-
lated to 2 x 2 x 2 mm? resolution in SPM8 (Wellcome Trust Centre
for Neuroimaging).

Mean relative displacement (MRD) values were calculated
during motion-correction procedures in FSL as described above
and were analyzed to confirm that head motion did not differ
on average between scans (Satterthwaite et al. 2013). MRD was
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Figure 1. Corticolimbic RSNs examined for MDD-related effects. Maps of the 6 networks of interest are displayed on averaged template brains in the left 3 columns; color
indicates which RSN is displayed (key at upper right, all P <0.00001). For all maps, black marks voxels negatively correlated with the RSN. In the upper right panel, all
networks are superimposed on the same brain. In the bottom right panel, a map displaying the degree of spatial overlap between RSNs is shown, where color
indicates the number of RSNs represented in each voxel (key at bottom right). Note that overlap is determined by map thresholds determined a priori. Networks
include ventral, anterior, and posterior default-mode networks (vDMN, aDMN, pDMN, respectively), salience network (Sal-N), orbitofrontal network OFN, and

thalamus/basal ganglia network (Th/BG-N).

Table 1 Participant characteristics

Sex Age Age at 1st ECT placement Total no. of HAMD scores
MDD episode ECT sessions 1 9 3
MDD (n=33) 13m,20f  43.5(13.8) 26.0(13.9) 24 RUL, 9 Other®  11.8 (3.3) 26.5(4.8)  21.0(5.3) 12.1(7.7)
Healthy (n=33) 14m,19f  39.3(12.5) n/a n/a n/a n/a n/a n/a
t-test® (P value)  0.06 (0.80) 1.3 (0.20) n/a n/a n/a n/a 54(0.7x107%  7.9(0.6x107°)

Note: HAMD, Hamilton Depression Rating Scale; RUL, right unilateral; n/a, not applicable.
Patients not receiving RUL ECT had a combination of RUL and bifrontal (BF) treatment.
®Chi-squared test was applied to sex, unpaired t-test compared age between groups, and paired t-tests compared changes in HAMD score from baseline with ECT.

not different in patients and healthy volunteers during baseline
scans (mean/SD=0.11/0.06 mm for both; tg,=-0.18, P=0.86).
Additionally, MRD did not change between baseline and follow-
up scans for patients (tp3 =-0.99, P =0.33) or healthy participants
(tso=—0.13,P = 0.90). Note that single-subject denoising to remove
spin-echo artifacts (which are often caused by head motion) is
also likely to ameliorate potential effects of head motion in sub-
sequent statistical analyses, in addition to standard motion-
correction procedures in FSL.

Defining RSNs

To identify RSNs, ICA was run using established procedures in
FSL MELODIC. All functional images were concatenated, and

the optimal number of independent components was estimated
with probabilistic ICA (Beckmann and Smith 2004); 29 group ICs
were identified with this approach, each comprised a spatial
map and time course. Upon visual inspection, spatial maps
from 24 ICs overlapped gray matter and were identified as
RSNs, and the remaining overlapped white matter and/or cere-
brospinal fluid and were thus considered unlikely to correspond
with neural function. Six RSNs were targeted as networks of
interest (Fig. 1), which covered medial corticolimbic areas previ-
ously implicated in depression and emotional processing. These
6 RSNs were selected and verified visually by study coauthors,
and have been reliably demonstrated in healthy volunteers in
previous research (Damoiseaux et al. 2006; Smith et al. 2009;
Allen et al. 2011; Laird et al. 2011). To reduce the number of
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Table 2 MNI coordinates

Analysis RSN Region MNI coordinates Volume (mm?)
X Y VA

RSNs Ventral default-mode network Posterior cingulate cortex -8 -54 8 n/a
Anterior default-mode network Medial prefrontal cortex 0 52 8 n/a
Posterior default-mode network Precuneus -4 -70 36 n/a
Salience network Dorsal anterior cingulate cortex 0 32 22 n/a
Orbitofrontal network Left medial orbitofrontal cortex -10 26 -18 n/a
Thalamus/basal ganglia network Right ventral striatum 26 2 -12 n/a

MDD vs. HC Ventral default-mode network Ventral striatum 15.1 15.3 -13 144
Anterior default-mode network Ventral striatum 14.8 11.8 -10.6 112
Salience network Dorsomedial prefrontal cortex 5.69 56 11.8 160

Note: Peak coordinates are reported for RSNs, and center-of-gravity coordinates are reported for between-groups analyses (MDD vs. HC).

