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Abstract. The multifactorial etiology of major affective disor-
ders, such as major depression and bipolar disorder, poses 
a challenge for identification of effective treatments. In a 
substantial number of patients, psychopharmacologic treat-
ment does not lead to effective continuous symptom relief. The 
use of deep brain stimulation (DBS) for treatment-resistant 
patients is an investigational approach that has recently 
produced promising results. The recent development of safer 
stereotaxic neurosurgery, and the combination with functional 
neuroimaging to map the affected brain circuits, have led to 
the investigation of DBS as a potential strategy to treat major 
mood disorders. Several independent clinical studies have 
recently shown that chronic DBS treatment leads to remission 
of symptoms in a high number of treatment-resistant patients 
for major depression and bipolar disorder. In conclusion, the 
existing proof-of-principle that DBS can be an effective inter-
vention for treatment-resistant depression opens new avenues 
for treatment. However, multicenter, randomized and blind 
trials need to confirm efficacy and be approved after the most 
recent failures. Patient selection and surgical-related improve-
ments are key issues that remain to be addressed to help deliver 
more precise and customized treatment.
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1. Introduction

Major affective disorders, including depression and bipolar 
disorder are debilitating neurological diseases that are 
becoming a burden for society and health systems. Depression 
or major depressive disorder (MDD) alone affects 6.9% of the 
population in Europe (1). It is estimated that at ≥20% of the 
population suffers from depression during a period of their 
life (2).

Numerous treatments are currently available, however, 
these treatments are ineffective, particularly in the field of 
major depression and in psychiatry in general. Medication and 
psychotherapy constituted first-line therapies in the treatment 
of a large spectrum of affective disorders for several decades. 
For major depression, only a small number of patients respond 
positively to treatment with drugs and/or psychotherapies, in 
the form of ‘cognitive therapy’ (3). In fact, <40% of patients 
achieve remission with first treatment administered.

Converging lines of evidence  including neuroimaging, 
biochemical, electrical signaling,  have shown that major 
depression, as well as other types of affective disorders do not 
only affect one single region in the brain (4). The multifacto-
rial etiology of major affective disorders, major depression 
and bipolar disorder, poses a number of challenges for effec-
tive treatment. Additionally, due to the absence of reliable 
biomarkers there is no gold standard to guide an optimal 
treatment selection for each patient. This is reflected in the 
trial-and-error combination of different treatments with the 
aim that the medication or psychotherapy or the combination 
of the two types may be effective.

A more serious issue is that a majority of patients are 
unresponsive to multiple medication treatments and psycho-
therapy, or that medication treatment is unsuccessful over 
time (5). These severe forms of the disease are referred to as 
treatment-resistant depression (TRD or refractory depression). 
For these cases, alternative methods of neurostimulation such 
as electroconvulsive therapy (ECT), transcranial magnetic 
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stimulation (TMS) and vagus nerve stimulation (VNS) have 
been approved and shown efficacy in the alleviation of certain 
symptoms (5).

Deep brain stimulation (DBS) is another form of neuro-
stimulation that is an experimental therapy. DBS is an invasive 
technique that involves the surgical implantation of electrodes 
bilaterally in the brain, using stereotactic MRI guidance to 
reach the anatomical target. DBS is an effective and approved 
treatment for dystonia, hyperkinetic movement disorders 
such as Parkinson's disease (PD) and several forms of obses-
sive‑compulsive disorder (6). Over the last decade, the safety 
and therapeutic efficacy of DBS for depression have been 
successfully tested. DBS has progressively gained ground as 
a potential strategy to treat TRD (7). Despite the promising 
first trials, there are surgery-related risks and limitations that 
remaing to be addressed. Thus, the main aim of this review is 
to provide an updated overview of the key advances in the use 
of DBS for the treatment of major mood disorders.

