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Deep brain stimulation (DBS) is an FDA-approved 
treatment for Parkinson’s disease (PD), essential 
tremor (ET), and dystonia. More recently, it has 

been approved for obsessive-compulsive disorder (OCD) 
and medically refractory epilepsy. DBS evolved from 
early surgical lesioning procedures. For instance, thala-
motomy and pallidotomy were among the first treatments 
for PD in the 1950s, even prior to the advent of medical 
treatment such as dopamine replacement therapy.21,41,72 Al-
though electrical stimulation was initially used to test for 
side effects prior to making a permanent lesion (e.g., thala-
motomies), the first use of what is now considered modern 
DBS did not occur until 1980 with the use of midbrain and 
basal ganglia electrical stimulation to suppress intention 
tremor.14

Deep brain stimulation has a more favorable side-effect 

profile compared to lesioning procedures, and given the 
vast array of potential stimulation parameters, is highly 
adjustable. Moreover, for bilateral procedures, it has been 
shown to be safer than pallidotomies and thalamotomies 
in patients with PD. In addition to DBS being an effec-
tive clinical tool, it has also become an invaluable research 
tool. DBS surgery has led to a better understanding of bas-
al ganglia circuitry as well as other neural networks. In-
traoperative recordings enable both single-unit recordings 
of neurons as well as local field potentials of structures. 
Using these techniques, we are able to better understand 
circuit dynamics and interactions.

The advent of DBS has driven a renaissance of func-
tional neurosurgery. It is estimated that more than 160,000 
patients have received DBS, and the number of new pa-
tients treated worldwide is growing by more than 12,000 
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per year. The field of DBS is one of the fastest-growing 
areas in neurosurgery. One can measure the number of 
scientific manuscripts published per year to obtain an esti-
mate of the activity in this field. As shown in Fig. 1, there 
was a relatively slow rise in activity in this field in the 
early 1980s when modern DBS surgery was introduced, 
with a sharp increase in the late 1990s with the adoption 
of thalamic DBS for tremor. The fastest rate of growth was 
in the 2005–2010 epoch following the approval of subtha-
lamic and pallidal DBS for the treatment of PD. The year-
to-year incremental growth was highest in 2012–2013, 
when the number of papers published increased from 843 
by an additional 164 to reach 1007. The number of DBS 
papers per year surpassed 1000 for the first time in 2013. 
The average growth per year for the last 5 years has decel-
erated from a baseline of approximately 1100 papers per 
year with a year-to-year growth of an additional 50 papers 
per year, down from the peak growth rate of more than 80 
papers per year in the early part of this decade.

The clinical success of DBS treatment has paved the 
way for other forms of neuromodulation, including trans-
cranial magnetic stimulation and focused ultrasound, and 
has led to increased interest in optogenetics, sonogenetics, 
and magnetogenetics. Over the past 40 years DBS tech-
niques have been refined, and this has opened the door 
for developing DBS treatments beyond the movement-
disorder realm, such as in pain, cognition, and psychiatric 
conditions.

Proposed Mechanisms of Action
Despite extensive basic science and human studies, the 

exact mechanism of DBS is still not entirely understood. 

One overarching hypothesis is that electrical stimulation 
modulates abnormal circuits toward a more physiological 
state.29 At its most basic level, DBS is the application of 
electrical fields to stimulate neural elements—particularly 
axons around the electrode—resulting in opening and clos-
ing of voltage-gated sodium channels, generating action 
potentials and controlling the release of neurotransmitters; 
however, it is still unclear if this is entirely an inhibitory or 
excitatory mechanism or whether the effects are predomi-
nantly local or network-wide. There are 4 main mechanis-
tic theories: 1) direct inhibition of neural activity, 2) direct 
excitation of neural activity, 3) information interruption, 
and 4) synaptic filtering.