RSN, resting-state network; MDD, major depressive disorder; HC, healthy controls.

second-level statistical tests performed, analyses were restricted
to voxels surviving a strict threshold (P < 0.00001) in any of the 6
RSN group maps (Fig. 1). Peak voxels for each RSN are reported in
Table 2 to facilitate comparisons with past and future studies
using seed regions to define RSNs.

Prior to second-level statistical analysis, single-subject RSNs
were derived using dual regression per standard procedures in
FSL. Though described in more detail elsewhere (Filippini et al.
2009), we briefly describe this standard procedure here. Each sub-
ject’s data were submitted to a multiple regression analysis, where
all spatial maps from the group probabilistic ICA (described above)
were used as regressors. This yielded a unique set of timeseries for
each subject, one for each group spatial map. These timeseries
were then used as regressors in a second multiple regression ana-
lysis to derive spatial maps of all components. Second-level statis-
tics (described in the following section) were performed on
subject-specific spatial maps corresponding to our 6 RSNs of inter-
est. Thus, in each RSN map for each subject, the value (z-score) of a
given voxel corresponded to the relative temporal coherence (or
“functional connectivity”) of that voxel with the corresponding
RSN. Global signal was not removed in these analyses (for discus-
sion of both sides of this controversial issue, refer to Fox et al.
(2009); Murphy et al. (2009)).

Second-Level Statistical Analyses

To determine differences in functional connectivity between pa-
tients and healthy participants, we used voxelwise t-tests to
compare RSFC values (z-scores) between groups within each
RSN, using a single-voxel (i.e., height) threshold of P <0.0005
and cluster threshold of k > 10 voxels. This cluster threshold
was chosen so as not to bias findings against subcortical nuclei,
in which the spatial extent of statistical effects (i.e., cluster size)
is limited by the size of the structure/nucleus. In clusters result-
ing from these between-groups t-tests, region of interest (ROI)
analyses were performed in patients to measure correlations
(Pearson’s r) between RSN RSFC values and 2 variables: HAMD
scores and duration of illness (in years).

To measure treatment response, we performed ROI analyses
restricted to patients who completed the third MRI scan (after
~2-4 weeks of ECT, n=24) and with Bonferroni correction for
the number of tests in each ROL. First, we used t-tests to compare
RSN RSFC z-scores between all timepoints. Pairwise t-tests were
chosen to accommodate different numbers of timepoints be-
tween groups (3 timepoints for patients, 2 timepoints for healthy
volunteers) and to accommodate non-monotonic changes across

timepoints in patients (e.g., RSFC z-scores may increase from
baseline to the second visit, but then decrease on the third
visit). Then, we measured correlations (Pearson’s r) between
changes in RSFC and changes in depressive symptoms (HAMD
scores). Finally, we confirmed that ECT-related changes in RSFC
were not affected by head motion or lead placement by using
these factors (MRD; RUL vs. RUL + BF) as nuisance covariates in
a post hoc analysis of covariance. As these post hoc tests were
performed to confirm that these factors did not contribute to
our results, multiple comparison correction was not applied.

Results
Corticolimbic RSNs

Three DMNs were identified: 1) a ventral DMN (vDMN) including
ventromedial prefrontal cortex (PFC), posterior cingulate cortex
(PCC) and adjacent precuneus, and bilateral hippocampus, 2) an an-
terior DMN (aDMN) including medial PFC and PCC, and 3) a poster-
ior DMN (pDMN) including PCC and adjacent precuneus. Additional
networks chosen were: 4) the Salience Network (Sal-N) including
the anterior cingulate cortex (ACC) and adjacent medial PFC, mid-
cingulate cortex, bilateral insula, dorsolateral PFC, and bilateral
ventral striatum (VS), 5) an OFN including orbitofrontal cortex, VS,
and basal forebrain, and 6) an RSN including the basal ganglia and
thalamus (Th/BG-N). All 6 RSNs have been reliably demonstrated in
healthy volunteers in previous research (Damoiseaux et al. 2006;
Smith et al. 2009; Allen et al. 2011; Laird et al. 2011). Regions of over-
lap across >50% of networks included ventromedial PFC (4/6 RSNs),
PCC/precuneus (4/6 RSNs), dorsal PCC (3/6 RSNs), and VS (3/6 RSNs);
points of overlap are reported for reference and determined by
thresholds chosen a priori (P<0.00001). Maps are displayed in
Figure 1, and peak coordinates are given in Table 2.

