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Over the last few years, while expanding its clinical indications from movement disorders

to epilepsy and psychiatry, the field of deep brain stimulation (DBS) has seen significant

innovations. Hardware developments have introduced directional leads to stimulate

specific brain targets and sensing electrodes to determine optimal settings via feedback

from local field potentials. In addition, variable-frequency stimulation and asynchronous

high-frequency pulse trains have introduced new programming paradigms to efficiently

desynchronize pathological neural circuitry and regulate dysfunctional brain networks not

responsive to conventional settings. Overall, these innovations have provided clinicians

with more anatomically accurate programming and closed-looped feedback to identify

optimal strategies for neuromodulation. Simultaneously, software developments have

simplified programming algorithms, introduced platforms for DBS remote management

via telemedicine, and tools for estimating the volume of tissue activatedwithin and outside

the DBS targets. Finally, the surgical accuracy has improved thanks to intraoperative

magnetic resonance or computerized tomography guidance, network-based imaging for

DBS planning and targeting, and robotic-assisted surgery for ultra-accurate, millimetric

lead placement. These technological and imaging advances have collectively optimized

DBS outcomes and allowed “asleep” DBS procedures. Still, the short- and long-term

outcomes of different implantable devices, surgical techniques, and asleep vs. awake

procedures remain to be clarified. This expert review summarizes and critically discusses

these recent innovations and their potential impact on the DBS field.
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INTRODUCTION

Multiple innovations have improved the field of deep brain
stimulation (DBS) over the last decade. Here, we sought to
summarize the main advancements in clinical indications,
hardware development, software innovations, and surgical
procedures and discuss the upcoming frontiers for DBS
development in neurological and psychiatric disorders.

UPDATE ON DBS INDICATIONS AND
TARGETS

DBS in Movement Disorders
DBS is a very well-established treatment for movement disorders.
With over 60,000 patients with Parkinson disease (PD), essential
tremor (ET), dystonia, and Tourette syndrome implanted with
DBS in the United States and more than 160,000 worldwide,
DBS has demonstrated long-term efficacy on multiple aspects of
movement disorders, including motor symptoms (1–5), quality
of life (6), and quality-adjusted life expectancy (QALY) (7). Three
main DBS targets (Figure 1) have been traditionally used in
movement disorders: the subthalamic nucleus (STN), the globus
pallidus pars interna (GPi), and the ventral intermediate (Vim)
and ventral oralis posterior (VOP) nuclei of the thalamus.

The STN is the most common target for PD and, more
recently, a target for dystonia. It has a broad range of cortical
and subcortical connections (8). Cortical pathways include those
connecting the posterior STN with the sensorimotor cortex,
the mid-STN with the associative cortex, and the anterior STN
with the limbic cortex (9). Subcortical pathways connect the
STN to the caudate, putamen, pedunculopontine nucleus, globus
pallidus internal and external segments (GPi/GPe), substantia
nigra, substantia innominata, hypothalamus, olfactory tubercle,
and mamillary bodies. Stimulation of each of these pathways
affects different motor and non-motor networks. In particular,
stimulation of the motor pathway results in improved PD-
associated rigidity, tremor, and bradykinesia (10).

The GPi is the primary target for generalized dystonia (3),
an alternative target for PD—particularly when associated with
severe dyskinesia or mild cognitive impairment (2), and a
possible target for Tourette syndrome (5). Tracing studies (11)
showed that the GPi has projections to several motor and non-
motor structures, including the premotor neurons of the ventral
tier thalamic nuclei, the centro-median/parafascicular thalamic
complex, and the brainstem pedunculopontine nucleus. These
pallido-fugal fibers emerge either through the ansa lenticularis
(AL) or the lenticular fasciculus (LF) and project to the thalamus
and the brainstem through the Forel’s field H.

The Vim receives fibers of the dentato-rubro-thalamic tract
(DRTT), which is a white matter bundle that originates in
the contra-lateral cerebellar dentate nucleus of the cerebellum,
traverses to the ipsilateral superior cerebellar peduncle and then
partially decussates in the midbrain to reach the thalamus,
and finally terminates within the primary motor cortex. Several
clinical trials demonstrated Vim-DBS efficacy in the treatment
of medical-refractory ET (4) and PD (12). The VOP receives

both fibers from the DRTT and the globus pallidus, making it an
effective target for dystonic tremor (13).

DBS in Epilepsy
DBS has shown positive results in patients with drug-resistant
epilepsy (DRE), which accounts for up to 30% of all cases of
epilepsy (14). Some patients with DRE benefit from surgery
to remove the seizure focus. Still, nearly 40% of patients with
DRE may not be candidates for resection surgery if their
seizures originate from multiple cortical foci or their seizure
focus is an eloquent cortical area that cannot be resected
without unacceptable neurological deficit (15). Furthermore,
approximately 50% of patients who undergo resection surgery
continue to have seizures (16). In general, brain stimulation for
the treatment of epilepsy can employ at least three different
strategies according to the pathogenic mechanism underlying
the seizure network: Responsive neurostimulation (RNS) delivers
electrical stimulation directly to the epileptogenic region in
response to seizure activity recorded in that area (17, 18), vagus
nerve stimulation (VNS) interrupts seizure networks indirectly
by delivering electrical stimulation to vagus nerve afferents in
the neck, thus stimulating brainstem nuclei with wide cortical
projections (19), and DBS modulates the subcortical targets
connected to the cortical seizure network (17, 18, 20). As such,
VNS and DBS can be used to treat focal epilepsy not amenable to
resection and multifocal epilepsy.

DBS received FDA approval in 2018 for the treatment of
DRE based on evidence from the SANTE Trial (21, 22), a
double-blinded randomized clinical trial of bilateral stimulation
of anterior nucleus of the thalamus (ANT) for DRE (Figure 2).
This study showed a 40% seizure frequency reduction in the
stimulated group compared with 14.5% in the control group
at 3 months. Encouragingly, DBS of the ANT, as observed in
other indications, also shows progressive improvement in effect
over time. In the unblinded phase of SANTE trial participants,
there was 69% median seizure frequency reduction at 5 years
(22). Consistent with ANT location within the medial limbic
circuit, the best seizure control effect of stimulation was seen
for temporal lobe epilepsy (76% improvement) compared to
epilepsies of the frontal lobes (59%) or other locations (68%).