2. Motivation for the use of DBS to treat depression

The rationale behind using DBS for the treatment of affective 
disorders stems from the notion that neuromodulation could 
serve as a potential strategy. Three key scientific facilitators 
led to the use of DBS in depression: i) advances in stereotaxic 
neurosurgery and anatomical precision; ii) experience in other 
neurological disorders. PD is a neurodegenerative syndrome 
associated with motor symptoms (tremor, rigidity, bradyki-
nesia) and non-motor deficits (cognitive deficit) that mainly 
affects thalamic circuits. The pathological hallmark of PD is 
the progressive loss and death of dopaminergic neurons in the 
substantia nigra (8). Initially, drugs were used to substitute for 
the action of dopamine. A better understanding on the basis of 
the circuit lesion in PD led to the use of high frequency stimu-
lation to act as a substitute (late 80s) for a permanent brain 
lesion (9). DBS has successfully been used for PD. Specifically, 
DBS onto the subthalamic nucleus (STN) can totally alleviate 
tremor, and it is now an FDA-approved treatment (10). Over 
100,000 individuals worldwide have this implant. For early 
and advanced PD, STN DBS appears to be more effective than 
standard medication (11,12). Notably, after DBS implantation 
in the globus pallidus internus (GPi) region for PD and tardive 
dyskinesia, patients have reported significant improvements 
in mood (13,14). In retrospect, the successful use of DBS for 
PD shows the clever linkage made between pathology, i.e., 
chemistry, circuits, lesion; and iii) most recent developments 
of structural/functional imaging. The wiring diagram and 
targets for treatment of depression remain to be determined.

However, the multifactorial etiology and variable sympto
matology of affective disorders poses great challenges for an 
effective DBS treatment as in the movement disorders.

3. Circuits of depression

Kknowledge concerning brain circuits involved in depression 
and other psychiatric disorders has greatly evolved. Imaging 
studies in humans mapped which brain lesions led to depres-
sion after stroke. A very critical involvement for the prefrontal 
cortex was suggested  (15). Subsequent studies using MRI 
measurements and postmortem anatomical studies indicated 

that the prefrontal cortex, but also abnormalities in the ventro-
medial frontal cortex and also ventral cingulum (VC) appeared 
to be present in brains of depressed patients (16). Additionally, 
studies on animal models of stress suggested the shrinkage of 
the hippocampus in depression (17). These structural findings 
were followed by functional studies including PET scanning, 
and fMRI, which detected patterns of hypoactivity and hyper-
activity in different areas of the frontal lobe for unipolar and 
bipolar depression.

In major depression, primary behavioral problem is associ-
ated with an increased negative mood, which affects cognition, 
circadian rhythms, and movement and patterns of activity. 
The multi-systemic nature of major affective disorders, major 
depression and bipolar disorder, are challenging with regard 
to identification of effective treatment. Therefore, in order to 
‘tune’ a circuit by implanting electrodes in the brain (DBS), 
a key question is whether there is one node, compartment or 
associated behavior, that is most critical to this disease.

From the patient reports data, the main hypothesis involved 
the dysregulation of negative mood as the key clinical feature in 
depression and possibly all other symptoms (cognitive changes, 
motor slowing and vegetative symptoms) derived from this 
dysregulation. Consequently, functional imaging tools allowed 
the direct mapping of brain regions associated with negative 
mood. When personal sad memories are retrieved by the patient, 
hyperactivity of the subcallosal cingulate (SCC or Area 25) 
and, simultaneously the low activity in the PFC were the main 
changes observed (18). The most critical component for the 
regulation of negative mood is the SCC. SCC is a critical brain 
hub for emotional regulation that constitutes a crossroad of path 
connections in the cortex (19). Additionally, volume decrease 
and glia loss have been reported in this region in depressed 
brains (15). Notably, depression recovery following medication 
treatment (e.g., SSRI, placebo) or with neurostimulation, rTMS, 
ECT and VNS, was associated with the downregulation of SCC 
activity (19-22). As discussed below, other candidate regions 
have been investigated as therapeutic targets in depression, the 
main focus for the DBS approach has been given to the SCC, as 
abnormal patterns of activity in this region have been strongly 
linked with core clinical features of the disorder.

4. Results

Mayberg et  al attempted to test the safety and utility of 
implanting electrodes in a group of ill TRD human patients (23). 
The 6 patients selected had been disabled by the illness for 
an average of 6.5 years. Treatments including CBT, and ECT 
as well as combinations of drugs were unsuccessful. After 6 
months of low-frequency chronic stimulation bilaterally onto 
the SCC, similar to parameters used in PD but in different 
areas involved in the disease, 4 of the 6 patients responded; 
and 3 of 6 showed total remission. The treatment response is 
usually determined by a decrease of ≥50% in the Hamilton 
Depression Rating Scale (HDRS) score, whereas full remission 
is achieved when the HDRS score equals ‘non‑depressed’ (24). 
PET scans in responders confirmed that chronic DBS leads to 
a decrease of activity of SCC confirming the benefit of directly 
stimulating the SCC.