Altered Functional Connectivity in MDD

Depressed patients exhibited aberrant RSFC with respect to 3
RSNs (Table 2). In MDD patients, intrinsic activity the right ventral
striatum (VS) was negatively correlated (or “anti-correlated”) with
the ventral DMN (Fig. 2A). In comparison, healthy participants
had significantly less connectivity between VS and vDMN. In con-
trast, in healthy volunteers, right VS activity was negatively cor-
related with the aDMN, and MDD patients showed significantly
less VS-to-aDMN connectivity (Fig. 2B). Taken together, these re-
sults demonstrate that MDD patients exhibit hyperconnectivity
between VS and vDMN, while simultaneously exhibiting
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Figure 2. Ventral striatum (VS) RSFCis altered in MDD. (A) The results of 1-sample t-tests for MDD patients (left) and controls (middle) are displayed for the vDMN (top rows)
and aDMN (bottom rows). Orange marks voxels exhibiting positive temporal coherence with each network, and blue marks instances of negative temporal coherence
(P <0.00001). At right, results of 2-sample t-tests comparing RSFC between MDD patients and healthy controls are displayed in green for vDMN and red for aDMN
(P<0.0005, k > 10). (B) Both between-groups effects shown in A are displayed on the same coronal section, with overlapping voxels marked in white. Slice is enlarged
in the inset to show surrounding anatomy, including the caudate (Cd), putamen (Pu), subgenual anterior cingulate (single asterisk), and gyrus rectus of the
orbitofrontal cortex (double asterisk). (C) Bar charts display mean RSFC between VS and DMNs for patients (red) and controls (grey); asterisk denotes significance
determined by voxelwise tests. In all images and figures, statistical maps are displayed on MNI template brains in neurological convention.

hypoconnectivity with the aDMN. In the Salience network, func-
tional connectivity was reduced with the dorsomedial prefrontal
cortex (dmPFC) in MDD patients compared with healthy partici-
pants (Fig. 3). In ROI analyses, functional connectivity in these re-
gions (with respect to corresponding RSNs) was not correlated
with depressive symptoms (HAMD scores), duration of illness,
or mean head motion during the scan (P > 0.05).

Treatment Response in Regions of Aberrant RSFC

Symptoms of depression were significantly reduced after ECT
(P <0.00001; Table 1), with 14 of 24 returning patients experiencing
>50% reduction in HAMD score, and 6 patients meeting a strict cri-
terion for remission (HAMD score <7 [Zimmerman et al. 2012 ]).
ROI analyses were performed to determine whether treatment
with ECT restored RSFC in regions identified to have altered
RSFC in MDD patients at baseline (Fig. 4). In VS, hyperconnectivity
with the vDMN was reduced with treatment, including after 2 ECT
sessions (Pcorr < 0.05) and after 2-4 weeks of ECT (at completion of
the ECT treatment index series) (Peorr < 0.05). Treatment also re-
duced hypoconnectivity between VS and aDMN; however, this ef-
fect was less pronounced. Hypoconnectivity was significantly
reduced after 2 ECT sessions (Peorr < 0.05) and only moderately re-
duced after 2-4 weeks of ECT (uncorrected P=0.03). ECT did not

significantly affect RSFC between dmPFC and Sal-N, though
weak trends toward restored RSFC were found (after 2 ECT uncor-
rected P =0.02; after 2-4 weeks uncorrected P=0.11). In all ROIs,
RSFC did not differ between baseline and follow-up scans in
healthy volunteers (P > 0.05).

