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Abstract: Deep brain stimulation (DBS) has become a well-accepted therapy to treat movement 

disorders, including Parkinson’s disease, essential tremor, and dystonia. Long-term follow-up 

studies have demonstrated sustained improvement in motor symptoms and quality of life. DBS 

offers the opportunity to selectively modulate the targeted brain regions and related networks. 

Moreover, stimulation can be adjusted according to individual patients’ demands, and stimula-

tion is reversible. This has led to the introduction of DBS as a treatment for further neurological 

and psychiatric disorders and many clinical studies investigating the efficacy of stimulating 

various brain regions in order to alleviate severe neurological or psychiatric disorders includ-

ing epilepsy, major depression, and obsessive–compulsive disorder. In this review, we provide 

an overview of accepted and experimental indications for DBS therapy and the corresponding 

anatomical targets.

Keywords: deep brain stimulation, movement disorders, neurological disorders, psychiatric 

disorders, Parkinson’s disease

Introduction
Using electrical stimulation to modify brain function is an in fact old concept that 

has regained much attention over the last quarter of a century.1 Mostly referred to as 

deep brain stimulation (DBS), the procedure involves the intracerebral implantation of 

stimulation electrodes. These are connected to a subcutaneous pulse generator, which 

continuously delivers small electrical pulses. Activity of the targeted brain area and 

related brain networks are modulated.2,3

The application of DBS is accepted for the treatment of movement disorders, such as 

Parkinson’s disease (PD), essential tremor (ET), and dystonia. Crucial for the success of 

DBS in movement disorders has been the introduction of an extensively studied model 

of basal ganglia circuitry.4–8 Conversely, the effects of DBS therapy have challenged and 

expanded the same model of basal ganglia circuitry. Encouraged by sustained results and 

clinical observations in movement disorders, clinicians were eager to treat further neu-

rological disorders as well as psychiatric disorders. This development was encouraged 

by the rise of neurobiological explanations for psychiatric disorders and increasing 

evidence for dysfunctional brain networks underlying psychiatric symptoms.9–11 It 

is important to note that DBS is adjustable to individual demands, and stimulation is 

reversible. These features make DBS advantageous over ablative surgery, which was 

often used in the past to treat neurological and psychiatric disorders. Moreover, over 

the past 25 years, it has become clear that DBS surgery is a relatively safe procedure 

with low rates of morbidity and mortality, making it even more attractive.

In this review, we provide an overview of clinical DBS application in neurological 

and psychiatric disorders. We summarize well-accepted and experimental clinical 
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indications and the different brain regions that have been 

targeted for neurological and psychiatric disorders.

DBS for movement disorders
Parkinson’s disease
PD is a common neurodegenerative disorder characterized by 

tremor, rigidity, bradykinesia, and postural instability. Dop-

amine replacement treatment is the first-line treatment and 

significantly improves PD motor symptoms.12,13 Due to dis-

ease progression, patients often develop dopamine-resistant 

symptoms, motor fluctuations, and levodopa-induced dys-

kinesias. In addition, tremor is often not controlled well by 

medical therapy alone. It is estimated that 40% of PD patients 

suffer from motor fluctuations and 28% from levodopa-

induced dyskinesias.14

In 1987, Benabid et al used DBS of the ventral intermedi-

ate thalamic nuclei (Vim) in a PD patient to reduce tremor.15 

However, in the later years, the preferred DBS target for PD 

shifted toward the subthalamic nucleus (STN). Meanwhile, 

DBS has become a well-accepted treatment for PD. The 

scientific basis for the successful application of DBS in PD 

is a widely used and intensively studied model of the basal 

ganglia referred to as the Albin–DeLong model.4–7 The 

STN is a key structure within the basal ganglia circuit and 

has been regarded a pacemaker of basal ganglia activity.8,16 

Degeneration of dopamine neurons in the substantia nigra 

results in dysfunction of the basal ganglia–thalamocortical 

motor circuit. In 1-methyl-4-phenyl-1,2,3,6-tetrahydro-

pyridine (MPTP)-treated parkinsonian monkeys, dopamine 

neurons degenerate, and the STN shows a shift toward 

bursting activity and hyperactivity.17–19 Pathological STN 

activity was associated with the onset of PD motor symp-

toms. Lesions of the STN improved tremor, rigidity, and 

bradykinesia in MPTP-treated monkeys.18 In 1993, Pollak 

et al described the potential of STN DBS in a patient with 

akinetic-rigid PD.20 Soon, many open-label and prospec-

tive trials followed showing significant improvement in PD 

motor disability (~50%) measured by the Unified Parkinson’s 

Disease Rating Scale (UPDRS).21,22 A controlled randomized 

trial by Deuschl et al found improved quality of life (25%) 

and confirmed the striking effects of STN DBS on motor 

function (41% improvement) with superiority over best 

medical treatment.23 In addition, STN DBS plus best medical 

treatment has been shown to be superior over best medical 

treatment alone.24 Another advantage of STN DBS is the 

ability to reduce dopamine replacement therapy, offering a 

wider therapeutic range for medication and less undesired 

medication effects, including dyskinesias.

More recently, two long-term follow-up studies have 

been published. An 8-year follow-up study by Fasano et al  

demonstrated that STN DBS improves motor function by 

55.5% 5 years after surgery and by 39% after 8 years.25 

Interestingly, the effect of STN DBS on tremor and rigid-

ity remained stable over 5–8 years. Other motor symptoms 

showed a worsening after 8 years, which may reflect 

disease progression. The mean reduction in medication 

(-60%) remained stable over 8 years. Cognitive function 

showed mild deterioration in various memory and verbal 

fluency tests. Hypophonia, eyelid opening apraxia, and 

weight gain were among the most reported side effects. 