The inhibition hypothesis suggests that DBS leads to 
inhibition of neural activity and follows from the obser-
vation that lesioning procedures, such as thalamotomies, 
pallidotomies, capsulotomies, and cingulotomies, have 
resulted in similar benefits in movement disorders and 
OCD. Moreover, there is often a lesional effect from the 
initial DBS electrode insertion that subsides over time. 
There is evidence that stimulation results in disrupted 
ionic, protein, cellular, and network levels, and results in a 
stable depolarization block that silences targeted cells;7,38 
however, data that argue against this consist of the fact that 
this block is not sustainable with continuous stimulation.2

Electrical stimulation can alter ionic balance by redis-
tributing charged particles (e.g., Na+ and Cl− ions) and sub-
sequently inactivating voltage-gated currents8,28 as well as 
activating inhibitory afferents.11,19 Furthermore, there is 
evidence that DBS can uncouple neurons from their axons 
and cause a functional deafferentation from both efferent 
and afferent structures.27,68

In contrast, the excitation hypothesis suggests that DBS 

FIG. 1. Chart showing growth in the use of DBS. The figure shows the annual number of publications on DBS. These results were 
obtained by searching PubMed using the search term “Deep brain stimulation.” Publications between 1980 and 2018 were tallied. 
Figure is available in color online only.
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leads to direct excitation of neural activity. Electrical stim-
ulation can cause antidromic excitation of afferent axons 
as well as excitation of efferent axons to the target nucleus 
and postsynaptic activity.68 This in turn could theoreti-
cally lead to an overall normalization of firing patterns, 
although the exact mechanisms are unclear.

The disruption hypothesis suggests that electrical stim-
ulation blocks the information flow through the targeted 
brain structure. This theory is supported by the fact that 
DBS can result in inhibition of cortically evoked respons-
es and spontaneous discharges.20 The synaptic filtering 
hypothesis posits that synapses will become low-pass 
filters of low-frequency signals. Thus, DBS could act by 
inhibiting the oscillatory activity within a given circuit.67 
Whereas stimulated axons are able to fire at frequencies of 
approximately 100 Hz, synaptic transmission is not able to 
occur at the same fidelity.15 Interestingly, there is evidence 
that high-frequency stimulation (> 100 Hz) produces net-
work changes that are different from low-frequency stim-
ulation (1–10 Hz). Furthermore, neurotransmitter stores 
will deplete rapidly, and postsynaptic receptors will be-
come depressed at a high frequency.76

Although current theories surrounding the mechanism 
of DBS are generally focused on immediate effects, there 
is evidence that DBS may lead to synaptic and neural plas-
ticity. Furthermore, there is some evidence that suggests 
that DBS may lead to neurogenesis, synaptogenesis, and 
potentially neuroprotection.63 This is further supported 
by the fact that there are long-standing alterations in net-
work activity that go beyond the target nucleus. However, 
at present there is no current evidence of a direct disease-
modifying effect. Remarkably, there are also effects on 
nonneuronal cells, like glial cells that can alter the sur-
rounding neurochemical environment.62 Taken together, 
there is no clear consensus on the exact mechanism(s) of 
DBS, despite its clinical efficacy in multiple types of dis-
orders. The most cogent opinion is that multiple mecha-
nisms are at play.

Current DBS Treatments
Approved Indications
Parkinson’s Disease 

Deep brain stimulation for PD was approved by the 
FDA in 2002 and is the most common DBS procedure 
performed. It is primarily aimed at ameliorating the motor 
symptoms of PD, and has been shown to improve bradyki-
nesia, tremor, rigidity, on-off fluctuations, and dyskinesias. 
However, its effects in treating gait disturbances, speech, 
and nonmotor problems such as cognitive dysfunction are 
less clear. The two most common DBS targets are the sub-
thalamic nucleus (STN) and globus pallidus pars interna 
(GPi; Table 1). Randomized trials have demonstrated no 
significant difference in degree of motor improvement 
or complications between the two targets (with improve-
ment in motor scores by 25%–60%); however, targeting 
the STN can reduce the need for dopamine replacement 
medications by approximately 50%.16,24,44,87 STN DBS is 
not without a downside, as patients with DBS of the STN 
can exhibit decreases in visual motor processing speed 
and worsening depression scores compared to patients 
with DBS of the GPi.33

TABLE 1. Indications and targets for DBS in patients with 
neurological and psychiatric disorders

Indication Human Trial DBS Target

PD STN
GPi
Vim
PPN
nbM

ET Vim
PSA/cZI

Dystonia GPi
STN

OCD VC/VS
NAc
BNST
STN
ITP
ALIC
Medial thalamus

Epilepsy ANT
CMPfc
Hippocampus

Tourette syndrome Dorsomedial thalamus
CMPfc
GPi (anteromedial, posteroventral)
ALIC
NAc