In post hoc analyses, no correlations between changes in
RSFC and changes in HAMD scores were significant (P> 0.05).
Additionally, changes in RSFC (baseline vs. 2-4 week follow-up)
were analyzed a second time while using head motion and ECT
lead placement as nuisance covariates. Effects reported in the
main analyses remained: significant changes in VS-vDMN con-
nectivity persisted (P <0.01 for both), while trends were present
for changes in VS-aDMN connectivity (P =0.06 when controlling
for lead placement; P =0.08 when controlling for head motion).
Again, RSFC between dmPFC and Sal-N was not strongly affected
by ECT (P=0.31 when controlling for lead placement; P=0.16
when controlling for head motion). No significant interactions
were present in these analyses.

Discussion

Here, we report aberrant patterns of functional connectivity in pa-
tients with MDD. First, we demonstrated that, in MDD, the ventral
striatum exhibits different functional relationships with the
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P <0.00001). At right, results of a 2-sample t-test comparing RSFC between MDD patients and healthy controls are displayed in yellow for the Sal-N (P <0.0005, k > 10).
(B) Bar chart displays mean FC between dmPFC and Sal-N for patients (red) and controls (grey); asterisk denotes significance determined by voxelwise test.
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Figure 4. Aberrant RSFC in ventral striatum is restored by ECT. For regions
identified to have altered RSFC in MDD patients, bar charts plot the mean RSFC
z-score for each timepoint and group (key given at lower right). The results of
pairwise t-tests between baseline and follow-up scans within each group are
marked, where asterisks indicate Po, <0.05 and “n.s.” marks pairs that were
not significantly different (Peory > 0.05).

ventral and anterior DMNs, which involve structures thought to
be hyper- and hyporesponsive in MDD, respectively (Mayberg
1997; Koenigs and Grafman 2009; Price and Drevets 2012). Further-
more, we demonstrate that this abnormal pattern of RSFC is nor-
malized with a highly effective neurostimulation therapy, ECT,
particularly with regard to functional relationships between VS
and ventral DMN. Additionally, we report reduced connectivity
between dorsomedial PFC and the Salience RSN, which contains
the ACC, anterior insula, and VS. This effect mirrors hypoconnec-
tivity between VS and anterior DMN, which overlaps dorsomedial
PFC. As a whole, our data lend further support to the hypothesis
that depression involves an imbalance between hyporesponsive
dorsal and hyperresponsive ventral structures (Mayberg 1997,
Drevets 2000; Koenigs and Grafman 2009) and place new

emphasis on a key structure involved in that imbalance, the ven-
tral striatum.

Ventral Striatum as a Critical Component of Network-
Level Dysfunction in MDD

Atrest, spontaneous fMRI activity in any given voxel (e.g., in the VS)
is a mixed signal reflecting the functional connections of its thou-
sands of neurons with various different brain circuits. Like a micro-
phone at a cocktail party, a single voxel’s time course is a
“recording” of this mixture of signals, or functional connections.
In our study, we used ICA to examine RSFCin 6 RSNs that, although
statistically dissociated, were not entirely spatially dissociable. In
this way, we simultaneously examined the different functional
connections of regions that overlapped across RSNs at specific
thresholds, like the VS and medial PFC (Fig. 1). This is a critical de-
parture from previous studies, which examined only dominant
patterns of connectivity using 1) seed region analysis (Bluhm
et al. 2009; Sheline et al. 2009; Hamilton, Chen, et al. 2011; Hamil-
ton, Furman, et al. 2011) or 2) single RSNs defined using ICA (Grei-
cius et al. 2007). For example, although previous seed-region
studies in healthy individuals have demonstrated that the primary
pattern of RSFC in the VS involves the orbitofrontal cortex (Di Mar-
tino et al. 2008), our approach statistically removed this dominant
signal (i.e., the OFN, Fig. 1) allowing examination of other connect-
ivity patterns of the VS. The same restriction applies to previous
studies using ICA to identify a limited number of networks (Grei-
cius et al. 2007), where medial PFC regions are not dissociated
across RSNs. Thus, our approach may offer a complementary,
and perhaps more comprehensive, analysis of the complex net-
works that differentially recruit medial PFC and VS, rather than
the dominant signal (or loudest voice at the cocktail party).