Similarly, a 10-year follow-up study by Castrioto et al  

found a significant improvement in total UPDRS motor 

scores by STN DBS, particularly improving tremor and 

bradykinesia.26 There was also amelioration of dyskinesias 

and motor fluctuations. In contrast, axial symptoms did not 

improve over a course of 10 years.

Axial symptoms are not well addressed by STN DBS and 

become more pronounced with time. The exact mechanisms 

remain unclear. DBS of the substantia nigra pars reticulata 

(SNR) has been proposed to improve gait, but this was not 

confirmed.27 Axial symptoms are likely to develop outside the 

classic basal ganglia motor circuit and have been attributed 

to the pedunculo pontine nucleus (PPN) in the brainstem.28 

Low-frequency STN DBS (80 Hz) has been used to 

modulate the PPN. Although this may lead to gait improve-

ment in selected patients, it does not seem to be effective in 

all studies.29,30 We note that direct PPN DBS may improve 

aspects of gait,31,32 but this finding needs further systematic 

clinical evaluation.

Initially, STN DBS surgery was performed 11–13 years 

after disease onset. In this advanced stage, quality of life 

has already been compromised, and medication-resistant 

symptoms have appeared. This raised the question whether 

patients would benefit from surgery at an earlier time point. 

In the multicenter and randomized EARLY STIM trial, PD 

patients received STN DBS after mean disease duration of 

7.5 years and within an average of 1.7 years after the onset 

of levodopa-related motor side effects.33 STN DBS signifi-

cantly improved quality of life, emotion, and activities of 

daily living 2 years after surgery. UPDRS motor scores in 

the medication-off (stimulation-on) condition improved by 

53% compared to a best medical treatment control group. 

Levodopa-related complications were also significantly 

reduced. The authors argued that best medical treatment was 

still effective at time point of surgery and DBS resulted in 

additional benefit. In the long run, these patients may benefit 
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longer from both treatments and experience less treatment 

resistance.

Although STN is generally the preferred target for PD, 

there is a debate whether the STN is the optimal stimulation 

area. The globus pallidus internus (GPi), an important out-

put nucleus of the basal ganglia, had been considered as an 

alternative target. A non-randomized trial suggested slight 

superiority for STN over GPi DBS.34 A highly anticipated 

multicenter and randomized trial by Follett et al demon-

strated a similar improvement with STN and GPi DBS in 

both motor function and quality of life.35 STN DBS resulted 

in a larger medication reduction than GPi DBS but was also 

accompanied by a slightly more negative effect on mood. 

However, the results were criticized as the mean motor 

improvement in the STN group was lower than previous 

trials, which may have influenced the comparison. This was 

followed by a randomized study of Odekerken et al demon-

strating a similar improvement in motor function for STN 

and GPi DBS.36 However, STN DBS was more effective 

in the drug-off phase and reduced drug requirements more. 

In line with open-label observations, GPi DBS resulted in 

less dyskinesias. It is suggested that STN DBS has a slight 

advantage over GPi DBS, but the latter may be suitable in 

selected patients presenting with psychiatric comorbidity, 

which is considered a contraindication for STN DBS.

Despite significant motor improvement, initial reports 

also described postoperative behavioral changes, includ-

ing depression, apathy, and (hypo)mania.37 A retrospective 

multicenter study demonstrated increased risk of suicide 

and suicide attempts after STN DBS.38 A recent prospective 

trial did not find increased suicide risk or suicide ideation.39 

Various mechanisms have been proposed for behavioral 

changes. We and others found STN DBS in animal models 

to cause a dysfunction of the central serotonin system.40–42 

Changes in dopamine replacement therapy have also been 

held responsible.43 Psychosocial adjustments and accentua-

tion of preexisting personality disorders may play a role as 

well.44 More recently, studies have demonstrated that STN 

DBS has become a cognitively safe procedure.45 This may 

be related to surgical experience, improved targeting tech-

niques, and perioperative multidisciplinary management. 

For example, a lead trajectory through the caudate nucleus 

is now avoided, since it was associated with postoperative 

cognitive disturbances.46

Typically, a patient with idiopathic PD can be consid-

ered for DBS surgery when patients start to suffer from 

either insufficient motor symptom relief with medication 

or medication-induced side effects. However, levodopa 

responsiveness is an important criterion for DBS surgery. 

Contraindications for DBS surgery are generally consid-

ered to be dementia, active psychiatric disorders, dominant 

levodopa-resistant motor symptoms, and structural abnormal-

ities in magnetic resonance images. These contraindications 

apply regardless of age. The ideal timing of DBS surgery is 

a matter of debate and is underlined by studies such as the 

above-mentioned EARLY STIM study. STN DBS is gener-

ally the first choice. However, GPi DBS can be considered in 

patients with severe dyskinesias and psychiatric comorbidi-

ties. Tremor-dominant PD, without or minimal rigidity and 

bradykinesia, may consider thalamic DBS.

Severe tremor
Tremor as a symptom of PD has to be distinguished from 

other tremor disorders. ET is a common movement disorder 

and defined as an action tremor of the (upper) limbs during 

voluntary movement.47 Approximately, 0.9% of people are 

affected by ET, and this percentage increases up to 4.5% 

in the age group over 65 years. The exact pathophysiology 

is unknown, but abnormal oscillatory activity in a network 

involving thalamus, olive cerebellum, and motor cortex 

appears responsible.48,49 In addition, severe and complex 

tremors may also occur in multiple sclerosis and after trau-

matic brain injury, cerebral hemorrhage, or infarction.