The efficacy of DBS of other brain structures to treat epilepsy
remains inconclusive due to the lack of large randomized
clinical trials (RCT). Stimulation of the hippocampus has been
investigated as a treatment for medial temporal lobe DRE not
amenable for resection and has shown positive evidence of
seizure reduction by 26–40% in small RCTs (23–27) and up to
95% in smaller non-randomized trials (20). The largest RCT for
DBS of the hippocampus (16 patients) showed that seven out
of eight patients in the active therapy group had a reduction
>50% in seizure frequency, and four of them became seizure-
free (23). DBS to the centromedian nucleus of the thalamus
(CMT) has also been studied, as the CMTprojects widely tomany
cortical regions, especially frontal lobes (20, 28). Evidence from
several small RCTs shows a better response to DBS of CMT in
generalized epilepsy than focal epilepsy (27, 29).

Other DBS targets that have been explored for the treatment
of epilepsy include the cerebellum (30), STN (31, 32), caudate
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nucleus (33), posterior hypothalamus (34), hippocampal fornix
(35), and nucleus accumbens (36); however, the benefit of
stimulation of these targets remains uncertain.

DBS in Psychiatry
DBS offers a treatment option for resistant or severe psychiatric
illness, often not responsive to oral pharmacologic agents and
psychotherapy (37).

Prospective studies, retrospective reviews, and meta-analyses
have demonstrated the efficacy of DBS in severe or extreme

obsessive compulsive disorder (OCD) (38–40). Several targets,
including ventral capsule/ventral striatum (VC/VS), anterior
limb of the internal capsule (ALIC), and STN have been
investigated for OCD (41, 42) (Figure 3). Outcomes are generally
comparable across all implantation sites (Table 1), with an
average improvement in OCD symptoms of 45% on the
Yale Brown Obsessive Compulsive Inventory (53). Previously
investigated predictors of outcomes, including presence or
absence of hoarding disorder, intra-operative mirth or reflexive
smile, and age at onset of symptoms, are inconsistent predictors

FIGURE 1 | DBS targets in Movement Disorders. (A) Subthalamic Nucleus (STN); (B) Ventral Intermediate Thalamic Nucleus (VIM); (C) Globus Pallidus Pars Interna

(GPi).

FIGURE 2 | DBS targets in Epilepsy. (A) Anterior Thalamic Nucleus (ANT); (B) Centromedian Thalamic Nucleus (CM); (C) Hippocampus.

FIGURE 3 | DBS targets in Psychiatry. (A) Ventral Capsule/Ventral Striatum (VC/VS) and Anterior Limb of the Internal Capsule (ALIC); (B) subcallosal cingulate gyrus

including Brodmann area 25 (SGC25); (C) Subthalamic Nucleus (STN).
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of response and appear inadequate to inform clinical decision-
making (38). Recent studies have investigated individualized
DBS targeting for OCD using diffusion tensor imaging (DTI)
and probabilistic tractography (54, 55). White matter pathways
in the anterior limb of the internal capsule can be variable,
and modeling the fibers may allow for localization of fibers
of interest for OCD treatment, such as those connecting the
nucleus accumbens and ventral striatum to target areas in the
orbitofrontal cortex and medial prefrontal cortex (56).

Major depressive disorder is another psychiatric condition
that has been studied using DBS (Table 1). Several industry-
sponsored trials have yielded inconsistent results related to the
efficacy of stimulation of VC/VS and anterior cingulate cortex
(ACC) (45, 46). Smaller trials have reported remarkably rapid and
efficacious effects of stimulation of the medial forebrain bundle
(mFB) in depressive disorders (49, 57, 58). However, other trials
have failed to find improvement (59). Selecting patients through
biomarkers, including metabolism assessed through positron
emission tomography, may improve response rates (60).

Case reports and case series have examined the use
of DBS in other psychiatric conditions with severe and
persistent symptoms, including anorexia nervosa, schizophrenia,
bipolar disorder, and opioid use disorder (61–63). Results for
these populations, who often lack evidence-based treatments
for resistant illness, have been promising. Individualized
targeting, including tractography and monitoring for effect using
sensing technologies, may help clarify candidates and maximize
therapeutic outcomes.

Of relevance, a local field potential (LFP) study in post-
implantation patients revealed increased alpha power in major
depressive disorder but not OCD patients (64). No significant
variance in the beta band power was reported in either condition.
A case reporting a patient with sensing DBS and cortical epidural
stimulation reported elevated theta power in VC/VS (65). STN
stimulation of OCD patients revealed increased coupling with
other relevant locations [STN-anterior cingulate cortex (ACC)]
in different power bands, including beta, alpha, and theta (66).
Therefore, the specific role of each oscillatory frequency and
measure (power, coherence) remains to be elucidated, but LFP
monitoring appears to be a promising assessment tool for DBS
psychiatric indications.

INNOVATIONS IN DBS TECHNOLOGY

Hardware Innovations
Multiple features have changed in the DBS hardware over
the last few years. The industry is evolving toward flexible
extensions that provide pliability and stretch in connecting
the lead to the impulse generators (IPG), which themselves
now have contoured edges to reduce skin pressure and pliable
headers. Newer IPGs are current driven so that the amount of
energy delivered does not depend on the variability in patients’
impedances. The pulse width can be reduced to a minimum of
20 µs to selectively stimulate small-diameter axons to reduce
the incidence of dysarthria and capsular side effects (67–69).
In addition, certain systems have the capability of multiple
independent current control (MICC), which allows each contact

to have a separate current source. This offers the possibility of
fractionalizing current over multiple electrodes at the same time
or even using two different frequencies on the same DBS lead.

The introduction of “directional leads” characterized by the
middle two (of four) rings divided into three segments has
allowed generating an axially asymmetric volume of tissue
activation (VTA) tailored to the individual patient’s anatomy
(67, 70). DBS bioelectrical parameters, such as therapeutic
impedance and surface current density, are highly dependent
on the electrode surface and inevitably change when switching
from a circular ring contact to a single-segment activation.
Therefore, the change from “conventional” to “directional”
stimulation requires a few adjustments. The intensity needs
to be lowered to prevent an excessive increase in current
density (current intensity/electrode surface). For this reason,
stimulation adjustments should be performed using a smaller
step-size amplitude (0.1–0.3mA as compared to the traditional
0.5mA). In addition, since the electrical current tends to flow
out of the electrode through its edges, the lateral VTA extension
is wider than the surface covered by the electrode, and this
needs to be taken into consideration as the simultaneous
activation of multiple adjacent segmented electrodes can lower
the extent of directionality (71). A recent retrospective review
of DBS cases showed that the vast majority of STN-DBS PD
patients (74%) and Vim-DBS ET patients (79%) implanted
with directional leads were actively using directional over
conventional stimulation settings (72). In addition, the recent
approval of a 4-port, 32-contact DBS device (VerciseTM Genus,
Boston Scientific, USA) has introduced opportunities for DBS
leads with a greater number of directional electrodes. A clinical
study (eXTend 3D, ClinicalTrials.gov Identifier: NCT04577651)
is currently testing this novel 16-contact directional leads
(Cartesia X/HX; Boston Scientific) to determine whether the
additional directional rows on these leads can further improve
directional programming.