Major depressive disorder Subgenual cingulate gyrus
Habenula
Medial forebrain bundle
ITP
VC/VS
NAc
ALIC

Obesity Lateral hypothalamus
NAc

Anorexia nervosa Subgenual cingulate gyrus
NAc
VC/VS
BNST

Addiction NAc
STN
ALIC

Chronic pain PAG/PVG
VPL/VPM
ACC
CMPfc
VS
ALIC

CONTINUED ON PAGE 336 »
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In very select cases in which tremor is the dominant 
symptom, the ventral intermediate thalamic nucleus (Vim) 
has also been targeted because DBS of the Vim only al-
leviates the tremor symptoms. Although DBS currently is 
not beneficial for gait, speech, and nonmotor problems, 
there has been interest in targeting other locations in the 
brain to improve these symptoms. For instance, the pe-
dunculopontine nucleus (PPN) has been targeted to im-
prove gait symptoms, and the nucleus basalis of Meynert 
(nbM) is currently being examined as a potential target to 
treat cognitive impairment.56,73

Essential Tremor
Essential tremor is the most common movement dis-

order in adults and is characterized by kinetic, intention, 
and/or postural tremor.59 The use of DBS for ET was first 
described in the 1980s and eventually approved by the US 
FDA in 1997, targeting the intranuclear Vim/ventral oral 
posterior nucleus (VOP), ventrolateral thalamus, and adja-
cent white matter tracts.92 The posterior subthalamic area/
caudal zona incerta (PSA/cZI) has also been targeted for 
ET. Numerous studies have demonstrated that unilateral 
Vim DBS is effective at reducing action tremor (53%–
63% tremor reduction). Bilateral Vim DBS has also been 
shown to be safe and achieves an even greater reduction 
in overall tremor (66%–78% tremor reduction), including 
axial, head/neck, and voice tremor.25

Not only has DBS improved patients’ quality of life, 
but it has led to a better understanding of the underlying 
pathophysiology and electrophysiology of ET. Intraopera-
tively, it has been shown that Vim cells fire synchronously 
with the patient’s tremor, and that electrical stimulation of 
these cells disrupts the tremor instantaneously.

Dystonia
Dystonia is a heterogeneous movement disorder char-

acterized by sustained or intermittent muscle contractions 
leading to abnormal, repetitive movements and/or postur-
ing. Bilateral GPi DBS has been used to treat medically 
refractory inherited or idiopathic segmental or general-
ized dystonia. To date, there have been more than 50 dis-
tinct studies evaluating the effects of DBS for dystonia. 

This work has demonstrated a significant improvement 
in motor function, disability, and activities of daily living 
in both inherited and idiopathic dystonia as evidenced by 
multiple scales (Burke-Fahn-Marsden Dystonia Rating 
Scale and Toronto Western Spasmodic Torticollis Rating 
Scale). Overall, data suggest that there is on average a 65% 
reduction in symptoms with lasting effects.70 As with PD 
and ET, the symptoms are often significantly reduced but 
not absent, with the opportunity for improvement.

Obsessive-Compulsive Disorder
Obsessive-compulsive disorder is characterized by 

chronic, persistent urges or thoughts that can lead to com-
pulsions, and it affects approximately 2% of the popula-
tion.9 It is thought to involve the cortico-striato-thalamo-
cortical circuit. To date, OCD is the only FDA-approved 
psychiatric indication for DBS. More specifically, tar-
geting the ventral capsule/ventral striatum (VC/VS) for 
medically refractory OCD was given a human device ex-
emption in 2009. Since that time, other targets have been 
evaluated using the Yale-Brown Obsessive-Compulsive 
Scale (Y-BOCS), including the nucleus accumbens (NAc), 
bed nucleus of the stria terminalis (BNST), STN, anterior 
limb of the internal capsule (ALIC), and inferior thalamic 
peduncle (ITP). These treatments have elicited a signifi-
cant improvement in Y-BOCS scores (> 30% reduction), 
including obsessions and compulsions as well as improve-
ments in social functioning.71

