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KEY POINTS

� Deep brain stimulation is a safe and effective therapy for a growing number of neurologic
conditions.

� Neuromodulation advances include the development of directional leads, new program-
ming and stimulation paradigms, closed loop capabilities, as well as an increasing number
of controllable variables.

� New anatomic targets for neuromodulation are being explored for the treatment of com-
plex neuropsychiatric conditions.
INTRODUCTION

Deep brain stimulation (DBS) is a safe and innovative neuromodulatory therapy
applied in multiple neurologic disorders including movement disorders, dementia, ep-
ilepsy, neuropsychiatric conditions, and pain.1 Although the mechanism of action of
DBS is not entirely understood, advances in biomedical technology, neuroimaging,
neuroanatomy, and neurophysiology have propelled research and adoption of neuro-
modulation in other conditions. Historically, DBS emerged as an alternative therapy to
traditional neurosurgical lesioning treatments based on improved safety with bilateral
procedures and reversible side effects.2,3 In this review, the authors highlight some of
the most current insights and advances in this rapidly evolving field.
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ADVANCES IN UNDERSTANDING OF MECHANISM OF ACTION

Since the introduction of DBS, a complete understanding of mechanisms of action
has been elusive. Several hypotheses have been proposed despite our incomplete
knowledge of related brain physiology.4,5 The “inhibition” hypothesis proposes
that DBS exerts a dampening effect on overactive neurons in the basal ganglia.
DBS is thought to decouple local cell body activity from downstream axonal activity
via a “functional lesion,”6 and computational models reveal that DBS exerts local
neuronal suppression as previously observed but also results in increased action po-
tential propagation to downstream axons.7 These ideas are based on animal studies
showing excessive inhibition of the pallidum in Parkinson disease (PD) and a
decrease in neuronal firing of the subthalamic (STN) nucleus with high-frequency
stimulation (HFS),8 leading to improvements in bradykinesia and rigidity.9–12 The
“jamming” hypothesis suggests that DBS disrupts the normal communication path-
ways of the basal ganglia, extending its effect beyond the regions immediately adja-
cent to the lead contacts. Observations on the physiologic responses to DBS over
various stimulation frequencies, effects on neighboring neurons, and complex inter-
actions based on physiologic recordings at multiple locations serve as the founda-
tion for this hypothesis.11,13–15

In addition, recent studies of STN DBS in PD animal models have detected high-
fidelity antidromic action potentials to the cortex along with preserved downstream
activation of the globus pallidus (GPi).16,17 Updates in computational modeling have
led to an increase in model components, and the complexity of interactions between
them suggests that DBS alters the real-time dynamics of neurotransmitter flow in the
form of synaptic suppression at different brain network levels. As our understanding of
these complex mechanisms continues to evolve, direct application in clinical practice
or development of newer technology is expected.

PARKINSON DISEASE

PD is a progressive neurodegenerative disorder characterized by resting tremor, rigid-
ity, bradykinesia, and postural instability. DBS has emerged as an effective therapy in
PD for symptomatic management of medically refractory tremor, motor fluctuations,
and/or troublesome dyskinesia superior to medical therapy alone.18–20

Briefly, suitable candidates include patients with diagnosis of idiopathic PD of at
least 5 years, clear motor fluctuations with robust levodopa response without promi-
nent cognitive impairment or neuropsychiatric symptoms.21 DBS target selection
should be individualized for every patient,21,22 and several comparative, prospective,
randomized studies have shown comparable motor benefit and quality of life between
Gpi and STN targets.22 Nonetheless, a variety of new therapeutic targets are currently
under investigation in PD for treatment of freezing of gait, refractory tremor, or asso-
ciated nonmotor symptoms (Table 1).
Recent technological advances in DBS include the development of DBS leads

capable of current shaping or steering. DBS side effects occur when undesired tis-
sues/pathways are stimulated (eg, muscle pulling from internal capsule stimulation
or sensory changes related to stimulation of medial lemniscus). With traditional leads,
complex programming strategies including bipolar or interleaving settings are used to
minimize stimulation-induced side effects but may provide suboptimal symptomatic
control. Newer DBS leads offer directional stimulation, avoiding undesired tissues/
pathways while directing stimulation toward therapeutic regions. In addition, newer
devices provide an expanded range of features to reduce side effects including lower
pulse widths, shaping of stimulation using multiple independent current control,
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Table 1
Emerging neuromodulation targets in Parkinson disease