The pioneering investigations of Mayberg et al were 
followed up by another open-label, safety and efficacy 
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testing of DBS in SCC white matter with a larger sample of 
patients (25). Of 20 patients studies, there was a 60% response 
rate after 6 months of initiation of the stimulation, and 55% 
after 1  year. This response was sustained in a long-term 
follow up (3-6 years) (26) (Table I). A crucial finding of this 
second study is the absence of relapse in responsive patients.

A further replication of the first two trials on SCC DBS was 
performed with a key study in 2012 that extended these results 
to bipolar disorder (27). Comparable results to first clinical 
trial were obtained: 42% response rate was achieved after 
6 months and 65% response after 2 years follow up (Table I). 
The reasons for the progressive improvement over time are 
unclear, but the observation that patients who achieve remis-
sion did not show spontaneous relapses or resistance to the 
treatment is promising. Of note, there were no differences 
between bipolar and unipolar depression patients in terms of 
the trajectory of response. Episodes of mania or hypermania 
were not induced by DBS in bipolar patients, a side-effect that 
had been previously reported (28). These promising results 
including those for bipolar patients have been further repli-
cated in other centers elsewhere (29). Therefore, using SCC 
as a target area carries the advantage of treating both unipolar 
and bipolar disorder.

The BROdmann Area 25 DEep brain Neuromodulation 
(BROADEN) study was designed as a large multicenter, 
randomized, blinded clinical study of SCC DBS for TRD 
patients, sponsored by the St. Jude Medical Institute. However, 
an open letter reported that the trial was cancelled by the FDA 
due to poor success offered by the futility analysis (not >17.2% 
probability). Considering the positive results obtained in the 
previous open-label studies, it is noteworthy that BROADEN 
was invalidated. Inappropriate patient selection or suboptimal 
DBS targeting may be factors explaining the failure.

5. Studies in other areas

Prompted by the positive results of the stimulation of 
Area 25, other putative brain regions involved in the circuitry 
of depression have been under study. Three other major 

publications in the field have reported the effects of targeting 
with DBS distinct brain regions  (Table  I). The ventral 
capsule/ventral striatum (VC/VS) was stimulated in a group of 
treatment‑resistant patients: a 40% response rate at 6 months 
was reported (30). Two other clinical studies investigated two 
areas involved in reward-processing. An open-label study 
examined the nucleus accumbens (NAc) (31). After 1 year 
follow up, 50% of the patients showed a significant remission. 
In a third study, the target region was the medial forebrain 
bundle, which is also connected to the SCC and is involved 
in reward-processing (32). An acute (within days) and impor-
tant effect of this treatment was reported with 6 responders 
of 7 patients (Table I). However, the number of patients and 
the total period of follow up (6 months) was extremely low 
and these results should be interpreted cautiously. Thus, the 
three clinical trials demonstrated that multiple regions may 
be targeted with successful clinical outcome and therefore 
suggests the need to understand and define the best target for 
each patient. It is also unclear whether targeting distinct nodes 
has an impact on a different subset of symptoms.

The first systematic review on the clinical use of DBS on 
depression recapitulated the rapid progress made in this field 
over the last decade (33). In total, 22 clinical trials including 
188 patients that received DBS for a refractory mood disorder 
have been published (33). The strongest evidence is for the 
antidepressant effect of SCC DBS for TRD patients. (69.6% of 
a total of 131 patients). At the one‑year mark after the onset of 
treatment, comparable outcomes were independently reported 
across different groups. Nevertheless, the number of patients 
in each clinical trial has been low and the inclusion criteria 
and score test have been overly heterogeneous.

6. Main sources of variability: Patient selection and 
surgical imprecision

From the early use of DBS in depression, PET imaging showed 
that Area 25 in responders was altered and remote changes 
in blood flow were present (23). Notably, the brain scans of 
non-responders indicated that there is a correlation between 

Table I. Key clinical studies of DBS for depression and bipolar disorder.a

			   Total follow-up
Authors (refs.)	 Patient no.	 Target area	 time (months)	 HDRS (%)	 Remarks