Epilepsy
In approximately 30%–40% of patients with epilepsy, 

the disorder is medically refractory to treatment.78 For 
those with medically refractory epilepsy, a subset of pa-
tients have surgical treatment options. The surgical treat-
ment of epilepsy has primarily been with resective sur-
gery; however, DBS has been used as a treatment strategy 
for patients who do not have an identifiable epileptic fo-
cus. The use of DBS for medically refractory epilepsy was 
first explored in the 1970s and 1980s with stimulation of 
the cerebellum and the anterior nucleus of the thalamus 
(ANT).22,23,84 Other areas have recently been identified as 
potential targets, including the centromedian–parafascic-
ular complex (CMPfc) and the hippocampus.85

There have been 20 studies within the past 10 years 
that have been published on ANT DBS. The Stimulation 
of the Anterior Nucleus of the Thalamus for Epilepsy 
(SANTE) trial was the first randomized controlled trial 
targeting the ANT, which included 110 patients. This trial 
demonstrated a median 56% reduction in seizures at 2 
years (54% responder rate),32 with an increased reduction 
of 69% at 5 years (68% responder rate).77 Based on this 
level 1 evidence, the FDA recently approved ANT DBS 
for epilepsy.32

Although epilepsy is characterized by seizure frequen-
cy, duration, and severity, these patients often suffer from 
cognitive and behavioral deficits. As such, patients often 
undergo neuropsychological tests prior to any surgical in-
tervention. There is evidence that DBS may in fact lead 
to improvement in executive function, depression, anxiety, 
attention, and mood.77,83 The underlying mechanism for 
cognitive improvement requires further study.

TABLE 1. Indications and targets for DBS in patients with 
neurological and psychiatric disorders

Indication Human Trial DBS Target

AD Fornix
nbM
VC/VS

Tinnitus Area LC
STN
Vim

PTSD Basolateral amygdala
Anxiety ALIC

NAc

PPN = pedunculopontine nucleus; PSA/cZI = posterior subthalamic area/
caudal zona incerta.
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Deep brain stimulation primarily uses continuous or 
“open loop” stimulation; however, there is increasing in-
terest in developing “closed loop” stimulation treatment 
options to deliver stimulation based on electrographic 
biomarkers. With the advances in responsive neurostimu-
lation, a recent trial has suggested that this personalized 
stimulation paradigm can be efficacious and safe as well. 
However, there have been no head-to-head trials between 
DBS and responsive neurostimulation for epilepsy.

Other Psychiatric Disorders
Tourette Syndrome

Tourette syndrome is a type of tic disorder that is char-
acterized by involuntary repetitive movements and vocal-
izations. It is believed to be a disruption in the cortico-
striato-thalamo-cortical circuit. To date, there have been 
at least 150 reported cases of DBS for Tourette syndrome.4 
Of these cases, approximately half of the patients received 
thalamic DBS (either dorsomedial or CMPfc), approxi-
mately 40% had pallidal DBS (anteromedial GPi, postero-
ventral GPi, or a combination of the two), and the rest were 
treated with DBS of either ALIC/NAc or STN. The me-
dian improvement in the Yale Global Tic Severity Scale 
score was greater than 50%, suggesting a positive role in 
the treatment of Tourette syndrome.

Major Depressive Disorder
Because there is evidence for network alterations from 

DBS, there has been a significant interest in expanding 
DBS to other psychiatric disorders. There have been a 
number of studies evaluating DBS for depression in which 
variable efficacy was found. Several cortical and subcorti-
cal structures have been tested, including the subcallosal 
cingulate gyrus (Cg25), NAc, medial forebrain bundle, 
VC/VS, and ITP. The largest study to date was a random-
ized controlled trial evaluating the effects of DBS of the 
subcallosal cingulate gyrus; however, the results have not 
shown a significant antidepressant efficacy.45 Although 
DBS offers promising network changes and clinical out-
comes, further work is necessary to identify the ideal tar-
get and stimulation parameters.