Target Indication

Centromedian and parafascicular thalamic complex Refractory tremor91

Nucleus basalis of Meynert PD dementia92

Pedunculopontine nucleus (PPN) Freezing of gait,93 sleep94,95

Substantia nigra pars reticulate (SNr) Freezing of gait96

Spinal cord stimulation Freezing of gait97

Caudal zona incerta Refractory tremor98

Combined subthalamic nucleus and SNr Freezing of gait99

Advances and Future Directions of Neuromodulation 73

 
 El
anodic stimulation, newer leads designs, and programming using constant current
versus voltage (Table 2).
New research shows promise improving motor outcomes using alternative pulse

shapes such as patterned stimulation algorithms (eg, bursts of 0.1-s duration
repeated at 5 Hz with an impulse width of 60 ms23) or square biphasic pulses to
enhance the therapeutic window.24,25 In addition, the development of adaptive
closed-loop DBS has emerged as a promising new tool for motor and paroxysmal
symptoms in PD.4 Adaptive closed-loop approaches use individual patient’s electro-
physiological signature and pathology status to delivering customized stimulation,
providing therapeutic benefit with fewer side effects and prolonging battery life.
Research has identified abnormal brain coupling in the phase of activity in beta-
frequency band (13–35 Hz) as a physiologic biomarker in PD that correlates with
parkinsonian symptoms, and it is modulated by either dopaminergic treatment or
DBS. Additional electrophysiologic biomarkers currently being investigated include
narrowband gamma oscillation in the motor cortex between 60 and 90 Hz associated
with dyskinesia,5 the use of patterned stimulation using neural activity phase rather
than just local field potentials (LFP),8 or disruption of longer bursts of hypersynchron-
ized beta activity (more pervasive oscillatory synchronization within the neural cir-
cuit).9 Biomarker detection using machine learning control algorithms might be
required and may need to adapt over time to compensate for neuroplasticity seen
with disease progression. Development of external sensing devices and algorithms
for tremor control10 or freezing of gait and using stimulation-induced signals such as
evoked resonant neural activity in STN DBS for programming and placement of DBS
leads are under investigation as well.10 Short-term studies of adaptive DBS in PD are
promising thus far7,26,27; however, more studies are needed to evaluate long-term
efficacy of adaptive DBS in PD, particularly addressing additional treatment-
refractory symptoms such as postural instability, dysarthria, cognitive, and mood
dysfunction.
ESSENTIAL TREMOR

Essential tremor (ET) is one of the most common adult-onset movement disorders,
affecting nearly 10 million Americans.28 ET classically involves postural and kinetic
tremors of the hands and arms but can involve the head, voice, trunk, or legs. Approx-
imately 50% of patients develop medication-refractory tremor and/or intolerable side
effects from medications. For these patients, surgical therapy, primarily DBS of the
ventral intermediate (VIM) nucleus of the thalamus, is an effective option.11,29,30
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Table 2
Comparison of commercially available deep brain stimulation systems in the United States

System Features Boston Scientific Medtronic Abbott

Number of lead contacts 1-3-3-1 segmented with current steering
and multiple independent current
control; 8 contacts/lead

1-1-1-1 segmented not available; 4
contacts/lead

1-3-3-1 segmented current shaping lead;
8 contacts/lead

Programming platform Bionic Navigator software on touch
screen interface with tissue activation,
volume visualization, multiple
independent current control, anodic
stimulation

Samsung Galaxy tablet iOS software wireless platform with
Apple mobile digital devices as
programming platforms

Programming features Programmer connects through a wireless
IR link

Wireless through Medtronic wireless
close-range communicator

Wireless through Apple devices

Parameter control 2–250 Hz; 20–450 PW; 12.7 mA/contact
max or 20 mA total max; up to 4
independent freq. ctrl/program

2–250 Hz; 60–450 PW; 10.5 V/25.5 mA
max. No independent freq. ctrl

2–240 Hz; 20–500 PW, 12.75 mA max. up
to 2 independent freq. ctrl

Battery Dual-chamber Vercise primary cell and
rechargeable Vercise Gevia

Single-chamber Activa SC and dual-
chamber PC; rechargeable activa RC

Dual-chamber Abbott Infinity

Sensing Not commercially available NEXUS, PRECEPT, advanced sensing
platform in development

Not commercially available

Wireless capability 3 feet Not available 3–6 feet

MRI compatibility Unavailable Conditionally compatible Conditionally compatible

Abbreviation: PW, pulse width.
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Although some studies report decrease in tremor benefit over time, it remains unclear
whether these longitudinal changes are due to disease progression, effects of atrophy,
side effects from long-term stimulation, and/or due to disruption of neuronal oscilla-
tory pathways within the tremor network.12,13