Severe tremor significantly impairs functions of daily 

living. Although tremor reduction can be achieved by pro-

pranolol or primidone, up to 30% of patients do not reach 

satisfactory tremor reduction or experience side effects.50 

Thalamotomy was demonstrated to be very effective in 

improving severe tremor.51 However, cognitive impair-

ment, dysarthria, and gait disturbances frequently occur, in 

particular after bilateral thalamotomy. Therefore, thalamic 

DBS has become the preferred surgical therapy. The stimula-

tion electrodes are implanted into the Vim of the thalamus. 

Electrophysiological recordings in this area demonstrated 

neuronal activity correlating with muscle tremor.49 It was 

first introduced to treat severe tremor in PD and ET.52 This 

was followed by a study in 111 PD and ET patients, and the 

effects of Vim DBS were evaluated 1 year after surgery. 

Vim DBS resulted in a 75% reduction in the UPDRS tremor 

score in PD patients and 50% improvement in essential 

tremor rating scale (ETRS) score in ET patients.53 A ran-

domized study with patients suffering from PD, ET, and 

multiple sclerosis compared Vim DBS to thalamotomy. After 

6 months, Vim DBS resulted in total or near-total tremor 

suppression in majority of patients (90% of patients), and 

this was comparable to thalamotomy (79% of patients).51 
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Functional recovery objectified by the Frenchay Activities 

Index after Vim DBS (+16%) was greater than with thala-

motomy (+2%). In addition, side effects were fewer after 

Vim DBS, and bilateral DBS can be used to treat bilateral 

tremor. Follow-up studies in ET patients up to 7 years after 

surgery found significant reduction (30%–46%) in ETRS.54,55 

However, some suggest that there may be decline in tremor 

reduction by Vim DBS over time. Blomstedt et al found a 

52% reduction in overall ETRS score after 1 year, and this 

was only 30% after 7 years.54 Interestingly, the decline was 

noticeable for action and intention tremor, and the effect on 

resting and postural tremor remained stable. However, others 

have demonstrated stable effects over time.55

DBS of Vim, of the ventral oralis posterior thalamus, 

or of zona incerta has also been applied to treat other more 

complex tremors, including tremor resulting from multiple 

sclerosis, and tremor resulting from hemorrhage, infarction, 

or trauma (Holmes tremor). In the above-mentioned random-

ized study, there was significant tremor reduction in a small 

number of multiple sclerosis patients after 6 months.51 Other 

small case series showed tremor reduction for these complex 

tremors,56–59 but the improvement was more variable and 

may decline over time. This is likely related to the varying 

location of the underlying brain injury.

Although the STN is the preferred target for PD-related 

motor disability, in selected cases, Vim DBS can be con-

sidered in tremor-dominant PD51 without severe rigidity 

and bradykinesia or in PD patients who have less favorable 

conditions for STN or GPi implantation, such as prominent 

neuropsychiatric comorbidities. A follow-up study of 6 years 

has shown sustained tremor improvement (82% reduction) 

in PD by Vim DBS.60

Dystonia
Dystonia is a movement disorder characterized by continu-

ous and involuntary muscle contractions. These cause curl-

ing movements and abnormal postures, which are painful 

and debilitating.61 In generalized dystonia, the entire body 

is affected, whereas in segmental dystonia, only a part of 

the body is affected. In primary dystonia, the cause of the 

disease, such as trauma, stroke, or drugs, cannot be deter-

mined. In some patients, primary dystonia such as dystonia 

musculorum deformans or torsion dystonia-1 (DYT1) 

is associated with heterozygous mutation in the TOR1A 

gene. Botulinum toxin injections and pharmacological 

therapy may be unsatisfactory, and patients can develop 

severe motor and functional disability. Therefore, there 

is necessity for alternative treatment options. Although 

the pathophysiology is largely unclear, abnormal activity 

of the basal ganglia and in particular of the GPi has been 

suggested.62,63 Early observations reported a reduced firing 

rate of GPi neurons. Interrupting pallidal function with 

pallidotomy improved dystonia, but its beneficial effect 

diminished over time. The beneficial effect of GPi DBS on 

dyskinesias in PD patients supports a potential role for GPi 

DBS in dystonia.34

Coubes et al published the first open-label study show-

ing improvement in dystonia in young patients suffering 

from DYT1-generalized dystonia after DBS of the poster-

oventral GPi.64 At 3 months, a mean reduction of 90% in 

Burke–Marsden–Fahn’s dystonia rating scale (BMFDRS) was 

found, and there was a functional recovery. In contrast to PD 

where motor impairment rapidly disappears after stimulation 

onset, it is well established that symptoms of dystonia improve 

gradually and progressively over weeks to months.65

Prospective randomized controlled trials have confirmed 

these findings. GPi DBS improved primary generalized and 

segmental dystonia (50%) and improved disability and qual-

ity of life 12 months after surgery.66,67 These clinical improve-

ments were sustained up to 3–5 years after surgery.68–70  

A single-center open-label study among DYT1 patients found 

an 86% and 91% improvement after 6 years in BMFDRS 

motor and disability scores, respectively, and effects even 

increased to 96% and 100% improvement after 8 years. How-

ever, the number of patients was limited at the latest assess-

ment time points, only DYT1 patients were selected, and 

data were collected retrospectively.71 Also, cervical dystonia 

and dystonia choreoathetosis secondary to cerebral palsy 

were alleviated after 6–12 months, but the clinical benefit 

in both indications was lower (~25%) compared to primary 

generalized and segmental dystonia.72,73 Predictive factors 

for response to GPi DBS are considered to be the presence 

of DYT1 mutation, early disease onset, and shorter disease 

duration.74 Side effects that may complicate GPi DBS treat-

ment are the onset of gait disturbances and bradykinesia.