Finally, novel DBS waveforms using time-varying high-
frequency pulse trains are under investigation. This technology
aims to desynchronize pathological neural circuitry more
effectively than conventional programming using a lower
amount of energy, potentially resulting in cumulative and long-
lasting therapeutic benefits (73, 74). If preliminary data are
confirmed, this technology may translate into less frequent
battery replacements and superior clinical benefit. Along the
same line, a novel DBS system has been developed (Pinstm DBS,
Beijing Pins Medical Co., China) to deliver variable frequency
stimulation (VFS) using two distinct frequencies (i.e., 80 and
130Hz). Preliminary studies evaluating VFS in PD patients
treated with STN DBS have shown improvement in freezing
of gait compared to traditional stimulation settings (130Hz)
(75–77). A clinical study of intermittent, desynchronizing,
coordinated reset pulse trains is also underway using investigative
devices based on commercially available DBS systems (Reset-
DBS, Clinicaltrials.gov identifier: nct03732898).

Software Innovations
To assist with the challenges associated with more complex
programming strategies, DBS producers have developed
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TABLE 1 | Summary of clinical data on deep brain stimulation for psychiatric indications.

References Study

design

N Target Indication DBS parameters Follow up

(months)

Outcomes

(primary)

Outcomes

(secondary)

Side effects

Frequency

(Hz)

Intensity

(V/mA)

Pulse Width

(mcS)

Abelson et al.

(43)

Prospective blinded

trial (on–off), open

follow up

5 ALiC OCD 130–150 5–10.5 V 60–210 4–23 1/5 with >35%

reduction in YBOCS

over baseline

Not defined Mood changes,

hypomania, transient

sensory changes

Goodman et al.

(44)

Randomized,

staggered onset

programming under

blinded conditions

6 VC/VS OCD 130–135 2.5–8.5 V 90–210 12 YBOCS response rate

66.7% after 12

months, no

improvement during

sham programming

period

HAM-D, POMS

improved in both

groups, 4/6

improved on CGI

Emotional changes,

hypomania

Denys et al. (39) Open lead in, double

blind cross over,

on–off, open follow

up

16 NAcc OCD 130 3.5–5V 90 21 YBOCS change-

Open phase (mean

72% reduction),

Double Blind (25%

reduction mean active

vs. sham)

Not defined Mild forgetfulness,

word finding

difficulties

Dougherty et al.

(45)

Multi-site sham

controlled

randomized trial with

open label follow up

33 VC/VS Depression Not reported Not reported 90 or 210 24 MADRS response rate

not significantly

different between

active and sham

(p = 0.53)

Not defined Depression,

insomnia, suicidal

ideation, irritability,

hypomania

Bergfeld et al.

(46)

Open label

optimization,

randomized double

blind, cross-over

active/sham

16 ALiC Depression 130 or 180 2.5–6V 90 3 months open

label, 4 weeks

blinded

cross-over, 1

year follow up

HAMD-17 difference

active (13.6) vs. sham

(23.1) (post open

optimization phase) p

≤ 0.001

MADRS, IDS-C

significantly lower

active vs. sham (p =

0.001)

Mania, nocturia

Holtzheimer

et al. (47)

Multi-site

randomized

sham-controlled trial

128 SGACC Depression 130 4–8mA 91 6 months

randomized

sham-control

with 6 months

open label follow

up

MADRS response not

significantly different

active vs. sham (20,

17%)

Not defined Head pain, infection,

worsening

depression, suicide

attempt, death by

suicide
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TABLE 1 | Continued

References Study

design

N Target Indication DBS parameters Follow up

(months)

Outcomes

(primary)

Outcomes

(secondary)

Side effects

Frequency

(Hz)

Intensity

(V/mA)

Pulse Width

(mcS)

Merkl et al. (48) Double blind

randomized

controlled trial

8 SGACC Depression 130 5–7V 90 24 HAMD-24 baseline

active vs. delayed

onset 34.5, 32.5; at

week 8 active vs.

delayed onset 29.2,

31.2 (p = 0.291); at

24 months active vs.

delayed onset 26.3,

15 (p = 0.49)

BDI-II most time

points favored

delayed onset with

statistical

significance,

MADRS reductions

at time points not

significant

Hypomania, pulling

sensation

Coenen et al.

(49)

Double blind

randomized

controlled trial

16 SLMFB Depression 130 3mA (SD

0.5mA)

60 12 MADRS reduction

29.6–12.9 at 12

months

HAMD-28 −2.23

p = 0.03

Strabismus

Barcia et al. (50) Prospective

randomized, double

blind trial

7 NAcc and

“striatal

axis”

OCD 130 4.5 60 21 6/7 Y-BOCS reduction

>35%, all stimulation

(including sham)

statistically significant

reduction vs. baseline

Best contact varied

between patients

No cognitive

adverse effects of

striatal stimulation,

no seizures

Polosan et al.

(51)

Randomized, double

blind, within subject

design

12 STN OCD 130 “Individually

adjusted”-

parameters

not reported

60 None Ratings of

Pleasantness/Arousal

when viewing

differently valenced

images- OCD ON DBS

more positive ratings,

no interaction effect

Not defined Not reported

Mosley et al. (52) Prospective blinded

trial (on–off), open

follow up

9 BNST OCD 130 4.5 90/120 15 Mean change YBOCS

(blinded −4.9 points,

p = 0.025), MADRS

(blinded −3.4 points,

p = 0.3)

7/9 patients >35%

reduction in YBOCS

after open label

phase with CBT

1 IPG infection, 1

lead migration,

psychiatric

admission in setting

of non-response,

reduced libido

OCD, Obsessive Compulsive Disorder; ALiC, Anterior Limb of Internal Capsule; VC/VS, Ventral Capsule/Ventral Striatum; NAcc, Nucleus Accumbens; SgACC, Subgenual Anterior Cingulate Cortex; SLMFB, Superolateral Medial Forebrain

Bundle; STN, subthalamic nucleus; BNST, Bed Nucleus of the Stria Terminalis; HAM-D, Hamilton Depression Rating Scale; POMS, Profile of Mood State; CGI, Clinical Global Impression; YBOCS, Yale Brown Obsessive Compulsive