Although VIM DBS remains the primary target for ET, the posterior subthalamic
area/caudal zona incerta (PSA/cZI) region has been proposed as an alternative target
for stimulation in ET.14 Few studies, however, have directly compared the efficacy of
VIM versus PSA/cZI.15,26,31 The proposed advantage of PSA/cZI stimulation relies on
the notion that more effective stimulation can be delivered to compact, bundled white
matter projections from the cerebellum before reaching the VIM, potentially improving
axial symptoms as well.27 Alternative surgical targets for neuromodulation of both ET
and other complex, refractorytremor syndromes include dual lead placement in VIM
and thalamic ventralis oralis anterior and posterior (Voa/Vop), STN, and GPi.7 As a pal-
lidal receiving area, Voa/Vop stimulation in conjunction with VIM has been used in the
treatment of postural-action tremors alone or as a rescue lead for severe, refractory
tremor.16

Newer technology including segmented electrodes may improve steering of current
away from unintended tissue/pathways in the thalamus and toward VIM efferent and
afferent projections for tremor suppression.17 Meanwhile, the application of closed-
loop DBS has been used in conjunction with central or peripheral sensors that detect
abnormal brain activity during tremor states, thus delivering customized stimulation
only at tremor onset.6,32 Thalamic DBS for tremor has seen marked advances in tech-
nology with new methods to direct lead placement and connectivity assessments
including anatomic (diffusion tensor imaging and tractography) and functional tech-
niques (electrocardiogram, functional MRI, and invasive neurophysiological tech-
niques including microelectrode recordings, LFPs, and electrocorticography). A
combination of advances in both technology and lead localization has the potential
to translate into further improvements in clinical outcomes.33
DYSTONIA

Dystonia is a movement disorder characterized by sustained or intermittent muscle
contractions causing abnormal, often repetitive, movements, postures, or both.
Several randomized blinded sham-controlled studies have demonstrated safety
and efficacy of pallidal DBS in focal and segmental dystonia in children and
adults.34–36 The extent of benefit from DBS may depend on an individual’s unique
genetic background and phenotype.37 Although posteroventral lateral GPi is
currently the most common DBS target,38 recent evidence supports efficacy in
STN,39–41 along with early reports stimulating the sensorimotor thalamus.42 At pre-
sent time, there are no comparative studies available, and unique side effects have
been reported with evolving targets such as generalized dyskinesia with STN DBS
and gait difficulties or weight gain with thalamic stimulation. There is enormous in-
terest in identifying specific neurophysiological biomarkers for dystonia to aid with
DBS programming and implantation, as programming is challenging, slow, and not
standardized. A few series and reports point to possible abnormal electrophysio-
logic signals, primarily a high theta band activity in both deep basal ganglia struc-
tures and cortex.43,44 Given the delayed but sustainable effects of long-term DBS
stimulation in dystonia, even when DBS is turned off, the field has begun to
examine the potential symptomatic and disease-modifying effect of earlier DBS
intervention for dystonia. More research is needed in all these areas of dystonia
research.
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TOURETTE SYNDROME

Tourette syndrome (TS) is characterized by motor and phonic tics often associated
with comorbid obsessive-compulsive disorder, attention-deficit hyperactivity disor-
der, impulsivity, depression, and anxiety.45 Most of the individuals with TS experience
an improvement in tics during late adolescence; however, tics may persist or become
debilitating in about 20% of individuals.46 For refractory, severe, or disabling tics DBS
can be an effective treatment option. Thalamic DBS was first introduced as a treat-
ment option for TS in 1999, and various targets have since been proposed and eval-
uated by expert centers worldwide with promising outcomes.47,48 The most
commonly used target is the medial thalamus (centromedian nucleus, parafascicular
nucleus, ventralis oralis nucleus), but additional targets include anteromedial or pos-
terior ventrolateral GPi, anterior internal capsule, nucleus accumbens, subthalamic
nucleus, fields of Forel (H1), and globus pallidus externus.49–57 A recent meta-
analysis revealed decreased tic severity among all thalamic and pallidal targets,
with a greater than 20% improvement in YGTSS scores. A greater than 50% improve-
ment in tic severity scores was observed in 64% of individuals. Traditionally, DBS ther-
apy for TS delivers continuous stimulation; however, adaptive DBS is of particular
interest in disorders with paroxysmal symptoms such as TS. Newer technology might
be needed to successfully deliver adaptive stimulation in TS; improved sensing capa-
bilities, biomarkers, real-timer recording, and signal synchronization of DBS devices
would be essential. In 2012 the International TS DBS Registry and Database was
launched in association with the Tourette Association of America to create a world-
wide registry to help answer these questions.48,58 Currently there are 33 participating
centers with 277 individuals with DBS for TS registered [https://
tourettedeepbrainstimulationregistry.ese.ufhealth.org].