Although GPi is generally the preferred target for dysto-

nia, several studies have shown clinical benefits by DBS of 

the STN.75–77 It has even been suggested that STN and GPi 

DBS are equally effective.77 However, further research is 

required to verify this conclusion.

DBS for epilepsy
Epilepsy is a common neurological disorder with a preva-

lence of approximately 1% of the worldwide population. 

Despite best antiepileptic treatment, satisfactory clinical 

improvement is not achieved in approximately one-third 
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of patients.78 Selected patients may benefit from resective 

surgery. However, some patients may not be eligible for 

resective surgery based on the involvement of eloquent areas, 

unclear or bilateral seizure onset, or a high risk of severe 

cognitive deterioration. Seizure suppression with electri-

cal stimulation has been proposed by various stimulation 

techniques. Vagal nerve stimulation may result in long-term 

seizure reduction, but 25% of the patients do not benefit from 

this treatment, and seizure freedom is rare.

Most studies investigated the potential in seizure reduc-

tion by DBS of the anterior nucleus (AN) and centromedian 

nucleus (CMN) of the thalamus. Initial small open-label 

studies showed promising reduction by AN DBS in seizure 

frequency (50%) up to 5 years of treatment in primary 

and secondary generalized epilepsy.79–81 More recently, 

the multicenter and controlled SANTE trial evaluated AN 

DBS in a cohort of 110 patients suffering from medically 

refractory partial seizures and secondary generalized sei-

zures.78 During a 3-month blinded phase, AN DBS showed 

larger seizure reduction (-42%) compared to sham controls 

(-28%). After 2 years, there was a median seizure reduc-

tion of 56%, and quality of life was improved. Patients 

may experience paresthesias during DBS treatment.78 

DBS of the CMN also significantly reduced generalized 

seizures (50%) after 12-month follow-up.82 However, 

stimulation of this region seemed less effective for frontal 

epilepsy. Interestingly, several patients showed seizure 

reduction after AN and CMN electrode implantations 

without being stimulated. This insertion effect could last 

several months.78,79,82

Also, direct stimulation of mesiotemporal structures has 

been suggested in patients with temporal lobe epilepsy and 

complex partial seizures. In particular, patients with bilateral 

seizure onset and those with high risk of memory loss may 

not be considered candidates for resective surgery. Electrode 

implantation into mesiotemporal structures with and without 

hippocampal sclerosis reduced seizure frequency. Some 

patients even became seizure-free.83–88 After stopping stimu-

lation, the seizure frequency remained reduced, suggesting 

that neuroplasticity occurred.84 Some investigators suggested 

that seizure control was more pronounced in patients without 

magnetic resonance imaging abnormalities of the mesiotem-

poral lobe.83 Others argued that seizure control may not be 

mediated through stimulation of the hippocampal focus itself 

but rather by the neighboring subilicum.89

Finally, several small studies also proposed to modulate 

the STN and SNR regions for epilepsy. Although clinical out-

come may improve, its efficacy is still very uncertain.90,91

DBS for psychiatric disorders
Using electrical stimulation of subcortical structures to 

treat psychiatric disorders is an old concept that has been 

introduced over 50 years ago.1 The success of electrical 

stimulation in movement disorders has led to renewed interest 

in using DBS to treat psychiatric disorders. Changes in the 

conceptualization of psychiatric symptoms have been crucial 

for this development. Whereas psychiatric disorders were 

previously considered general problems of the entire brain, 

this view has now shifted toward dysfunctions of specific 

brain networks. Obsessive–compulsive disorder (OCD) and 

major depression (MD) have been most investigated.

Obsessive–compulsive disorder
OCD is characterized by unwanted repetitive thoughts and 

behaviors typically involving symmetry, taboo thoughts, 

contamination, and hoarding.11 It has been estimated 

that 2% of the worldwide population suffers from OCD. 

Primary treatment strategies include serotonin reuptake 

inhibitors and cognitive behavior therapy. Despite these 

treatments, approximately 10% of patients still suffer from 

treatment-refractory OCD. Selected cases may benefit from 

DBS. The brain regions that have been investigated most 

are the anterior limb of the internal capsule (ALIC), the 

nucleus accumbens (NAc), and the STN. The effects have 

generally been evaluated with Yale–Brown Obsessive Com-

pulsive Scale (Y-BOCS) scores. A reduction of 35% in 

Y-BOCS score has been used as the criterion for remission. 

A reduction between 25% and 35% in Y-BOCS score was 

considered partial response, and 25% was interpreted as 

no-to-little change.

DBS was introduced to treatment-refractory OCD based 

on observations of ablative surgery and growing evidence for 

a pathophysiological mechanism involving a disturbance in 

the basal ganglia circuitry. Dysfunction of the basal ganglia 

and subsequent hyperactivity of the orbitofrontal cortex and 

anterior cingulate cortex have been held responsible for the 

onset of OCD symptoms.11

In a small series of patients, Nuttin et al reported improve-

ment in OCD symptoms during DBS of the ALIC.92 Their 

target was based on results from capsulotomy studies. These 

encouraging results were followed by a randomized cross-

over study in four patients.93 In three patients, a decrease of 

at least 35% in Y-BOCS scores was found. Greenberg et al 

evaluated the efficacy of DBS in the same region in ten severe 

OCD patients with a maximum follow-up of 3 years.94 In line 

with the data of Nuttin et al an improvement of 35% in 

Y-BOCS score was found in half of the patients at the last 
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follow-up moment. Data of the above studies were pooled 

together with data from other centers targeting the ALIC. The 

efficacy was evaluated in a total of 26 patients with a mean 

follow-up of 31 months.95 After 3 months of DBS, a mean 

decrease in Y-BOCS of approximately 30% was reached, 

which was maintained until the last follow-up at 36 months. 

