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Depression has been increasingly recognized as a systems-level disorder; thus, treatments that target critical
brain regions in order to influence the function of brain circuits are an important area of study. Deep brain
stimulation (DBS), a therapeutic modality initially used in movement disorders, was first applied to treatment-
resistant depression (TRD) in 2005. Multiple groups around the world have treated several hundred TRD patients
with DBS on an investigational basis. There is no current single accepted protocol for DBS in TRD; variation is

possible both in anatomic site and stimulation parameters. The purpose of this article is to discuss the current
state of knowledge for DBS in TRD as it relates to patient selection, anatomic target selection and optimization,

and stimulation parameters.

1. Introduction

Depression is a common and devastating illness, and many patients
do not respond to available treatments, including multiple classes of
medications, psychotherapy, and electroconvulsive therapy [1]. These
patients are referred to as having treatment-resistant depression (TRD).
Depression has been increasingly recognized as a systems-level dis-
order; thus, treatments that target critical brain regions in order to
influence the function of brain circuits are an important area of study.
Deep brain stimulation (DBS), a therapeutic modality initially used in
movement disorders, was first applied to TRD in 2005 [2]. With DBS,
intracranial electrodes are implanted using imaging-guided stereotactic
surgery, in order to stimulate a particular brain area continuously, often
for years. A battery and pulse generator are implanted under the skin on
the chest, with wires running subcutaneously up to the intracranial
electrodes. Multiple groups around the world have treated several
hundred TRD patients with DBS on an investigational basis, as recently
reviewed elsewhere [3,4]. There is no current single accepted protocol
for DBS in TRD; variation is possible both in anatomic site and stimu-
lation parameters. The subcallosal cingulate (SCC) is the most common
stimulation site [2,5-12]. Other stimulation sites include the ventral
capsule/ventral striatum (VC/VS) [13,14], the anterior limb of the in-
ternal capsule (ALIC; adjacent to VC/VS) [15], and the superolateral
branch of the median forebrain bundle (sIMFB) [16-18]. Randomized
controlled trials, with various study designs, have been conducted for
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DBS to the SCC (BROADEN) [11], VC/VS (RECLAIM) [14], and ALIC,
[15]; plans exist for an RCT of DBS to the sIMFB [18]. Overall, results
are promising, despite ongoing questions about optimal study design.
The purpose of this article is to discuss the current state of knowledge
for DBS in TRD as it relates to patient selection, anatomic target se-
lection and optimization, and stimulation parameters.

2. Patient selection
2.1. Degree of treatment resistance/responsiveness

To date, no upper limit of treatment resistance has been correlated
with lack of response to DBS for TRD. In other therapeutic modalities
for TRD, greater number of past treatment failures is associated with
decreased likelihood of response to treatment. This has been shown for
electroconvulsive therapy (ECT) [19], medication [20], and in some
studies, repetitive transcranial magnetic stimulation (rTMS) [21].
Naturally, as DBS is an invasive and investigative therapy in TRD, pa-
tients who undergo DBS implantation are very highly treatment-re-
sistant. Methods of reporting medication trials and adequacy of such
trials vary among studies, but mean medication trials in TRD DBS
studies are generally in the range of 6-9 in the current episode
[7,14,18], or 8-20 lifetime medication trials [11,14,15,18]. In contrast,
the mean number of medication failures in rTMS RCTs for depression
generally ranges from 1 to 3 [21]. Further, the large majority of patients
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in most DBS studies have either failed to respond to or failed to tolerate
electroconvulsive therapy; many trials include patients who responded
to ECT in previous, but not current, depressive episodes [7,11,14,15].
This overall very high degree of treatment resistance among enrolled
patients creates a floor effect, decreasing likelihood of a statistical as-
sociation between DBS responsiveness and past medication/ECT trials.