Scale; MADRS, Montgomery-Asberg Depression Rating Scale; BDI, Beck Depression Inventory; IDS, Inventory of Depressive Symptoms; IPG, Implanted Pulse Generator; mA, milli-Amps; mcS, micro-seconds.
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supportive software platforms. Abbott has taken a strictly
functional programming approach and developed simple
monopolar review documentation and decision-support
software tool (InformityTM) that aims to simplify directional
programming based on response to stimulation (70). The system
guides clinicians to determine the therapeutic window (TW) for
each electrode and automatically calculates the appropriate step
size for incremental stimulation intensity changes for directional
stimulation. Then, an integrated decision tool allows sorting the
montages based on factors such as power, TW, or TW percentage
(TW%), which is computed as the ratio of TW to therapeutic
current strength (TCS). A final sorting option, balanced
threshold, provides an additional level of optimization to balance
gains in TW% while minimizing power consumption. Boston
Scientific has supported a revised version of the monopolar
survey called “non-zero amplitude programming,” based on
the approach first described by Steigerwald et al. (67). Instead
of sequentially testing each electrode for efficacy and adverse
effect thresholds, the examiner can gradually move a predefined
electrical field along the vertical axis to determine the level of
maximal effectiveness. Once the best vertical level of stimulation
has been identified, the VTA can be moved on the horizontal
axis to determine the best direction of stimulation. This method
and others present opportunities for automation and algorithms
to simplify the workflow.

Visualization tools have also been developed to support an
“image-guided” programming approach based on reconstructing
the patient-specific anatomy from magnetic resonance imaging
(MRI) and computerized tomography (CT) data. One such
visualization tool, developed by Surgical Information Sciences
(SIS), provides a patient-specific, 3D anatomical model of specific
brain structures using the patient’s own enhanced clinical MR
image (Figure 4). The technology makes use of the fact that
some structures in the brain, specifically the STN and the
lamina/border between the GPI and internal capsule (IC), are
not easily visualized in 1.5T or 3T standard clinical MRI but
are better visualized using high-resolution and high-contrast
7T (7 Tesla) MRI (78). The SIS approach uses pre-trained
deep learning neural network models, based on these ultra-
high-resolution 7T MRIs, to be applied to a patient’s clinical
image to predict the shape and position of the patient’s specific
brain structures of interest (i.e., STN or GPi/GPe) (79, 80).
The output of the SIS System can then be used for planning
stereotactic surgical procedures. The company has validated the
accuracy of the STN and GPi predicted locations within 1mm
of the ground truth locations (81). The system can locate and
identify implanted leads visible in post-operative CT images
and present them in a 3D model in relation to the predicted
brain structure from the preoperative processing. These unique
features can provide feedback to the surgeon regarding the final
location of the lead compared to the surgical plan, as well as
inform the programming neurologist about the lead location and
contact orientation in relation to anatomical and physiological
targets to reduce programming complexity. Visualization tools
also allow modeling the VTA generated by various stimulation
settings to identify the ones with the highest probability of
success (maximal benefits and minimal side effects). Examples
include Medtronic SureTuneTM and Boston Scientific GUIDETM

XT, which use a patient-specific atlas to provide visualization.
Potential shortcomings are represented by the inability to
account for individual electrode impedances, axons orientation,
and brain tissue inhomogeneity. These tools’ accuracy is also
limited by axial rotation or vertical migration of the DBS lead
that may occur after the image has been acquired.

Finally, a recent software innovation available on the Abbott
system has allowed patients to download an app to turn their
iPhone into a controller device so that their mobile phone can
be used to manage their DBS therapy without the need for a
separate patient controller device. Those patients who don’t have
an iPhone receive an iPod Touch as their controller device.

Telemedicine in Movement Disorders
Telemedicine has been tested in several forms over the last
decade in the evaluation and care of movement disorders patients
(82, 83). More recently, as a result of the pandemic, telemedicine
gained broad acceptance in the movement disorders community.
Interviewed patients reported reduced travel, wait time, stress
and expense, and greater comfort, convenience, and access to
specialists (84).

Abbott recently received FDA approval for a complete
DBS telemedicine solution to enable both video conferencing
telemedicine and the remote clinician’s ability to connect to the
patient’s IPG over the internet to make stimulation (therapy)
changes (NeuroSphereTM Virtual Clinic; Figure 5). This solution
was delivered as a software update without the need for
change in implanted hardware (leads or IPG) to ensure that
access to remote programing is available to every patient
implanted irrespective of when they were implanted. Once the
remote programming session starts, the platform first copies the
stimulation settings of the active program delivering therapy to
the patient and locks it into what is referred to as the protected
recovery program. This failsafe mechanism ensures that if the
remote programming session disconnects as a result of internet
disruptions or due to incorrect termination of the session, the
patient’s IPG automatically goes back to the original therapeutic
settings from the start of the remote session. This is referred
to as the “protected recovery program.” During the remote
session, clinicians can check system and program impedances,
check the battery status, change stimulation parameters, manage
(add/delete/edit) programs, and even generate a session report
for telemedicine reimbursement documentation.

The Upcoming Era of DBS Sensing
Technology
Sensed brain signals represent a new opportunity for advancing
the standard of care in DBS therapies, as briefly mentioned
in the DBS in Psychiatry section. Historically, access to such
signals was limited to the use of investigational devices,
which allowed constrained exploration of signals in research
contexts (85, 86). In recent years, this work has extended
to chronically recorded LFPs measured from the macro
electrodes used for stimulation. Rather than the single-unit firing
information from the microelectrode, these potentials represent
the compound activity of several individual units which can
be influenced by multiple variables, including neuronal and
synaptic sources, recording volume, surface of the recording
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FIGURE 4 | Direct visualization of DBS targets and lead location. Surgical Information Sciences (SIS), provides a patient-specific model of DBS targets using the

patient’s own enhanced clinical MR image. (A,B) shows alpha maps visualizing the STN and GPi, respectively (red arrows); (C,D) show 3D reconstructions of the

intended targets registered with the DBS lead location in respect to the anatomical structures (STN & GPi, respectively).