The percentage of patients who showed 35% decrease in 

Y-BOCS and were regarded as responders increased with 

time. Patients who were operated more recently showed 

greater response to stimulation. In more recent operations, 

the target had been moved slightly more posteriorly where 

the ALIC neighbors the posterior ventral striatum. While 

high amplitudes (4–10.5 V) were required initially to obtain 

clinical effects, stimulation of the newer ALIC target was 

carried out with lower amplitudes suggesting closer proxim-

ity to the target responsible for the clinical benefit. Another 

important observation was that responders were primarily 

patients with obsessions and checking, whereas only half of 

the patients with symptoms involving symmetry and order-

ing or cleanliness and washing reached the response criteria. 

This suggests that different neurobiological mechanisms may 

underlie the different types of OCD symptoms.

The stimulation parameters of ALIC DBS were relatively 

high. This raised the question whether beneficial effects 

were actually mediated by the ALIC itself. Sturm et al 

hypothesized that the NAc, a ventral neighbor of the ALIC, 

was responsible for the improvement in OCD symptoms.96 

The NAc is connected with the basal ganglia and frontal 

cortical areas, and is involved in the mesolimbic dopamin-

ergic neurotransmission. Sturm et al, therefore, implanted 

electrodes with two contacts into the shell of the NAc, 

which is regarded the limbic subregion of this nucleus. The 

other two contacts were located in the ALIC. Interestingly, 

alleviation of OCD symptoms was only observed by stimu-

lation of the NAc contacts and not with stimulation of the 

ALIC contacts. Moreover, the authors favored a unilateral 

right-sided NAc DBS. They did not find additive clinical 

improvement by bilateral NAc DBS. This approach was 

then used to treat ten OCD patients. After 1 year, half of the 

patients gradually developed an improvement of 25% in 

Y-BOCS score and included one responder.97 The reduc-

tion in Y-BOCS score became more apparent with time. In 

addition, compulsions reduced greater than obsessions. At 

the same time, Denys et al evaluated bilateral NAc DBS for 

treatment-refractory OCD. In 16 patients, they reported a 

mean decrease in Y-BOCS score of 52% over a period of 

21 months, and nine patients were regarded as responders.98 

During a short double-blind cross-over period, a significant 

difference was found between stimulation and sham condi-

tions. Perfectionism, hoarding, and symmetry were less 

responsive to stimulation. More recently, closer analysis of 

the electrode positioning suggested that the most effective 

electrode contacts were actually located in the ventral part 

of the ALIC, directly neighboring the NAc core and bed 

nucleus stria terminalis.99 An interesting finding across the 

above-mentioned studies is the fact that many found improve-

ments in depressive symptoms and anxiety. This underlines 

that various psychiatric symptoms probably share certain 

features or neurobiological mechanisms.

The third target for DBS in OCD patients is the STN. 

In PD, it was noticed that STN DBS improved repetitive 

behaviors and OCD symptoms. This encouraged Mallet et al  

to perform a randomized, double-blind study evaluating the 

effects of STN DBS in OCD.100 The electrode positioning 

within the STN was more anterior and medial compared to 

implantations for PD. In this way, the anatomical limbic and 

associative subdivisions of the STN were targeted rather 

than the STN motor subdivision. After a cross-over period, 

it became clear that 3 months of STN DBS significantly 

decreased Y-BOCS scores with a mean of 43% compared 

to sham conditions. Both compulsions and obsessions sig-

nificantly improved. Unlike ALIC and NAc DBS, STN DBS 

did not alter depression and anxiety.

Until now, OCD is the only psychiatric disorder where 

DBS is accepted as a surgical treatment in patients refrac-

tory to medical and behavioral therapy. Moreover, these 

clinical studies have recently been reviewed by Hamani et al  

for an evidence-based guideline.101 The study by Mallet et al  

showing improvement by STN DBS is the only Class I 

evidence available at the moment. Class II evidence was 

provided by studies on NAc DBS. Both NAc and ALIC 

have shown clinical benefits in open-label studies and were 

therefore classified as Class III evidence. This underlines 

that the efficacy of DBS for OCD is supported by several 

well-designed trials (Table 1).

Major depression
MD is the topic within the field of DBS that has received most 

attention over the past few years. MD is very common and has 

a great impact on individuals and society. Most patients expe-

rience improvement in depressive symptoms by antidepres-

sant drugs, cognitive behavior therapy, and electroconvulsive 

therapy. However, only 30% of patients reach remission, and 

20% of patients are refractory to multimodal treatment.9 This 

has raised the interest in new treatment strategies including 

DBS. Crucial in this development was to regard MD as a 
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disorder with a dysfunctional cortical–subcortical network 

involving prefrontal cortices, the mesolimbic system, and 

various brainstem neurotransmitter systems.10 The DBS 

targets that have been most investigated for MD include 

the subgenual cingulate gyrus (SCG; Brodmann Area 25), 

ALIC, and NAc. Mood improvement and response to DBS 

were generally evaluated by changes in depression scales  

(eg, Hamilton Depression Rating Scale, HDRS) with a 

decrease in depression score 50% as marker for response and  

HDRS 8–10 points for remission.

Mayberg proposed a brain circuit of depression with a key 

function for the SCG.9 This area showed hypermetabolism in 

depression and was activated by negative emotion. Moreover, 

antidepressant therapies reversed this hypermetabolism. 