On the other hand, a history of treatment responsiveness with return
to inter-episode euthymia appears to be associated with response to
DBS in TRD, at least as observed at Emory, the center with the most
experience in SCC DBS [22]. In one cohort treated at Emory [7],
duration of longest euthymic episode since the first onset of major
depression was positively associated with response to SCC DBS fol-
lowing six months of open-label stimulation (unpublished data). An
analogous phenomenon has been demonstrated in Parkinson’s disease,
wherein positive response to DBS is predicted by good response to L-
DOPA [23].

2.2. Duration of current depressive episode

Within individual DBS trials, no association has been shown be-
tween length of current episode and treatment response. Mean episode
durations in published trials range from 3 to 12 years [7,12,14,15,18].
However, it is notable that in the BROADEN trial, a large industry
sponsored RCT of SCC DBS, duration of current episode was around
12years [11], nearly twice that of previous studies of SCC DBS in TRD
[7,12,24]. The negative results of the 6-month placebo-controlled
portion of the study may have been partly explained by the extremely
chronic depression in this cohort. In the subsequent longer-term open-
label portion of this study, 49% of patients responded by 24 months of
stimulation, which is more in line with other studies of DBS in TRD.
Thus, it is possible that patients with more chronic depression require
longer treatment duration with DBS; this should be explored in future
DBS studies. In other treatment modalities, including ECT [19] and
rTMS [25] increased duration of episode is associated with decreased
response to treatment and increased rate of relapse after treatment.

2.3. Other illness characteristics

Some characteristics of patients’ illness are thought to be predictive
of outcomes with DBS in TRD. Low emotional reactivity appears to be
associated with better outcome in SCC DBS [22], whereas anxiety, in-
cluding panic attacks or generalized anxiety disorder, that has occurred
outside the context of a depressive episode, is associated with worse
SCC DBS outcomes [26]. In BROADEN, the largest TRD DBS study to
date, melancholic features were not predictive of treatment response
[11]. Inadequate data exist regarding effectiveness in treating unipolar
vs. bipolar depression with DBS, as most studies of DBS exclude patient
with a history of bipolar disorder; exceptions include [7], which found
similar efficacy in unipolar and bipolar patients, and [13,18], which
each included one patient with bipolar disorder. One analysis of base-
line neuropsychological factors found that executive dysfunction (more
total errors in the Wisconsin Card Sort Task) and lack of psychomotor
slowing (faster Finger Tap task) predict SCC DBS efficacy in a group of
20 patients [27].

2.4. Other patient characteristics

Of course, patients who undergo DBS for TRD must be healthy en-
ough to undergo neurosurgery, and reliable for regular follow-up visits.
All patients in DBS trials have been adults, with mean age of 40-50 in
most trials. Samples have been overwhelmingly white, non-Hispanic.
Minimal guidance as to demographic predictors of response is available;
the largest DBS trial to date (n = 90 patients total) found no demo-
graphic factors that predicted response to DBS [11].
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3. Stimulation targeting

As more TRD patients have had DBS devices implanted, and as
imaging methods have grown increasingly sophisticated, it has become
increasingly clear that targeting and activating particular white matter
tracts in each individual patient is likely critical in treatment response.
Le., gross anatomic targeting alone is probably not sufficient. For the
SCC, this was first suggested via a retrospective analysis, using activa-
tion volume tractography, in which DBS responders shared bilateral
activation pathways from SCC to frontal regions, cingulate cortex, and
subcortical regions. Non-responders did not show consistent activation
pathways in all these regions [28]. A subsequent prospective study,
using individualized pre-implantation deterministic tractography,
showed a remarkably high response and remission rate at 1 year (9 and
6 of 11 patients, respectively) [12]. Unfortunately, the BROADEN trial
did not use individualized tractography for electrode placement, which
may in part account for lack of separation from placebo during the
initial 6 month double-blind phase; additionally, no DTI data was col-
lected at baseline in this study, so it is not possible to look retro-
spectively [11]. Ventral capsule/ventral striatum (VC/VS) is also a
white matter target, studied in both TRD and obsessive-compulsive
disorder (OCD). A randomized controlled trial of VC/VS in TRD (RE-
CLAIM) that used anatomic coordinates and not tractography did not
show differences from placebo during the controlled phase [14]. In-
dividualized tractography has been utilized in a recent study of the
medial forebrain bundle and is planned for an ongoing “pivotal trial”
[29].