Mayberg et al (23)	   6	unipolar	 SCC	 6	 55.0
Lozano et al (25)	 20	unipolar	 SCC	 12	 48.2
Kennedy et al (26)	 20	unipolar	 SCC	 72	 64.3	 Long-term follow-up of
						      Lozano et al (25)
Holtzheimer et al (27)	 11	unipolar	 SCC	 24	 69.0	 92% response rate
	 and 7 bipolar
Malone et al (30)	 15	unipolar	 VC/VS	 48	 53.3
Bewernick et al (31)	 11	unipolar	 NAc	 48	 41.7
Schlaepfer et al (32)	   7	bipolar	 MFB	 6	 -	 6/7 patients were responders

aOverview of hallmark single-center, open-label clinical trials of the use of DBS for depression on different brain targets. DBS, deep brain 
stimulation; SCC, subcallosal cingulate; VC, ventral capsule; VS, ventral striatum; NAc, nucleus accumbens; MFB, medial forebrain bundle; 
HDRS, Hamilton Depression Rating Scale.
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the absence of DBS stimulation reaching these outer areas and 
poor clinical outcome. Thus, the treatment constitutes not only 
a local effect, but rather a network effect. The rest of this circuit 
plays an important role in anti-depressant actions, because the 
stimulation and downregulation of Area 25 alone is insufficient.

The development of new tools in the realm of white matter 
tractography such as diffusion tensor imaging (DTI) has made 
possible examination in great detail of the difference between 
stimulating one active contact or another (34). A minor change 
in anatomy can have a major effect in connection. Targeting 
optimal pathways is relevant to electrode placement and 
programming. Individual maps of white matter tracts can now 
be used to identify specific patterns of altered connectivity, 
which may ultimately define the optimal placement of elec-
trodes. The use of state-of-the-art microstructural scanning 
opens new avenues for customized DBS treatment. A more 
refined DBS targeting can prove particularly useful for those 
cases where multiple brain circuits appear to be affected (35). In 
this context, the implantation of multipolar‑lead electrodes (36), 
should be carefully examined in future clinical studies.

SCC is a hub for three sets of tracts: midline thalamus, 
ventral pallidum, and medial frontal cortex (35). The recent 
modelling of patient-specifc tractography‑activation data has 
shown that the combined stimulation of the three tracts is 
necessary to achieve full clinical response (37). As larger sets 
of imaging data from patients are compiled, better correlations 
between the clinical outcome (responders/non‑responders) 
and the exact targeted pathways can be established, and this 
may be used to define reliable biomarkers and refine surgical 
approach. Collecting data on how distinct behavior  is impacted 
by network dysfunction may be useful in mapping specific 
behaviors to individual brain regions and individual circuits.

A primary assessment of the stimulation efficiency can 
already occur in the operating room. Although it seems that 
the response to DBS requires time to come into effect, acute 
behavioral changes often occur when the correct target is 
achieved. Patients have shown a number of spontaneous self-
reports that predict a positive response (38). A collaborative 
effort between neurosurgeons and psychiatrists during surgery 
now allows to test causal relationships in real-time. Monitoring 
simultaneously physiology, i.e., local field potentials, whole 
brain activity, SCC activity, and behavioral changes while 
placing the electrodes provides critical information as to how 
the patient responds as stimulation is applied second to second.

Stereotactic procedures are highly invasive and ~2% of 
total DBS implants lead to intracranial bleeding (4). Other 
serious adverse effects in the long-term follow up of patients 
have been reported (38), but there is no direct evidence that 
these were caused by DBS surgery or stimulation programs. 
In principle, DBS is a reversible procedure, thus stimulation 
can be switched off or even completely removed if neces-
sary. More detailed and frequent checkup of patients using 
state‑of‑the art neuroimaging techniques needs to be imple-
mented to successfully reduce the adverse effects of DBS.

7. DBS mechanism of action

The short- and long-term structural and functional changes that 
occur in the brain in response to DBS stimulation remain to be 
elucidated. A better understanding of the neurophysiological 

adaptations triggered by DBS are fundamental to optimize the 
stimulation parameters, and therefore minimize the adverse 
side-effects and brain damage.

Microelectrode unit recording during implantation has 
provided some insight into the information processing in 
the SCC (39). Electrophysiological recordings from a set of 
neurons in the SCC as the awake patient in the operating room 
passively processes images with different emotional valence, 
shows that Area 25 mostly monitors negative emotions (40). 
Individual neurons appear to be emotion-specific. Based on 
the effect of DBS on reducing SCC, a hypothesis that has 
been posited is that it suppresses negative mood. This raises 
the question of whether DBS indirect symptomatology affects 
mood or motivation, as well as some of the vegetative features 
or cognition.

The identification of the most critical nodes, brain regions 
in the circuit of depression (36), provides a great opportunity 
to reverse-engineer this investigation into animal models, 
and examine the fundamental mechanisms at many levels, 
i.e., regions, networks, and cell types. In this regard, the use of 
in vivo optogenetics may be a powerful tool to tease specific 
networks in animal models of depression and help translate 
this work for clinical studies.