It was hypothesized that functional inactivation by SCG 

DBS might alleviate MD. In a proof-of-concept study, six 

treatment-refractory MD patients showed an improvement in 

depression by DBS in the SCG.102 After 6 months, four out of 

six patients showed a decline of 50% in HDRS, and three of 

them reached (near)-remission. As expected, regional blood 

flow was locally decreased in the SCG. Another 14 patients 

underwent SCG DBS and in their cohort of all together  

20 patients, the Toronto group found a progressive improve-

ment of depression.103 After 6 months, 60% of patients 

were responders, and 35% achieved remission. It was sug-

gested that a maximum benefit of SCG DBS was reached at 

6 months. At 1 year, 55% of the patients were still responders, 

and the number of (near)-remission remained stable. Not only 

mood but also somatic symptoms, including anxiety and sleep 

pattern, were improved. This striking antidepressant effect 

was sustained 3–6 years after surgery, with response rates 

of 55%–60% and 35% of patients in remission. Moreover, 

patients showed functional recovery, and many went back to 

work.104 SCG DBS was also evaluated in a mixed population 

with MD and bipolar disorder. After 2 years, 92% of patients 

were classified as responders, and 58% were in remission.105 

This suggested that SCG DBS may also be suitable for refrac-

tory bipolar disorder. It was later proposed that the effects 

of DBS in the SCG are actually mediated by white matter 

bundles connecting frontal cortices and NAc.106

The second brain region that was investigated in MD was 

the NAc. This area is centrally located in the mesolimbic sys-

tem and associated with reward-related symptoms of depres-

sion. Schlaepfer et al demonstrated immediate motivational 

and reward-seeking behavior in three patients undergoing 

bilateral NAc DBS. Clinical depression rating scales showed 

improvement as well.107 Bewernick et al confirmed NAc DBS 

to acutely improve depression, anxiety, and anhedonia.108 T
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After 1 year, five out of ten patients were classified as respond-

ers (50% decrease in HDRS). These antidepressant effects 

were maintained up to 4 years after surgery.109

The third anatomical target is the ALIC. Stimulation 

of this brain area for OCD improved mood. This triggered 

Malone et al to evaluate ALIC DBS for MD. In a study 

population of 15 patients, approximately 50% of patients 

were considered responders from 3 months after surgery up 

to their last follow-up moment at a mean of 2 years.110

Altogether the SCG, NAc, and ALIC seem to result in 

similar magnitude of response rates. DBS of some targets 

required high voltages. Anatomical reconstructions by 

Coenen et al proposed that these three targets actually modu-

late the medial forebrain bundle (MFB).111 Moreover, the 

(superolateral) MFB is centrally located in the mesolimbic 

reward system. The MFB is close to the ventral tegmental 

area and projects to forebrain regions such as the NAc and 

prefrontal cortex. They performed an uncontrolled pilot 

study in seven patients with MD. In six patients, MFB DBS 

improved depression scores (50% reduction in MADRS) 

after 1 week of stimulation.112 This clinical improvement 

persisted up to 33 weeks after DBS was initiated.

Besides these relatively small studies (Table 2), there 

have been various case reports that suggested antidepressant 

effects with DBS of the inferior thalamic peduncle113 and of 

the stria medullaris thalami, which is a major afferent bundle 

to the lateral habenula.114 The lateral habenula is a regulator 

of dopamine and serotonin neurotransmission. It has dem-

onstrated abnormal activity in MD, and its activity has been 

associated with symptoms of depression.115,116

DBS for experimental clinical 
indications
Based on clinical observations among patients treated for 

the above-mentioned movement disorders and psychiatric 

disorders, new but highly experimental DBS indications 

have been proposed.

DBS for Tourette’s syndrome
Tourette’s syndrome (TS) is a neuropsychiatric disorder 

characterized by motor and vocal tics.117 Key aspect of 

the TS pathophysiology appears to be dysfunctional activ-

ity in sensorimotor and limbic parts of basal ganglia and 

thalamus.117 DBS of key areas within the basal ganglia and 

thalamus has been suggested to improve systems in patients 

exhibiting life-threatening self-injury or severe tics entailing 

significant functional impairment and failing to respond to 

noninvasive therapy.T
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Over the past 2 decades, more than 90 patients with 

TS have been reported to be treated with DBS and with 

various stimulation targets. First, the thalamic region 

where the CMN, substantia periventricularis, and nucleus 

ventro-oralis internus cross was proposed as an anatomi-

cal target based on thalamotomy studies by Vandewalle  

et al118 and had been used by different groups.118–125 The group 

of Porta and Servello slightly changed this thalamic target and 

positioned their electrodes 2 mm more anteriorly.126–128 Others 

have targeted the center of the CMN129 and the dorsomedial 

thalamus.130,131 Targets outside the thalamus have included 

the globus pallidus externus132 and the ventroposterolateral 

motor and the anteromedial limbic part of the GPi.133–139 

TS patients with comorbid OCD have also been treated 

with DBS of the NAc140–144 and the internal capsule.124,140,143 

Finally, tics improvement was also observed in a PD patient 

with tics, who was treated with STN DBS.145 More detailed 

information about the targets and their results are described 

in reviews by Pansaon Piedad et al,146 Groenewegen et al,147 

and ourselves.148

The above-mentioned case series and reports illustrate 

two difficulties in the field of DBS in TS. The first is that the 

reported number of cases is relatively low, which might be 

related to the low prevalence of severe TS cases. The second 

is the diversity of the targets. Even though one could argue 

that these regions are parts of circuits, we feel that the diver-

sity of targets in TS reflects the lack of a clear pathophysi-

ological concept of severe TS. This is further complicated by 

changes in symptoms over time and frequent comorbidities 

such as OCD and depression.

Huntington’s disease
Huntington’s disease (HD) is an autosomal dominant and 

progressive neurodegenerative disorder.149 The disease is 

caused by a strongly increased number of trinucleotide 

CAG repeats in the Huntingtin gene and characterized 

by a progressive loss of striatal neurons. Phenotypically, 

patients present with severe motor symptoms, such as 

chorea, dystonia, and bradykinesia. Disability is further 

complicated by cognitive and psychiatric symptoms. 