The VS, like other basal ganglia substructures, is involved in
striato-thalamo-cortical loops implicated in motivation, reward,
and assessing positive and negative value of stimuli (Cardinal
et al. 2002; Kable and Glimcher 2009; Price and Drevets 2012).
These circuits involve reciprocal prefrontal connections, including
both direct projections from medial PFC to VS (Ferry et al. 2000;
Onglir and Price 2000) and indirect projections from VS to medial
PFC via the ventral pallidum and mediodorsal thalamus (Ray and
Price 1993; Ongiir and Price 2000). In the current study, VS



exhibited opposing patterns of MDD-related RSFC effects with dif-
ferent medial prefrontal networks. Specifically, VS exhibited great-
er (negative) temporal coherence with ventral DMN and less
(negative) temporal coherence with anterior/dorsal DMN. Al-
though these opposing effects overlapped spatially within the
VS, they likely reflect separate effects in different circuits: differen-
tial modulation of different VS neurons by separate medial PFC re-
gions (or vice versa). Indeed, VS neurons connect with regions
throughout the ventral and dorsal medial PFC in animal studies
using tracer injections (Ray and Price 1993; Ferry et al. 2000;
Onglir and Price 2000). Representations of positively and negative-
ly valenced stimuli are also spatially dissociable within the VS in
humans (Seymour et al. 2007) and other animals (Reynolds and
Berridge 2002), suggesting that both function and network connec-
tions are separable in this region. Thus, the VS (and by extension
the ventral pallidum and mediodorsal thalamus) is likely involved
in separable dysfunctional circuits in MDD. Furthermore, these
striato-thalamo-frontal circuits may also be differentially influ-
enced by other inputs to the VS (e.g., ventral tegmental area,
amygdala, hippocampus [Mayberg 1997; Price and Drevets 2012]).
Future animal work, or simultaneous DBS-neuroimaging studies,
targeting these circuits more precisely may be better able to func-
tionally parse these and other networks in the context of MDD.

Ventral/Dorsal Imbalance in MDD

Our results support that multiple, separable striato-thalamo-cor-
tical circuits may be dysfunctional in MDD, as hypothesized pre-
viously (Mayberg 1997; Price and Drevets 2012). These findings
lead us to further posit that these network effects relate to the
proposed imbalance between hyperresponsive ventral regions
and hyporesponsive dorsal regions in MDD (Ressler and Mayberg
2007; Koenigs and Grafman 2009; Price and Drevets 2012). Previ-
ous studies show that ventral limbic structures are hyperrespon-
sive in depression, including the subgenual ACC and adjacent
ventromedial PFC (Greicius et al. 2007), amygdala (Sheline et al.
2001; Victor et al. 2010), and VS (Greicius et al. 2007; Furman
et al. 2011). Accordingly, we reported increased temporal coher-
ence, or hyperconnectivity, in MDD between VS and ventral
DMN, which included ventromedial PFC, ventral PCC/precuneus,
and the hippocampus. Previous studies have also reported hy-
poresponsiveness in dorsal brain regions with depression, in-
cluding dorsolateral and dorsomedial PFC (Galynker et al. 1998;
Siegle et al. 2007) and reduced connectivity between striatum
and dorsal ACC in both unipolar and bipolar depression (Anand
et al. 2005, 2009). Compatible with these results, we also show re-
duced RSFC between anterior DMN (including anterior and dor-
somedial PFC) and VS, and between the dorsomedial PFC and
the Salience Network (including ACC, dorsomedial PFC, anterior
insula, VS, and dorsolateral PFC).