TARDIVE DYSKINESIA AND CHOREA

Chorea is defined as an irregular, nonstereotyped, involuntary movement that flow to
adjacent body regions and is caused by a variety of neurodegenerative, drug-induced,
autoimmune, vascular, and metabolic causes.59–61 Medically refractory chorea has
been managed primarily with pallidal DBS stimulation, although there are few reports
of thalamic stimulation as well.59 In Huntington disease, long-term benefit (up to
4 years) in chorea has been reported with a mean improvement in the Unified Hunting-
ton’s Disease Rating Scale chorea subscore of 59.8% in single-case reports.62,63

Additional case reports and small open-label studies suggest sustained and marked
efficacy with pallidal DBS in chorea with DBS in other neurodegenerative conditions
causing refractory chorea including neuroacanthocytosis.64,65 Prolonged use of dopa-
mine receptor-blocking agents can produce a variable syndrome of chorea, dystonia,
and parkinsonism called tardive dyskinesia (TD). DBS has been evaluated in patients
with refractory TD in a prospective, multicenter, double-blind, study showing
adequate safety, tolerability, and efficacy using pallidal DBS in 10 patients with severe
TD.66 Long-term outcomes of the original cohort with the addition of 10 more cases
were recently reported showing persistent safety and efficacy.66

DEMENTIA

Alzheimer disease (AD) is a neurodegenerative cognitive and memory disorder char-
acterized by progressive pathologic accumulation of beta-amyloid plaques, neurofi-
brillary tangles of tau proteins, and neuronal cell death. Evidence implicates
disruption of neural networks in the pathophysiology of disease,67,68 and as a result,
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research efforts have begun to focus on DBS applications in AD attempting to modu-
late and disrupt aberrant signals that might contribute to neurodegeneration.
Anatomic targets currently in clinical trials include the Fornix,69,70 nucleus basalis of
Meynert,71,72 and ventral capsule/ventral striatum.73 Preliminary evidence has shown
that DBS of the fornix has possible benefit in patients older than 65 years in early
stages, and new clinical trials are undergoing ADVANCE-2 (NCT03622905). Early, pre-
liminary studies are investigating the role of DBS in other dementias.

EPILEPSY

Neurostimulation is primarily indicated in epilepsy when the patient meets criteria for
drug-resistant epilepsy, defined by failure of rational polytherapy of at least 2 well-
tolerated and appropriately chosen antiseizures drugs, and is a poor candidate for
traditional surgical treatments.74 There are a variety of neuromodulatory approaches
to epilepsy, but the main modalities include DBS, responsive neurostimulation, and
vagal nerve stimulation. Other emerging modalities for the treatment of epilepsy
include repetitive transcranial magnetic stimulation, transcranial direct current stimu-
lation, and external trigeminal nerve stimulation.
In the Electrical Stimulation of the Anterior Nucleus of Thalamus for treatment of re-

fractory Epilepsy (SANTE) trial, the anterior nuclei (AN) of the thalami were selected as
targets based on data showing at least a 50% reduction in seizure frequency.75 The
AN connect to the superior frontal and temporal lobe structures, which are areas
involved in seizure onset and propagation. At 3 months, the stimulated group had a
29% reduction in seizure frequency over the control group (40.4% vs 14.5%).75 At
2 years, 102 participants remained in the study and had a 56%median percent reduc-
tion in seizure frequency, of which 54% had at least a 50% reduction. The procedure
was safe with no intracranial bleeding or infection, but the treatment arm included
complaints of decreased mood and memory issues. At 5 years postimplantation, 75
participants remained active in the study, and the median improvement was 69%.76

Eleven subjects reported seizure-free intervals of 6 months. Subgroup analysis based
on seizure onset zone yielded a 76%, 59%, and 68% reduction in seizures from tem-
poral lobe, frontal lobe, and other onset locations, respectively, at 5 years.75 Other tar-
gets in DBS for epilepsy include the centromedian nucleus of the thalamus, the
subthalamic nucleus, the hippocampus, and the cerebellum showing potential benefit
with modulation of different nodes in the epileptic network; however, most studies
were small with uncontrolled designs.77