Current treatment options are limited, and symptomatic 

relief is often unsatisfactory. Similar to PD, the basal 

ganglia motor circuit provides a neurobiological model 

for HD symptoms as one of its key structures shows 

degeneration.

Since choreodystonic movements in PD were improved 

by GPi DBS,34 several case reports and small series have 

evaluated the efficacy of GPi DBS on HD symptoms.  

Most patients who underwent GPi DBS had chorea-domi-

nant symptoms, stable neuropsychiatric performance, and 

no active psychiatric disorder. Chorea was immediately 

improved after stimulation onset and was reduced up to 76% 

after 1 year and 56% after 5 years in the Unified Huntington’s 

Disease Rating Scale chorea score.150–158

The effect on other HD motor symptoms was variable. 

Moro et al described simultaneous alleviation in dystonia 

with low- (40 Hz) and high-frequency (130 Hz) stimula-

tion but also worsening of bradykinesia with the latter 

paradigm.150 This frequency dependency of motor symptoms 

was not consistently reproduced by others.151,157,158 Although 

chorea improvement was generally maintained over time, 

some authors found no significant change in other motor 

symptoms,154 and others found progressive motor and cogni-

tive deterioration.151,152,156,157 These differential effects may be 

related to variability in disease course but may also indicate 

different pathological mechanisms.

Ligot et al described changes in connectivity during 

DBS of the globus pallidus externus in five HD patients 

measured by H
2

15O-PET159 in regions of the basal ganglia–

thalamocortical circuit. However, clinical outcome of these 

patients was not reported, and it remained unclear whether 

their findings were supported by improvement in HD motor 

symptoms.

Memory impairment
The concept of memory restoration by DBS is very intrigu-

ing. This topic was more recently highlighted by Hamani  

et al reporting on a patient who was treated with bilateral 

DBS of the ventral hypothalamus and experienced vivid 

“déjà vu” moments.160 Reconstruction of the electrode local-

ization showed that the electrode contacts that evoked these 

memories were close to the fornix. This white matter bundle 

connects the hippocampus and mammillary bodies among 

others. Hippocampal function was altered by stimulation and 

showed improvement in aspects of learning and recollection 

of memory. These effects were related to increased activity 

of mesiotemporal lobe structures.

This case report triggered investigations to explore the 

use of hypothalamus/fornix DBS to drive memory function 

in dementia. Alzheimer’s disease is the most common neu-

rodegenerative disorder presenting with progressive memory 

deterioration. Its prevalence is expected to increase in the 

years to come. Six patients with early or mild Alzheimer’s 

disease participated in an open-label study.161 Over a 

12-month period, a slight deterioration in neuropsychologi-

cal performance was found measured by the Alzheimer’s 
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disease assessment scale, cognitive subscale (ADAS-Cog). 

Compared to estimated natural deterioration in ADAS-Cog, 

it was suggested that cognitive decline in the stimulated 

patients was slower than expected. But there were also 

patients with similar or faster cognitive decline compared 

to historic controls.

Memory restoration has also been investigated by direct 

stimulation of the hippocampal area by Suthana et al.162 In 

a group of seven epilepsy patients with depth electrodes to 

locate seizure foci, memory function was assessed by direct 

stimulation of the entorhinal cortex in six patients. They 

observed an improvement in spatial learning. Interestingly, 

this effect was not observed by stimulation of the hippocam-

pus itself.

Instead of driving the hippocampal system, others have 

focused on the cholinergic system.163 Degeneration of the 

cholinergic system is typical for Alzheimer’s disease. 

Moreover, symptoms of Alzheimer’s disease correlate with 

loss of acetylcholine tone and pathology of the cholinergic 

neurons. Drugs used to treat AD enhance acetylcholine 

neurotransmission. Main cholinergic neurons are located in 

the basal forebrain and in particular in the nucleus basalis 

of Meynert (NBM), which project to the hippocampus and 

neocortex. Freund et al treated a PD patient with dementia.164 

In addition to STN DBS electrodes, the patient received 

bilateral electrode implantations into the NBM. The NBM 

was stimulated with a low-frequency paradigm (20 Hz). 

Cognitive and memory functions improved.163 Recently, 

in a double-blind sham-controlled pilot study, the effect 

of NBM DBS was tested in six Alzheimer’s patients with 

mild-to-moderate disease.165 In a short 4-week cross-over 

period, there was no significant change. After an open-label 

period of 11 months, patients showed a moderate worsening 

of ADAS-Cog and minimal change in mini mental status 

examination. These changes were actually lower than the 

expected deterioration based on the literature of comparable 

patient populations without stimulation.

Anorexia nervosa
Anorexia nervosa mainly affects young female patients. The 

inability to maintain normal body weight is accompanied by 

a fear to gain weight, a distorted body image, and personality 

traits including perfectionism.166 A long disease course with 

frequent relapses leads to comorbidities and often requires 

hospitalization. Comorbidities include depression, OCD, and 

anxiety disorders. Imaging studies suggest similarities in the 

underlying neurobiological circuitry. Accordingly, a case 

report of a 48-year-old patient suffering from OCD showed 

that DBS with active stimulation of the ventral caudate and 

ventral ALIC improved symptoms of anorexia nervosa.167

Several further small open-label studies and case reports 

have treated anorexia nervosa patients with DBS of SCG 

and NAc, which have been investigated in the context of 

depression and OCD as described above. Israel et al described 

beneficial effects of SCG DBS on body weight and persisting 

remission in a 56-year-old female anorexia nervosa patient.168 

In a small open-label study, six female patients received 

SCG DBS. Although patients initially lost weight in the first 

2 months after surgery, three out of six had higher body mass 

index after 9 months of stimulation, and three others remained 

at their baseline body weight.169 In addition, improvements 

in depression and anxiety were found. In another study, four 

adolescent females received DBS of the medioventral NAc. 