FIGURE 5 | Abbott’s NeuroSphereTM Virtual Clinic. The software platform enables the remote DBS clinician to not only investigate the patient’s IPG and run system

checks remotely but also to make stimulation therapy changes over the internet.

electrode, and electrode-tissue interface impedance (87, 88). In
a widely accepted computational technique, LFP is simulated
as the sum of all excitatory postsynaptic currents plus the
inhibitory postsynaptic currents in the recording region (89).
The amplitude of these signals is in the order of units of
microvolts (90) when recorded from subcortical structures,

but it can be significantly higher (tens of microvolts) when
recorded from the cortex using electrode strips (91). In
contrast with the frequency band of single-cell activity, which
ranges from 500Hz to 5 kHz, the LFPs frequency band is
2–100Hz, quite similar to common electroencephalography
(Figure 6).
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FIGURE 6 | Local field potential recordings (LFPs). The figure shows the recording from n = 2 subthalamic nuclei in a patient with Parkinson disease. The raw LFP

signal of a 10-s recording is presented in the 2 top traces. The frequency spectra are displayed in the 2 bottom graphs. LFPs are recorded and filtered with 8th poles

low pass filter, corner frequency at 40Hz, for stimulus artifact suppression (AlphaDBSvext, Newronika, Italy). The device streams the signal via radiofrequency to the

receiver connected to the computer. Beta bursts activities are highlighted in yellow with low and high beta peeks in purple.

Considering the feasibility of recording LFPs (92), three
clinical scenarios can be imagined for this neurophysiological
biomarker: (a) if signals correlate with the patient state, they
may be useful to provide objective measures of outcomes outside
of the clinic; (b) if signals respond to therapeutic interventions,
they may be helpful to optimize therapy and guide programming
in the clinic; and (c) if signals both correlate with patient state
and respond predictably to therapy, then they may finally be
useful in implementing closed-loop systems that adapt to changes
in symptoms over time. It must be noted, however, that the
consistency of oscillatory biomarkers among subjects remains to
be confirmed (93).

Exploring the first scenario, multiple groups have shown
that specific oscillatory rhythms, such as enhanced synchrony
in the beta band (13–30Hz), often correlate well with patients’
symptoms (especially akinetic and rigid symptoms of PD) (94).
This may allow such measures to be used as a correlate of
the patient state outside of the clinic, helping quantify the
occurrence and severity of symptoms in a real-world context. It
might be expected that a signal such as beta that correlates with
akinetic/rigid PD features might show fluctuations associated

with a patient’s On/Off cycling (95). This might allow a
clinician to understand medication dynamics (wash-in, wash-
out), differences in cycles across circadian rhythms (wind up
or accumulated medication effects at the end of the day),
compliance issues withmedication dosing or timing, and perhaps
the exploration of more complex drug/stimulation interactions.
Further, capturing a neural signature during a patient marked
symptomatic event outside of the clinic may help a clinician
interpret that patient report, as the signature for a break-through
tremor event may be expected to differ from other potentially
confounding events such as atypical dyskinesias (95).

Toward the second scenario, such signals have also been
shown to respond to, and correlate with, the onset and
effectiveness of DBS and oral medications (96). This may allow
such signals to be used to optimize stimulation settings in clinic,
for example, by providing a real-time view of response during
a titration process. Such signals, recorded chronically outside of
clinic, might also prove useful to configure therapy over time
by providing objective measures to compare different therapy
regimes, identify or troubleshoot break-through symptoms,
or assess variability in response across different circadian or
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medication states. As more specific examples, a signal that
correlates with symptoms (e.g., beta band) may be helpful to
review as stimulation amplitude is titrated on a specific electrode
in a specific hemisphere (97). This may help identify a threshold
amplitude, the first at which suppression of the signal of interest
is observed. It may also help identify an amplitude beyond
which further increases no longer yield additional suppression,
thereby suggesting a practical upper limit of stimulation on this
contact. In addition, if measures of stimulation side effects can be
identified, observing these measures in clinic as parameters are
changed may help avoid a scenario in which a patient leaves the
clinic in an overstimulated state. As a specific example, gamma-
band oscillations have been shown to correlate with dyskinetic
states (98); observing neural signals during stimulation titration
for the emergence of gamma peaks may prove useful in avoiding
dyskinetic side effects outside of the clinic. Although evidence is
more limited, it may also be the case that the location of signals of
interest like beta relative to lead electrodes may help inform the
best clinical contact to use for programming, thereby reducing
the complexity of configuring a patient by providing guidance on
contacts more likely to be efficacious (99).

Finally, if LFPs are indeed robust and broadly available,
correlate well to cardinal symptoms of diseases like PD, and
ultimately respond predictably to stimulation and medication, it
may be feasible to apply closed-loop methodologies using these
correlations to adapt therapy over time and thereby adjust for
fluctuations in symptoms (100). In multiple studies, such closed-
loop methodologies have been shown to be energy-saving, to
reduce the prevalence or likelihood of stimulation-related side
effects, and finally to promise better overall motor symptom
efficacy (101). A limitation of these studies is that they have all
occurred in clinic and for relatively short periods Larger scale
studies outside of the clinic setting will therefore be necessary to
confirm the safety, performance and potential benefits of closed-
loop systems. In fact, from a technology viewpoint, implementing
LFP-based, closed-loop adaptive control is challenging because
the simultaneous recording of LFPs during DBS delivery is
inevitably affected by a stimulation artifact in the range of 100–
200mV. Therefore, conventional amplifiers cannot interpret
LFPs during simultaneous stimulation. Specific strategies, such
as high-order analogic filtering (102), active charge-balanced
stimulation, input blanking, peristimulus sampling, and software
data manipulation (103, 104) are required to allow simultaneous
recording/stimulation. To this purpose, specific amplifiers for
external recording have been introduced at a research level (105)
and in platforms intended for commercial use (AlphaDBSvext,
Newronika, Italy).

With the first availability of commercial devices (Percept
PCTM, Medtronic, USA) in the movement disorders field to
chronically sense brain signals, these opportunities have become
more broadly available (Figure 7). Specifically, this commercial
system supports features that enable aspects of the first two
scenarios described above—(1) chronic objective measures
available inside and outside of clinic, although this is limited
to a relatively short (∼1 h) of LFP recordings per week to
preserve battery longevity, and (2) real-time signals in clinic
to guide parameter configuration although this is restricted to

bipolar recording, which may limit the spatial resolution of the
LFPs. Very early evidence (106, 107) suggests that the research
community’s findings can be replicated in these commercial
devices, with early publications showing the feasibility of using
in-clinic signals in the programming process and at-home
signals to understand the real-world experience outside of the
clinic. The final use case, closed-loop or adaptive therapies
outside the clinic, requires more exploration and evidence. In
parallel to the Medtronic system, also the AlphaDBS system
has closed-loop adaptive capabilities, currently under clinical
investigation (ClinicalTrials.gov NCT04681534). In addition,
Percept PCTM is enabled for additional control algorithms
through a software unlock. These capabilities will be assessed via
industry-sponsored studies in PD (e.g., ADAPT PD) underway as
of early 2021.