Further advances in imaging, precision targeting, and stimulation
modeling can be expected to enhance predictive power, and eventually
treatment efficacy to the level of an individual patient. Multiple recent
studies have demonstrated new techniques. Machine learning rather
than manual deterministic tractography is being employed in sIMFB
DBS routinely to enhance targeting precision [30]. New appreciation of
factors such as role of sub-millimeter brain shift secondary to neuro-
surgical burr holes may be taken into account in the future [31]. In-
traoperative targeting could potentially be enhanced by measuring
autonomic responsivity to intraoperative stimulation [32]. Stimulation
modeling using a field cable pathway activation model, based on re-
lative activity of multiple tracts passing through SCC, recently de-
monstrated the ability to predict time to a stable treatment response
[33]. Post-surgical target engagement assessment may be improved by
using EEG and evoked potentials [34].

4. Stimulation parameters

In DBS, stimulation parameters that can vary include pulse width,
intensity, frequency, and number of contacts activated. In movement
disorders such as Parkinson’s disease and tremor, stimulation para-
meters often require change over time to maintain efficacy. Studies of
anatomically targeted (i.e., no individualized tractography) VC/VS DBS
for OCD [35] have shown that overall less energy (decreased intensity,
pulse width, and number of contacts) may be required for efficacy de-
pending on anatomic location. In DBS for TRD, changes in intensity
have generally proved to be more important than changes in pulse
width. For example, during the open-label phase of BROADEN [11], an
increase in stimulus intensity from 6 mA to 8 mA and then addition of
another electrode contact, was associated with greater rate of response.

However, caution must be exercised in changing stimulation para-
meters, due to the risk of emergent side effects. Side effects vary by
anatomic location. DBS of the VC/VS and ALIC have been associated
with mania, hypomania, irritability, and suicidal ideation [14]. In the
ALIC study, mania/hypomania resolved in three cases with decreasing
the stimulus intensity [15]. The medial forebrain bundle, due to its
proximity to the oculomotor nerve, is associated with visual dis-
turbances. Strabismus has been shown to be current-related [16]. SCC
stimulation has not been associated with specific stimulation-related
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side effects to date, regardless of stimulation parameters.
5. Conclusion: Personalizing DBS for TRD

DBS for TRD is still an investigational therapy, but the studies dis-
cussed above give some guidance regarding personalization of therapy.
The current crux of personalization in DBS for TRD lies in targeting
particular white matter fiber bundles, as discussed in section 3 above.
Advances in imaging technology, stimulation modeling, and target
engagement assessment promise to further enhance personalization and
potentially efficacy of DBS in TRD. The selection of one DBS anatomic
site over another (e.g., SCC vs. VC/VS) has not been formally studied.
Potential side effects may guide treatment selection: patients with a
propensity for hypomanic symptoms may wish to avoid VC/VS stimu-
lation, or patients with pre-existing visual disturbances may wish to
avoid the sIMFB. Little guidance exists regarding illness characteristics
exists; it has been suggested that patients with low emotional reactivity
might respond better to SCC DBS.

Critically, for DBS in TRD to become widespread, more studies are
needed. There has been much discussion in the field of how to move
forward in light of two recent large placebo-controlled, industry spon-
sored trials that failed to separate DBS from placebo during initial re-
latively short blinded phases [11,14]. There are many study design
considerations to getting the most out of DBS that have been discussed
extensively elsewhere, e.g., [3,18,36-38]. Important considerations
include: individualized targeting of fiber tracts; longer trials in general;
different time courses for different targets; different designs, such as a
lead-in optimization phase for all patients, followed by the blinded
placebo-controlled phase; and flexibility in initial parameter program-
ming. DBS for TRD remains a promising therapy, and appropriately
designed and executed studies have the power to advance psychiatry
toward its eventual clinical adoption.
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