After a mean follow-up of 38 months, a significant gain in 

body weight was observed (+65%).170 All patients did no 

longer fulfill the diagnostic criteria for anorexia nervosa, 

and menstruation cycles were restored.

It should be noted that the number of patients is very 

small, and definite conclusions are very difficult to draw. 

The influence of natural fluctuations in body weight during 

the disease course and the role of psychiatric comorbidities 

have to be taken into account. At the same time, the posi-

tive observations do provide some additional information 

to better understand the neurobiology of this severe and 

debilitating disorder.

Addiction
Addiction for substances including alcohol, nicotine, and 

heroin represents a significant risk for personal health and 

entails major socioeconomic problems. Addiction is accom-

panied by high comorbidity and mortality. Addiction is also 

characterized by high relapse rates.

Remarkable changes in addictive behavior were observed 

in patients who were primarily treated for OCD, anxiety, 

and TS with NAc DBS. These patients showed remission 

or reduced alcohol and nicotine abuse.171,172 This was subse-

quently followed by several small case studies showing DBS 

of the NAc/ALIC region to improve addiction for alcohol 

and heroin.173–176 Reduction in craving was reported, and 

some patients even remained abstinent after surgery. Others 

experiencing relapses noticed that they were less frequent 

and less intense.

Finally, some PD patients may develop addiction to high 

doses of dopamine medication. STN DBS has been shown 

to improve this addiction in PD patients.177 As mentioned 

above, STN DBS leads to significant motor improvement, 
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and dopamine replacement therapy can be reduced sub-

stantially. Pulsatile high peaks of dopamine will not occur 

anymore, which may be responsible for the improvement 

of addiction. But also a direct effect of STN DBS on the 

mesolimbic reward circuitry has been suggested.

Discussion and conclusion
Over the past 25 years, DBS has gained a prominent posi-

tion in the treatment of refractory movement disorders by 

modulation of the basal ganglia–thalamocortical circuit. In 

particular, PD and dystonia have extensively been studied 

using models of basal ganglia dysfunction, which can explain 

their key symptoms. The improvements in motor function 

and quality of life have been confirmed by randomized con-

trolled trials and long-term follow-up studies.23,25,26 In PD, 

both STN and GPi DBS result in significant improvement of 

motor function.35,36 However, the STN is generally preferred 

over the GPi, since the STN offers additional advantages 

such as a reduction in dopamine replacement therapy. ET 

can be treated with Vim DBS with great tremor reduction.51 

Advantages of Vim DBS over thalamotomy include greater 

functional recovery and less cognitive disturbances during 

stimulation, and the possibility to perform bilateral treat-

ment. However, more research is necessary to understand 

the long-term efficacy of DBS for secondary tremor, for 

example, related to multiple sclerosis or stroke. Primary 

generalized and segmental dystonia are alleviated by GPi 

DBS.21,66–69 The clinical improvements can be maintained 

over years. Evidence also suggests benefits in secondary 

dystonia, but these may be less pronounced or predictable. 

Clinical improvement of dystonia occurs slowly, which 

contrasts the acute changes in PD and tremor.

Besides these well-accepted indications in movement 

disorders, DBS also shows promising effects in other 

neurological disorders, such as epilepsy, and in psychiat-

ric disorders. Treatment-refractory OCD has become an 

accepted indication for DBS. STN DBS showed significant 

reduction in OCD symptoms, which was regarded as Class I  

evidence.100,101 Moreover, efficacy of NAc DBS in OCD 

has been classified as Class II evidence, and other studies 

showing benefits by ALIC DBS are regarded as Class III 

evidence.98,101 Recently, a lot of attention was generated 

for DBS in MD. Various DBS targets, including the SCG, 

NAc, and ALIC, showed encouraging and interesting anti-

depressant effects.102,104,107,108,110 However, these studies have 

generally been conducted with a small number of patients 

and require confirmation in randomized controlled trials. 

Moreover, several other brain targets, such as the MFB and 

lateral habenula,112,114 have been proposed in small series and 

case studies. The field of DBS has also expanded rapidly with 

highly experimental indications. These have mainly risen 

from coincidental findings from above-mentioned studies, 

such as restoration of memory and eating behavior. Potential 

benefits by DBS have been proposed in Alzheimer’s disease, 

addiction, and anorexia nervosa.161,165,169,174 But these results 

still have to be interpreted with a lot of caution and require 

further investigation.

Altogether, it is clear that besides the well-established 

indications for DBS, many new neurological and psychiatric 

disorders are proposed to be treated with stimulation. This 

has led to the implantation of stimulation electrodes in many 

different brain regions. The growing number of targeted 

brain regions and their potential to improve neurological 

and psychiatric symptoms also require preclinical research 

to understand the underlying mechanisms. Which brain net-

works are dysfunctional and what are the optimal targets for 

each new disorder? It is of utmost importance in the field of 

DBS that for experimental indications, sufficient and well-

designed trials be performed to allow direct comparison 

of target areas and identification of inclusion criteria. New 

technological advances will be helpful to allow more specific 

stimulation and further improve surgical techniques. Also, 

experimental research in animal models is and will be of 

great value to understand neurobiological mechanisms for 

experimental indications of DBS. They will provide insight 

into molecular, electrophysiological, and behavioral aspects 

of the underlying disorders on the one hand and into the 

mechanism of action of DBS on the other.
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