Another critical issue is whether recovery persists stably 
after DBS stimulation stops. A possibility is that DBS action 
catalyzes or induces endogenous plasticity, in order that when 
the external battery dies, normal brain mechanisms can take 
over. This hypothesis was tested, and a blinded discontinua-
tion of the stimulation, by simply turning battery on and off, 
in 3 patients (all received sham stimulation) for a period of 
3  months  (27). The patients exhibited rapid deterioration 
and showed relapse after a period of 2 weeks. This was also 
confirmed by cases of battery depletion. Battery replacement 
and restart of the active stimulation rescued the effect (27). It 
remains to be elucidated whether these patients may be rescued 
with conventional treatments such as medication or therapy.

Higher stimulation voltages showed a correlation with a 
better clinical outcome (26), and are associated with higher 
battery use, leading to more frequent replacement of batteries 
and possible surgical complications. The use of rechargeable 
batteries (41) and the establishment of pacemaker-like cycles 
of stimulation, such as successful implants in the treatment 
of movement disorders (42,43), have been proposed as a solu-
tion to this problem. This therapy should take advantage of 
the developments in the closed-loop stimulation systems (36) 
to provide discontinuous stimulation, based on the clinical 
demands of each patient.

8. Conclusion

Almost 10 years after the first clinical trial of DBS for depres-
sion, progress has been achieved, although further investigations 
are required to confirm DBS as an extended treatment for 
major mood disorders. As a therapy, DBS stands in the inter-
face between neurosurgery and interventional psychiatry (44). 
Multicenter randomized and blind trials need to show efficacy 
and be approved following recent failures. In addition, which 
patients are likely to benefit from the treatment remains to be 
determined. For this purpose, a detailed registry of clinical 
data from all the patients (including imaging information) and 
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open-access data are required to elaborate improved criteria 
for DBS patient selection. Successful targeting of 6 brain sites 
for depression has been reported, but little is known regarding 
the biomarkers that predict better outcomes for each patient.

9. The road ahead: The next generation of stimulation 
systems

The positive clinical outcome of DBS treatment for several 
neurological disorders in the last few years has sparked a 
great deal of technological innovation in order to optimize the 
surgical approach and tailor treatments to each patient. The 
ambitious Connectome Project aims to provide access to white 
matter projection maps in an unprecedented resolution (45). In 
combination with the in vivo DTI tract tracing (46) the connec-
tome dataset aimed to provide precise information concerning 
the best target networks for each patient. The progress achieved 
on the imaging branch was matched by the development of 
more precise neuroengineering devices for DBS surgery. A 
major concern has been the need to specifically stimulate 
certain contacts, and avoid a cloud of activity in off-target 
circuits. The newest microelectrodes enable to actually drive 
them with high precision (47), as well as targeting multiple 
leads (36). In future, robotic systems are being optimized for 
MRI-guided stereotactic surgery (48).

The time course of DBS-induced effects appears to be rela-
tively stereotypic with a few exceptions. Although there is not 
an immediate or rapid action, certain acute behavioral switches 
can be predicted in the operating room. At present, there are 
not reliable and obvious clinical predictors for determining the 
time course in each patient. Successful DBS treatment requires 
to be followed by an appropriate post-therapy. Once chroni-
cally ill, the now recovering patient must cope with the change 
of an entire lifestyle, and developing new habits to regain 
integration within society or family. As recovery takes much 
more than a stimulator, improvements on the surgical approach 
must be logically accompanied by the development of effective 
post‑treatment rehabilitation strategies (49). The exact contri-
bution of DBS treatment to the enhancement of brain plasticity 
and learning may be an important aspect to determine.

Despite being an experimental treatment, the use of DBS 
for treating affective disorders in humans has already raised 
evident ethical concerns due to its potential misuse (50). The 
raise of potential ethical alarms has been partly caused by the 
comparison with psychosurgery methods used previously (4). 
Elevated economic costs, as well as safety and tolerability 
issues hinder the possibility that, in the next 5 years, DBS 
is likely to gain the status of recommended third-line treat-
ment in most health systems guidelines. Leading figures in 
the field have elaborated some guidelines for the clinical use 
of DBS to treat MDD (51). Ultimately, DBS may become a 
first-line or second-line treatment for refractory depression 
and bipolar disorder.
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