Though the precise symptoms emanating from this ventral/
dorsal imbalance remain unclear, the dorsomedial PFC, perhaps
with lateral PFC, may be responsible for successful emotion regu-
lation, while ventral/limbic regions generate the experience of
negative affect and mood (Ressler and Mayberg 2007; Koenigs
and Grafman 2009; Gotlib and Joormann 2010; Price and Drevets
2012). However, positive affect is also supported by ventral limbic
structures like VS, ventromedial PFC, and amygdala (Reynolds
and Berridge 2002; Murray 2007; Seymour et al. 2007; Winecoff
et al. 2013). MDD patients have exhibited reduced responses to
positive and/or rewarding stimuli in VS (Epstein et al. 2006; Pizza-
galli et al. 2009; Robinson et al. 2012) and other ventral limbic re-
gions (Groenewold et al. 2013), so perhaps dysfunction and/or
dysregulation of ventral structures results in both increased
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negative affect/mood and decreased positive affect/mood,
though such relationships require empirical confirmation. In
MDD, impaired emotion regulation as reflected in hypodorsality
may cause increased negative mood expressed ventrally, and/or
hyperresponsive ventral regions may overwhelm the dorsal regu-
lation system. Research that leverages treatments that differen-
tially improve positive or negative affect/mood may be better
able to differentiate the relationships between ventral and dorsal
circuits in MDD patients.

Implications for Neurostimulation Therapies

Neuromodulation treatments attempt to influence brain circuits
to improve symptoms; however, the focality with which brain re-
gions are targeted differs across modalities. ECT uses specific
lead placements (usually right unilateral or bifrontal for depres-
sion) to elicit generalized seizures and has been shown to associ-
ate with lasting changes throughout the brain, including the
hippocampus, thalamus, PFC, dorsal ACC, and other regions (Per-
rin et al. 2012; Abbott et al. 2013; Tendolkar et al. 2013; Zhanget al.
2013; Dukart et al. 2014; Lyden et al. 2014; van Waarde et al. 2014;
Joshi et al. 2015). In the current study, we targeted brain regions
with strong differences in RSFC between patients and healthy vo-
lunteers prior to analyzing longitudinal effects to reveal novel
findings that indicate restored striato-frontal connectivity with
ECT. Notably, the ventral striatum and adjacent ventral internal
capsule are potential targets of DBS, a more focal and invasive
neurostimulation therapy for depression. Two PET studies have
demonstrated reductions in medial PFC metabolism subsequent
to VS-targeted DBS, including dorsomedial PFC and ventromedial
PFC/ACC (Schlaepfer et al. 2008; Bewernick et al. 2010). Thus, VS-
targeted DBS also seems to influence functional connections be-
tween VS and mediofrontal regions, though ECT and DBS clearly
involve different modes of neurostimulation and central nervous
system access. In contrast to ECT, however, VS-targeted DBS may
be less universally effective in improving symptoms of depres-
sion as demonstrated in a recent randomized trial (Dougherty
et al. 2015). Future neuroimaging research comparing how the
same brain networks (e.g., fronto-striatal) are affected by differ-
ent neurostimulation therapies may help define the functional
circuitry most optimal for stimulation targeting, which could be
an important means of improving therapies (Fox et al. 2014).

Conclusions and Additional Considerations

This study presents novel differences in RSFC in patients with
severe, unipolar MDD, which support a model of ventral/dorsal
imbalance in MDD pathophysiology where the VS and associated
striato-thalamo-cortical circuits play an important role. Further-
more, we demonstrate that these MDD-related effects are nor-
malized with ECT, a highly effective therapy for treatment-
resistant depression, particularly in regards to hyperconnectivity
between VS and a DMN containing ventromedial cortical and
limbic structures. These effects may also help elucidate the me-
chanisms behind other neurostimulation treatments like VS-tar-
geted DBS to improve these therapies. Though our study focused
on severe unipolar MDD to lend power to our between-groups ef-
fects, future studies that address the heterogeneity of depressive
symptoms as they relate to ventral/dorsal imbalance in MDD, bi-
polar, and other mental disorders may be informative regarding
neurobiological links to specific symptom and cognitive dimen-
sions (Insel et al. 2010). Indeed, the relative homogeneity of the
current sample may have prevented detection of correlations be-
tween cross-sectional effects and depressive symptoms.
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Furthermore, future study is warranted to replicate the current
results with different cohorts and methodological approaches in-
cluding exploration of other brain regions of potential relevance
to depression (e.g., lateral PFC, lateral parietal cortex, and cerebel-
lum). Here, large multisite studies may better address these and
other issues (e.g., sample size, attrition, age of illness onset, ECT
lead placement, etc.) that may affect the generalizability of the
current results.
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