While LFP sensing represents one of the most exciting
innovations in the field, the limitation of currently available
sensing technology to overcome technical challenges related
to artifacts caused by the cardiac rhythm, stimulation, and
movements remains a challenge. These factors can interfere with
the power spectral density at the corresponding frequency and
its ascending harmonics. The use of wearable sensors represents
alternative options to LFP-based closed-loop DBS. A recent work
implementing closed-loop algorithms supported by wearable
sensors demonstrated that automated programming software
could achieve equivalent efficacy to conventional programming
in fewer steps (108).

INNOVATIONS IN THE SURGICAL
APPROACH

Robotic-Assisted Surgery
A new generation of robotic tools is rapidly emerging to
further improve the surgical accuracy of DBS, brain biopsies,
and therapeutic ablations (Figure 8). The first experience
with robotic use in neurosurgery dates to 1985, when the
PUMA (Programmable Universal Machine for Assembly) 200,
a device initially developed for industrial use, was used for
a stereotactic brain biopsy (109). This was followed by the
NeuroMate system (Integrated Surgical Systems) in 1987, then
by the ROSA Brain system (Medtech, Zimmer Biomet) and
the Renaissance robotic system (Mazor Surgical Technologies),
both of which received FDA approval for intracranial use in
2012 (109).

The primary goal in DBS surgery, where millimeter accuracy
is crucial, is to minimize the error in the placement of DBS leads.
Several factors may contribute to the inaccuracies of stereotactic
operations, including the quality of pre-operative and intra-
operative registration imaging, image merge error, accuracy of
frame registration, frame vs. frameless utilization, microelectrode
drive accuracy, deformation of the stereotactic frame due to
overtightening of the fixation pins, longstanding use or changes
from repeated sterilization processes, errors in manual input of
X, Y, Z coordinates, intra-operative imaging quality, and post-
durotomy time among others (110). Although many of these
variables are non-modifiable, one of the largest areas where error
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FIGURE 7 | Medtronic’s PerceptTM. Examples of use cases of local field potentials from Percept PCTM programming interfaces using exemplary representative data.

(A) shows a signal of interest such as average beta power trended over long periods to show fluctuations and times when a correlated symptom might present:

“Symptomatic,” periods where a symptom might be absent: “Asymptomatic,” and periods where a patient may be over-treated and at risk of side effects:

“Over-Treated,” and (B) shows use of signal viewed in real time to understand how it responds to amplitude titration during in clinic programming, in this example

evoking a suppressive effect subsequent to a stimulation increase.

FIGURE 8 | Robotic Surgery assisted by Intraoperative Imaging. The utility of combining intraoperative robotic technology with intraoperative imaging allows for real

time evaluation of accuracy of lead placement regarding the preoperative planned trajectory. This allows for adjustment of the cannula trajectory prior to MER

recordings or lead placement. (A) Renishaw Neuromate robot. (B) Medtronic O-arm with mock set-up for acquiring intraoperative imaging. (C,D) Intraoperative O-arm

image fused with preoperative SWI MRI showing a 1.08mm lateral deviation from the planned trajectory.

can be minimized is manually setting the frame coordinates.
This can be improved by utilizing a robotics-based stereotactic
positioning system to improve both the accuracy and the
precision of lead targeting. While robotic systems have their own
inaccuracies, calibration algorithms built into the devices reduce
inaccuracies and remove inherent human error (111). All robotic
devices also have methods to verify targeting precision after
image acquisition, merge, and registration sequences, allowing
for modification of the target plan based on inaccuracies in
targeting precision.

A recent meta-analysis compared various DBS implantation
techniques from 27 studies over 16 years and found that
the pooled mean targeting error was 1.91mm across all

modalities. They also found that robot use was associated with
a mean reduction in targeting error of 0.79mm (112). Various
studies have reported outcomes utilizing the different robotic
technologies. Neudorfer et al. compared the ROSA robotic
system to conventional frame-based targeting and found a mean
error of 0.76 ± 0.04mm with the ROSA robot compared to 1.11
± 0.07mm with frame-based targeting. They also reported that
with the ROSA robotic system, no leads errors exceeded 1.52mm.
In comparison, 21.3% of frame-based placement exceeded this
value, and 8.75% of leads placed with conventional frame-based
targeting had errors of >2mm (113). This is notable as with STN
placement, lead deviation over 1mm has been shown to be more
likely associated with unwanted stimulation-induced side effects
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(114, 115). Similar loss of effectives with target deviation were
shown for VIM DBS as well (116). Neudorfer et al. also reported
a significant reduction in operative time between frame-based
and robotic targeting of 394.8 ± 66.6min and 280.5 ± 59.2min,
respectively (113). This decreases post-durotomy time, CSF loss
and brain shift, and anatomical distortion (117–119). Ho et al.
have utilized the Mazor Renaissance robotic device and report a
mean radial error of 1.4± 0.11mm (120). Moran et al. report on
226 trajectories using the NeuroMate robotic system with asleep
DBS technique with a mean radial error of 0.6 ± 0.33mm and
Euclidean error of 0.78± 0.37 mm (121).

Overall, a growing volume of literature demonstrates the
non-inferiority of robotic DBS targeting vs. frame-based DBS
targeting and frequently suggests more accurate and precise
targeting with robotic solutions. Therefore, many centers are
adapting robotic targeting and other modalities to advocate for
the improved safety of asleep-based DBS lead placement.

Asleep DBS
The interest in asleep DBS has grown over the last few
years due to the potential advantages of improved patient
comfort. The definition of asleep DBS remains controversial as
it includes several different procedures grouped by the common
denominator of being performed under general anesthesia.
Asleep DBS can be performed with a variety of techniques;
for example, asleep DBS can mean the patient is under heavy
sedation with no intraoperative neurophysiologic recording
possible, vs. light sedation allowing for interoperative recording.
Along these lines, researchers have used these various scenarios
during clinical studies, with some comparing outcomes of “asleep
DBS + physiology” with those of “awake DBS + physiology”
(122, 123), whereas others compared “asleep DBS—physiology”
with “awake DBS + physiology” (124–126). It is important to
note these differences exist when interpreting results of large
systematic literature reviews (127, 128) in which cohorts are
grouped according to the level of consciousness, awake vs. asleep,
and not according to the surgical technique. For example, one
meta-analysis found similar efficacy for asleep and awake DBS.
Still, half of the included asleep cohorts received microelectrode
recording (MER) (upwards of 5 tracks), and some even received
macro-stimulation to check for capsular side effects. Therefore,
particular attention is warranted to avoid running the risk of
incorrectly extrapolating these results to all asleep DBS methods
as some techniques for asleep procedures are more thorough
than others.