Eating Disorders and Obesity
Morbid obesity and anorexia nervosa can largely be 

considered as the opposite ends of the spectrum, with 
morbid obesity being defined as a body mass index > 40 
kg/m2, and anorexia nervosa being defined as an exceed-
ingly low body mass index < 18.5 kg/m2 along with an 
unhealthy weight and body image. The underlying biol-
ogy of eating and body image perception is quite complex, 
involving reward pathways (mesolimbic and mesocortical 
pathways), homeostasis mechanisms, and hunger/satiety 
centers. There have been a small number of DBS trials 
aimed at treating morbid obesity. These trials have tar-
geted modulating motivation, volitional control, addiction, 
and feeding/satiety centers. The lateral hypothalamus 
has been evaluated as a potential DBS target because it 
is considered the feeding center. A few case series have 
suggested that lateral hypothalamic DBS results in weight 
loss;89 however, further studies are necessary to confirm 

these findings. The NAc has also been studied as a poten-
tial DBS target to reduce the reward of eating, with some 
success.40,61 Other theoretical targets include the medial 
and lateral orbitofrontal cortex, medial prefrontal cortex, 
ventral pallidum, caudate, insula, anterior cingulate cortex 
(ACC), amygdala, putamen, and hippocampus.55

Similar to other DBS indications, early evidence for 
DBS treatment originated from the benefits of lesion-
ing procedures, such as leukotomy,65,69 thalamotomy,91 
and capsulotomy for anorexia nervosa.6 Moreover, there 
is evidence for network dysfunction associated with self-
awareness (insula, parietal cortex); visual and gustatory 
sensation (occipital cortex, insula); and the reward path-
way (ventral striatum, ACC, subgenual cingulate cortex). 
To date, there have been a number of DBS studies for 
anorexia nervosa in which the subgenual cingulate cor-
tex,57,58 NAc,88,90 VC/VS,64 and BNST10 have been targeted, 
with promising but not definitive results.

Substance Abuse/Addiction
Addiction and substance abuse are significant societal 

problems. The use of DBS for addiction has largely been 
due to the beneficial side effects of DBS for other disor-
ders, like OCD. As such, the primary targets have been 
the NAc and the STN. The complexity of these psychiatric 
disorders lends itself to multiple nodes in the circuit need-
ing to be modulated at the same time. Consequently, there 
have been studies evaluating multiple concomitant targets 
(i.e., NAc and ALIC).17,48 Results have been promising 
with a reasonable safety profile, although further studies 
are necessary to determine efficacy.

Chronic Pain
Chronic pain affects approximately 5%–19% of the 

population;12,13 however, there are a number of different 
categories of pain (nociceptive vs deafferentation and 
central vs peripheral). Even prior to the first use of DBS 
for movement disorders, the first reported use of this 
technique for intractable pain syndromes occurred in the 
1950s.42 Although there are many types of chronic pain, 
previous pain indications include poststroke pain, phan-
tom limb pain, brachial plexus injury, atypical facial pain, 
cephalgia, and spinal cord injury.

Similar to the PD and tremor literature, neuromodula-
tion for relief of chronic pain was developed from lesion-
ing procedures. Pain relief via cingulotomy5,34 suggested 
the ACC as a potential DBS target. There have been 3 
primary DBS targets for pain, including the following: 1) 
the periaqueductal gray/periventricular gray (PAG/PVG), 
2) sensory thalamus (i.e., ventral posterior lateral nucleus/
ventral posterior medial nucleus [VPL/VPM]), and 3) the 
ACC. Other targets include the CMPfc, VS/ALIC, and 
the posterior hypothalmus.35 There have also been stud-
ies with combined PAG/PVG and VPL/VPM stimulation 
in which investigators had inconclusive results. In addi-
tion to DBS, there has also been interest in using motor 
cortex stimulation to treat both poststroke and non-post-
stroke pain (facial neuropathic pain, phantom limb pain, 
postherpetic neuralgia, brachial plexus avulsion, Wallen-
berg syndrome, complex regional pain syndrome, multiple 
sclerosis–derived pain, spinal cord injury pain, and post-
traumatic brain injury pain).66
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The underlying pathophysiology of pain is quite intri-
cate. As such, altering the underlying neural circuitry is 
exceedingly complex. In contrast to typical DBS stimu-
lation parameters, the stimulation frequencies have typi-
cally been lower because DBS of the thalamus or PAG at 
lower frequencies (< 50 Hz) is believed to cause analgesia, 
whereas higher frequencies (> 70 Hz) result in hyperalge-
sia.30 However, even if one is able to lower pain intensity 
(i.e., visual analog scale scores), this does not always cor-
relate to overall benefits in quality of life,1 further empha-
sizing the need to better understand the underlying neural 
circuitry and network interactions.