PAIN

DBS has been applied to a variety of pain syndromes ranging from poststroke pain,
spinal cord injury, brachial plexus injury, and headache.78 There are 3 commonly tar-
geted structures for neuromodulation of pain: (1) the thalamus, specifically the ventral
posterolateral nucleus and ventral posteromedial nucleus (VPL/VPM), (2) the periven-
tricular and periaqueductal gray (PVG/PAG), and (3) the anterior cingulate cortex
(ACC). Neuromodulation of the VPL/VPM and PVG/PAG have been the most well
established in the literature.79–81 One longitudinal study of VPL/VPM and PVG/PAG
DBS for various pain conditions revealed 59% of patients experienced significant
acute pain relief.81 After approximately 80 months of follow-up, 31% of patients
continued to experience pain relief. In another study with up to 15 years of follow-
up after VPL/VPM or PVG/PAG DBS for various pain syndromes, 62% of patients
continued to experience adequate pain relief.82 A meta-analysis of DBS for pain re-
ported that modulation of the PVG/PAG alone or PVG/PAG with VPL/VPM or internal
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capsule was more effective than VPL/VPM alone. In addition, overall 58% of patients
achieved pain relief. DBS was most effective in treating intractable low back pain and
least successful in treating central thalamic pain/poststroke pain. Although central
thalamic pain syndrome has historically been difficult to treat, Franzini and col-
leagues83 recently investigated DBS of the posterior limb of the internal capsule in 4
patients. Three of four patients achieved long-term pain relief post-DBS. After a
mean follow-up of 5.88 years, the average reduction in pain was 38% based on the
10-point visual analog scale.
Inspired by lesional therapies for cancer-related pain, ACC DBS has emerged as the

newest potential target for pain.84,85 Spooner and colleagues86 published the first
Table 3
Other neurologic and psychiatric disorders managed with neuromodulation under
investigation

Indication Potential DBS Target Triala

Tinnitus Auditory pathways
Area LC
VIM

Phase I–II

Major depression SCC
NAc
Habenula
Medial forebrain bundle
VC/VS
ITP
BNST

Phase I–III

Obsessive-compulsive disorder NAc
STN
BNST
ITP
ALIC
VC/VS

Phase I–IV

Schizophrenia Temporal cortex
NAc
VTA
SCC

Preclinical/Phase I

Addiction NAc
STN

Phase I–III

Anorexia nervosa SCC
NAc
ALIC

Phase I

Obesity Lateral hypothalamus
NAc

Phase I

This table lists some additional indications and targets not previously mentioned in this review.
Abbreviations: ALIC, anterior limb of the capsula interna; Area LC, locus of caudate neurons;

BNST, bed nucleus of stria terminalis; ITP, inferior thalamic peduncle; NAc nucleus accumbens;
VC/VS, ventral capsule/ventral striatum; VIM, ventral intermediate nucleus of the thalamus; SCC,
subgenual cingulate cortex; STN, subthalamic nucleus; VTA, ventral tegmental area.

a Refer to clinicaltrials.gov for more details.
Data from Clinicaltrials.gov; and Budman et al. Potential Indications for Deep Brain Stimulation

in Neurological Disorders: An Evolving Field. Eur J Neurol. 2018 Mar;25(3):434-e30; and Lee et al.
Current and Future Directions of Deep Brain Stimulation for Neurological and Psychiatric Disor-
ders. J Neurosurg. 2019 Aug 1;131(2):333-342; and Lozano et al. Deep Brain Stimulation: Current
Challenges and Future Directions. Nat Rev Neurol. 2019 Mar;15(3):148-160.
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case report of ACC DBS in 2007 in a patient with medically refractory neuropathic pain
from a complete C4 spinal cord injury. At 3 months post-DBS implantation, the patient
reported a 3 out of 10 on the pain visual analog scale compared with 10 out of 10 with
DBS off. Since then, several other case reports have described success in ACC DBS
for medically refractory neuropathic pain.87–89 One recent study has showed some ef-
ficacy of ACC DBS for central thalamic pain.90 In this study, 5 patients with medically
refractory central thalamic pain syndrome underwent simultaneous bilateral ACC
DBS. The investigators reported an average of 38% and 35% improvement of pain
at 6- and 18-months post-DBS implantation, respectively.

DISCUSSION AND FUTURE DIRECTIONS

Recent advances in our understanding of brain neurophysiology in neurologic disor-
ders, coupled with improved signal acquisition and delivery of neurostimulation,
have propelled growing interest in the study and use of neuromodulation in neurologic
and psychiatric conditions (Table 3). As detailed in previous sections, new research
continues to shape the practice and future of neuromodulation in neurology. Collabo-
rative, long-term, controlled trials are necessary to establish long-term safety, define
appropriate candidates, and persistent efficacy. In response to issues arising from the
development and application of DBS and other neurotechnologies, incorporating
ethical principles and guidelines to research will continue to be crucial. The future is
bright, and neuromodulation techniques will continue to increase our understating
of pathologic brain states while helping patients around the globe.
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