One of the main driving forces allowing for asleep DBS is
the ability for high-quality intraoperative imaging. The two main
sources for this are intraoperativeMRI (iMRI) and intraoperative
CT (iCT). While both have proven to be accurate, there are
important differences to note between them. The ClearPoint
system (129) uses an iMRI aiming device with sub-millimetric
application accuracy to give the surgeon real-time feedback when
planning the electrode placement trajectory. Targeting can also
be adjusted after the dura is opened, in other words, after
brain shift has occurred due to cerebrospinal fluid loss and
pneumocephalus. The shift of basal ganglia structures during
burr-hole-based procedures averages 0.6mm, but is >2mm

in 9% of patients (130). In addition, iMRI obviates the need
for image fusing and thus avoids potential merging errors. In
comparison, iCT guided surgeries have more factors involved
that may lead to a higher risk of targeting error. iCT is
often performed with a traditional stereotactic frame which is
associated with an application accuracy exceeding 1mm (1–
3mm) (131). In addition, it requires merging of CT with pre-
operative MRI for targeting, which is associated with an average
fusion error slightly more than 1mm (132, 133). The difference
occurs when a second merge takes place intraoperatively to
confirm lead placement. By this time, pneumocephalus and CSF
loss may have deformed cerebral structures which can contribute
to lead placement error with this technique. There can also be
distortion of the iCT images secondary to the quality of the iCT
modality or metal artifact from the frame or surgical instruments
that can affect image fusion or accurate interpretation of lead
placement. Experienced centers use strategies to minimize these
errors and have indeed reported good outcomes with iCT (125,
134). Nonetheless, differences in imaging methodology should be
kept in mind when discussing outcomes of asleep DBS.

In terms of accuracy, some studies showed that the accuracy
obtained with asleep DBS is higher than with awake surgery
(135), whereas others found no difference (124, 127, 136, 137).
A recent study found no difference in radial error between
microelectrode recording (MER)-guided electrode implantation
in awake surgery, and iCT-guided electrode implantation in
asleep surgery (124, 137). Of note, it is not always clearly
described how the error is measured in awake cases, when the
surgeon intentionally places the DBS lead away from the intended
target because of MER or test-stimulation findings. This will
increase the distance from the initial target, and therefore the
error may be larger depending on if this correction was not
accounted for when calculating the error. In asleep cases, without
physiology there would be no rationale to move the lead, and
therefore the error would be smaller.

In addition to the technical variability in asleep procedures,
most studies suffer from lack of randomization, lack of
blinded ratings, retrospective design, lack of controls, use
of historical/inappropriate controls, statistical under-powering,
short follow-up, high attrition rates, and more. The ongoing
GALAXY study is an RCT of asleep vs. awake DBS, with both
arms receiving MER (138). Another promising example is a
randomized, non-comparative pilot study of robot-assisted, iCT
guided DBS of the STN under either general anesthesia or local
anesthesia with MER. This phase 2 pilot study is anticipated
to lead to a larger randomized trial, the PARKEO 2 trial in
France (137).

In conclusion, definitive data regarding the differential efficacy
and consistency of various asleep DBS techniques and how each
compares to awake, physiology-supported DBS, or to a hybrid of
the two are still lacking, although the field is in rapid expansion.

INNOVATIONS IN IMAGING FOR DBS

Advanced imaging techniques aim to improve the visualization
of DBS therapeutic targets. Specific MR sequences such
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as quantitative susceptibility mapping (QSM) are being
tested to improve DBS direct target visualization. In parallel,
neuroimaging sequences such as diffusion MR imaging offer an
unprecedented visualization of brain connections relevant to
DBS safety and efficacy. Together, these neuroimaging advances
aim to improve stereotactic targeting for awake and asleep
DBS, potentially optimize DBS programming, and eventually
assist in patient selection (139). Conventional DBS planning
defines the stereotactic target location relative to specific brain
landmarks, such as the commissures and the ventricles (140).
While the advent of high-field MR and ultra-high-field (7T)
has dramatically improved the visualization of internal brain
landmarks (141, 142), the high iron content of the STN can cause
significant MRI imaging distortion in T2 fast SE (FSE) sequences
with conventional magnets, leading to an error of up to 2.4mm,
particularly evident at the nucleus periphery, where the borders
remain obscure (143, 144).

The use of diffusion MR, on the other hand, allows
visualizing white matter tracks relevant for the DBS
targeting, opening the way to improved therapeutic targeting
within the brain networks of interest. This technique not
only identifies fibers relevant to DBS targeting but also
differentiates them from those associated with stimulation-
induced side effects, such as the internal capsule and the
medial lemniscus.

Neuroimaging of the GPi
The GPi is a challenging target due to its complex functional
anatomy. For example, GPi stimulation effects are site-specific
such that the stimulation of the ventral GP improves levodopa-
induced dyskinesia, while dorsal stimulation can induce
dyskinesia (145). Therefore, it is critical to distinguish clinically
relevant GPi subregions to inform stereotactic targeting during
DBS surgery.

Dedicated imaging such as the fast gray matter acquisition T1
inversion recovery sequence (FGATIR) has allowed delineation
of the GPi nucleus (146). In efforts to further define the GPi
subregions, neuroimaging-based parcellation of the GPi was
performed in healthy control and movement disorder patients
using 7TMRI (147). However, accurate parcellation is not always
possible in conventional clinical magnet due to challenges such as
limited image resolution and signal-to-noise ratio combined with
the high density of short-range efferent and afferent connections
between the GPi and the thalamus and striatum, the proximity to
the fibers of the cerebral peduncle, and the loss of diffusion signal
due to whitematter degeneration in neurodegenerative disorders.
These limitations notwithstanding, the GPI connections have
been explored using high-field magnets, showing that the
caudal-lateral GPi is connected with the putamen, while the
posteroventral GPi is connected with the STN and ventral
thalamus (148, 149), representing the ideal target for GPi-
DBS. These findings are confirmed by the observation that the
highest LFPs beta power (5–35Hz) is recorded from the postero-
lateral “sensorimotor” GPi region (150). Additional efforts are
underway to better define motor from non-motor GPi sub-
regions to aid stereotactic targeting during asleep and awakeDBS.