Alzheimer’s Disease
Forniceal DBS. Alzheimer’s disease (AD) is a neuro-

degenerative disease characterized by b-amyloid plaques, 
neuronal cell death, and neurofibrillary tangles with as-
sociated cognitive dysfunction. In particular, the most per-
vasive symptom of AD is cognitive and memory decline. 
Because medical treatment has only had limited success in 
treating AD symptoms, there has been increasing interest 
in other treatment modalities such as gene therapy74 and 
DBS. Recent evidence demonstrates disrupted network 
dysfunction, including the circuit of Papez,82 default mode 
network,36 and salience network.93 As such, the theory is 
that modulating these networks may improve cognition. 
The fornix is a white matter tract in the circuit of Papez 
that is critical for memory and cognition. Recently, there 
have been phase 1 and phase 2 clinical trials targeting for-
niceal DBS.

In a 6-patient phase 1 trial, half of the patients showed 
a slight worsening in the Alzheimer’s Disease Assess-
ment Scale, Cognitive Subscale (ADAS-Cog), whereas 
the other half appeared to demonstrate a mild improve-
ment in ADAS-Cog scores. This led to a forniceal DBS 
phase 2 double-blind randomized controlled trial that 
demonstrated no significant difference between forniceal 
DBS and no stimulation. Interestingly, a subgroup analy-
sis suggested that patients older than 65 years of age had 
less decline than patients who received sham stimulation, 
whereas those who were younger than 65 years of age had 
significantly worsening cognitive measures (ADAS-Cog 
and the Clinical Dementia Rating Scale Sum of Boxes 
[CDR-SB]).60 Based on these results, a phase 3 clinical 
trial is under way to evaluate the effects of forniceal DBS 
in patients older than 65 years of age.

Whereas the clinical effects of forniceal DBS remain 
unknown, forniceal DBS does activate a number of mem-
ory and cognition circuits. One year after continuous stim-
ulation, there is increased activation of memory networks 
(fronto-temporo-parieto-striato-thalamic and fronto-tem-
poro-parieto-occipito-hippocampal networks) and the de-
fault mode network.54

DBS of the nbM and the VC/VS. Cholinergic innerva-
tion is important in mechanisms of learning and memory; 
however, there is also evidence for cholinergic neuronal 
loss in AD.3 The nbM consists of cholinergic neurons 
within the basal forebrain that are important for working 
memory, but exhibit neuronal loss in AD. In a pilot study, 6 
patients underwent bilateral nbM DBS for AD. In this tri-

al, 4 of the 6 patients were responders (stable Mini-Mental 
State Examination and ADAS-Cog scores).49

Alzheimer’s disease is also known to result in execu-
tive function decline. The VC/VS is involved in neural 
networks associated with executive function, including the 
dorsomedial and orbitofrontal cortices. A 3-patient pilot 
trial of DBS of the VC/VS was performed that demon-
strated less cognitive decline compared to age-matched 
controls. Furthermore, VC/VS DBS resulted in frontal 
cortical activation.79 Both nbM and VC/VS DBS offer a 
safe and potentially efficacious treatment strategy, but re-
quire more supportive evidence.

Tinnitus
Tinnitus is the conscious perception of an auditory sen-

sation without external stimuli. The auditory cortex and 
limbic pathways have been implicated in tinnitus patho-
physiology. As such, neuromodulatory techniques have 
been used for the treatment of tinnitus. More specifically, 
transcranial magnetic stimulation has been used over the 
temporoparietal cortex to suppress its excitability. These 
findings led to trials in which DBS of Heschl’s gyrus was 
used to treat tinnitus. There is also evidence to suggest 
that the Vim, locus of the caudate neurons (area LC), STN, 
amygdala, and hippocampus may modulate tinnitus.26,75

There have been a number of case reports in which 
patients received DBS for movement disorders, and con-
comitantly had subsequent improvement in their comor-
bid tinnitus with DBS of the STN and Vim.80,81 Similarly, 
there has been intraoperative evidence that tinnitus is re-
duced when an electrode lead passes through area LC.18,51 
The importance of area LC has been further elucidated 
in a case report of a unilateral vascular infarct in area LC 
reducing bilateral tinnitus.52

Posttraumatic Stress Disorder and Anxiety Disorder
Posttraumatic stress disorder (PTSD) is characterized 

by a feeling of hopelessness, negative emotional states, 
and reactivity symptoms following a stressful event, and 
patients with PTSD often relive painful or traumatic mem-
ories.53 PTSD affects multiple cognitive and psychiatric 
domains, with evidence that the default mode network, 
salience network, ventral attention network, and affec-
tive network are all disrupted.47 As such, multiple forms 
of neuromodulation have been attempted to alleviate the 
symptoms of PTSD, including electroconvulsive therapy, 
transcranial magnetic stimulation, vagal nerve stimula-
tion, and DBS. DBS for PTSD includes targeting the ba-
solateral amygdala46 and, theoretically, stimulation of the 
subgenual cingulate gyrus.53 There has also been interest 
in DBS for anxiety based on improvements in symptoms 
during DBS of ALIC for OCD; however, DBS of the NAc 
was used for panic disorder in one patient, but the condi-
tion did not improve.50

Complications
Deep brain stimulation surgery carries inherent sur-

gery-related risks and complications from treatment. The 
major surgical risk of DBS is intracerebral hemorrhage. 
The risk of intracerebral hemorrhage is approximately 
1%–2% including minor hemorrhages.39,86 Seizures are a 
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risk of any supratentorial procedure, and have a 1% in-
cidence in DBS procedures.39 Medical complications in-
cluding deep venous thrombosis, phlebitis, pneumonia, 
urinary tract infections, and pulmonary embolism, which 
may also occur with any surgical procedure and have been 
reported in less than 2% of DBS cases. The mortality rate 
from DBS is approximately 0.4%, mostly related to post-
operative myocardial infarction and pulmonary embolism.

Some risks are related directly to the DBS device. 
These can include lead migration and fracture (2%–3% 
of the patients treated with DBS). Device infections have 
been reported in 3%–8% of the patients treated with these 
procedures.39 Side effects from electrical stimulation may 
occur as well, depending on the DBS target and anatomi-
cal location of the leads, and range from cranial nerve 
deficits and motor symptoms to psychiatric and autonomic 
perturbations.

Technology Innovation
The field of stereotactic and functional neurosurgery 

and DBS has been rapidly growing over the past 4 decades. 
Targeting specific nuclei or tracts has become more pre-
cise with advances in high-resolution imaging, including 
tractography and functional MRI. These developments in 
technology also include intraoperative imaging guidance 
and target confirmation.

There have also been technological advances in the 
device. The internal pulse generators (IPGs) have a bat-
tery life of approximately 4 years in typical PD patients. 
Furthermore, transcutaneous, rechargeable IPGs are avail-
able. With advancements in stimulation programming, it is 
important to be able to have multiple options. There is now 
the capability to have interleaving stimulation paradigms. 
Modern IPGs can now deliver programmed stimulation 
paradigms as well as store data recorded from the electrode 
leads themselves. Implanted recording devices have paved 
the way for further investigations regarding neurological 
diseases and underlying electrophysiological changes that 
occur in these states. Further understanding about the un-
derlying biology will allow investigators to identify and 
correlate abnormal electrophysiology with behavior. This 
could lead to devices that deliver electrical stimulation 
based on abnormal EEG biomarkers in real time.

Deep brain stimulation electrodes have also become 
more advanced. The volume of tissue activation can be ad-
justed based on which contacts are stimulated simultane-
ously, thus affording programmers the ability to shape the 
electrical activity to certain parts of the target nuclei/tract. 
Some commercially available electrodes are capable of di-
rectional current delivery, and allow for adjustments to a 
particular targeted region. This advancement helps to opti-
mize the stimulation paradigms and prevent unwanted side 
effects from DBS. In addition, whereas most DBS systems 
provide a constant train of electrical stimulations, there is 
increasing interest in closed-loop DBS in which stimula-
tion is turned on based on detecting the appearance of a 
pathological physiological signal—such as the occurrence 
of an electroencephalographic abnormality in patients with 
epilepsy43 or the increase in oscillatory activity in patients 
with PD.31

Identifying the appropriate stimulation target or targets 

remains elusive. In various neurological and psychiatric 
disorders, identifying which circuits to activate or inhibit 
requires an in-depth understanding of the underlying net-
work. As in epilepsy, there is currently interest in inter-
rogating multiple nodes simultaneously through the use of 
stereotactic EEG for other disorders, which will potentially 
improve the understanding of these diseases. Because ste-
reotactic EEG is an invasive modality, future noninvasive 
imaging techniques (e.g., magnetoencephalography, ultra-
sound) will be key to a better understanding of network 
physiology.

Noninvasive DBS
There is considerable interest in noninvasive neuromod-

ulation for long-term treatment of neurological and psy-
chiatric conditions. Currently, techniques like transcranial 
magnetic stimulation and focused ultrasound enable modu-
lation of the brain; however, with less temporal resolution, 
anatomical specificity, and adaptability than DBS. There is 
now evidence for noninvasive neurostimulation using off-
setting nonphysiological high-frequency stimulation (i.e., 
2.00 kHz and 2.01 kHz) to create focal subcortical low-
frequency stimulation at a specific target.37 Refinement of 
this technology could potentially avoid the complications 
from open surgery, such as infections and device failure. 
Although continuous stimulation may initially pose a prob-
lem, this technique could also be used as a noninvasive 
stimulation-mapping tool to guide lesioning or DBS treat-
ment.

Disease Modification
Currently DBS is primarily aimed at treating disease 

symptoms as opposed to the underlying disease process. 
Although there is some evidence that DBS results in neu-
roprotection, future treatments should be aimed at treating 
the underlying disorder or circuit abnormality. Treatments 
such as gene therapy, immunotherapy, and cell transplan-
tation have been explored in patients with PD; however, the 
clinical efficacy of these treatments has been equivocal.

Newer techniques have the opportunity to not only alter 
abnormal genetics, but also to modulate underlying aber-
rant circuitry in a more specific manner than DBS. For 
instance, optogenetics, magnetogenetics, and sonogenetics 
have the potential to revolutionize the field of neuromodu-
lation from both a scientific standpoint and as a treatment 
paradigm. Optogenetics allows for manipulation of neu-
ronal activity in a cell-type–specific fashion. Using this 
technique, it is possible to excite or inhibit specific cell 
types within a focal region. Similarly, magnetogenetics 
can be cell-type specific, but uses magnetoreceptors as 
opposed to light receptors to activate or inhibit the cells. 
Sonogenetics can use viral vector gene delivery to control 
the activity of certain cells, but at present does not have the 
temporal specificity of DBS or optogenetics.

Although certain diseases are associated with neurode-
generative processes, other disease processes are less clear. 
Further research needs to evaluate alterations in neural cir-
cuitry to understand the underlying mechanism. Because 
DBS affects both local and circuit-wide abnormalities, 
future neuromodulation should address those disruptions. 
These nuances further support the need for cell-type–spe-
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cific neuromodulation as opposed to general activation or 
inactivation of swaths of areas of the brain. For instance, 
the anatomical distribution of cells is not always well de-
lineated. It is widely believed that the dorsolateral portion 
of the STN is the motor region of this structure, whereas 
the ventromedial subdivision is important in limbic and as-
sociative processes. However, there are multiple types of 
cells within each region, and stimulation of even a 1-mm 
region may activate multiple types of cells. These newer 
techniques will potentially provide more refined granular-
ity to neuromodulation and could have a profound clinical 
impact.

Conclusions
Deep brain stimulation is an effective treatment for a 

number of medically refractory disorders. Although the 
underlying mechanisms are not completely known, DBS 
has significantly improved the understanding of human 
physiology. In the past 4 decades there have been signifi-
cant advances in technology and optimization as well as 
increasing interest in developing new indications for this 
treatment modality. Whereas DBS is primarily adjunc-
tive in nature, future neuromodulation techniques should 
target disease modification and/or permanent alteration of 
abnormal circuitry.
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