Neuroimaging of the STN and Its
Surrounding Tracts
The STN is a critical hub in the basal ganglia with a tripartite
functional organization. It has a sensorimotor area located
posterior and dorsally, an associative area in its central part, and
a limbic area in the most anterior and ventral region (9). With
high-resolution imaging at 7T MRI combined with advanced
post-processing techniques, it is now feasible to visualize these
functional domains in individual patients (151, 152). These new
capabilities help explain the importance of lead location relative
to these functional STN domains, which in turn can provide
crucial information for efficient DBS programming (153). The
STN is close to multiple critical white matter tracts, including
the corticospinal tract laterally, the medial lemniscus posteriorly,
and the oculomotor tract ventromedially. STN has abundant
connections to the motor cortex (primary motor, premotor,
supplementary motor), non-motor cortex, and basal ganglia.
These dense white matter bundles have crossing fibers specifically
at the STN’s periphery, making it challenging to use diffusion
MRI for direct STN targeting. However, using optimized MRI
sequences (30 diffusion gradients or higher and voxel size 2mm),
the white matter tracts in the subthalamic region (STN and its
surrounding fibers system) can be visualized (154).

The proximity of DBS electrodes to certain white matter
tracts in the subthalamic region makes specific locations more
attractive for stimulation than others. Akram et al. (155) showed
that DBS stimulation volumes with greater connections to the
prefrontal cortex and supplemental motor area were more
beneficial for rigidity, while those with connections to the
supplemental motor area only were associated with improved
bradykinesia and connections to the primary motor cortex with
tremor improvement. It is also recognized that white matter
pathways outside the STN boundaries may be relevant to the STN
DBS beneficial effects. Given the tract-specific clinical effects,
automated algorithms have been developed to identify STN-DBS
locations most likely to yield good clinical outcomes (156). More
research is required to test whether these neuroimaging advances
can improve stereotactic targeting and the selection of optimal
stimulation parameters.

Connectivity-Based Imaging of the
Thalamic Targets
Since the VIM boundaries are not readily seen on standard-
of-care structural imaging, several groups have sought to use
diffusionMRI to visualize the VIM. In tracing studies, the VIM is
a functional relay between the cerebellum and the primary motor
cortex, connected via the DRTT (157). Klein et al. showed that
DBS locations that significantly reduced tremor were more likely
to be in the proximity of the DRTT (158). Using patient-specific
preoperative diffusion MRI and postoperative CT, other authors
tested the relationship between DBS electrode proximity to the
DRTT and clinical efficacy (159, 160). Since the DRTT is readily
seen with both deterministic (161) and probabilistic methods
(162), diffusion MRI was also incorporated in stereotactic
targeting for direct and indirect VIM visualization (163, 164),
and a tractography-based stereotactic targeting approach to the
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VIM has been recently described (161). Using this technique, the
authors demonstrated high concordance between the location
and extension of the VIM identified via tractography and MER
(165), with potential improvement in surgical outcomes and
integration in asleep procedures (156).

CONCLUDING REMARKS

While new hardware and software capabilities in DBS technology
promise to improve the accuracy of stimulation paradigms and
expand the field to new neurological and psychiatric indications,
innovations in imaging and surgical tools are helping remove
some of the historical barriers to DBS adoption. Simultaneously,
the explosion of technological advances in telemedicine opens
up several new frontiers to advance remote DBS programming,
reducing the burden of traveling to tertiary referral centers.

Altogether, these innovations are anticipated to significantly
impact the field of neuromodulation and lay the foundation for a
new era of brain-technology interface. The extent to which these
different implantable devices, surgical techniques, and asleep
vs. awake procedures might impact short- and long-term DBS
outcomes, however, remains to be clarified.

AUTHOR CONTRIBUTIONS

AM and BD: conception, organization, and execution of research
project, writing of the first draft, and review and critique of
manuscript. JS, KR, BC, SG, LR, SP, SC, NH, VK, AS, FS, and
LV: writing of sections of the first draft, review, and critical
intellectual contribution to the preparation of the manuscript.
All authors listed above gave their final approval of this
manuscript version.

REFERENCES

1. Fasano A, Daniele A, Albanese A. Treatment of motor and non-motor

features of Parkinson’s disease with deep brain stimulation. Lancet Neurol.

(2012) 11:429–42. doi: 10.1016/S1474-4422(12)70049-2

2. Odekerken VJ, Boel JA, Schmand BA, de Haan RJ, Figee M,

van den Munckhof P, et al. GPi vs STN deep brain stimulation

for Parkinson disease: three-year follow-up. Neurology. (2016)

86:755–61. doi: 10.1212/WNL.0000000000002401

3. Vidailhet M, Vercueil L, Houeto JL, Krystkowiak P, Benabid AL,

Cornu P, et al. Bilateral deep-brain stimulation of the globus pallidus

in primary generalized dystonia. N Engl J Med. (2005) 352:459–

67. doi: 10.1056/NEJMoa042187

4. Flora ED, Perera CL, Cameron AL, Maddern GJ. Deep brain stimulation

for essential tremor: a systematic review. Mov Disord. (2010) 25:1550–

9. doi: 10.1002/mds.23195

5. Shahed J, Poysky J, Kenney C, Simpson R, Jankovic J. GPi

deep brain stimulation for Tourette syndrome improves tics

and psychiatric comorbidities. Neurology. (2007) 68:159–

60. doi: 10.1212/01.wnl.0000250354.81556.90

6. Diamond A, Jankovic J. The effect of deep brain stimulation on quality of

life in movement disorders. J Neurol Neurosurg Psychiatry. (2005) 76:1188–

93. doi: 10.1136/jnnp.2005.065334

7. Espay AJ, Vaughan JE, Marras C, Fowler R, Eckman MH. Early versus

delayed bilateral subthalamic deep brain stimulation for parkinson’s disease:

a decision analysis. Mov Disord. (2010) 25:1456–63. doi: 10.1002/mds.

23111

8. Hamani C, Saint-Cyr JA, Fraser J, Kaplitt M, Lozano AM. The subthalamic

nucleus in the context of movement disorders. Brain. (2004) 127:4–

20. doi: 10.1093/brain/awh029

9. Parent A, Hazrati LN. Functional anatomy of the basal ganglia. II. The place

of subthalamic nucleus and external pallidum in basal ganglia circuitry. Brain

Res Brain Res Rev. (1995) 20:128–54. doi: 10.1016/0165-0173(94)00008-D

10. Coudé D, Parent A, Parent M. Single-axon tracing of the corticosubthalamic

hyperdirect pathway in primates. Brain Struct Funct. (2018) 223:3959–

73. doi: 10.1007/s00429-018-1726-x

11. Parent M, Parent A. The pallidofugal motor fiber system

in primates. Parkinsonism Relat Disord. (2004) 10:203–

11. doi: 10.1016/j.parkreldis.2004.02.007

12. Schuurman PR, Bosch DA, Bossuyt PM, Bonsel GJ, van Someren EJ, de

Bie RM, et al. A comparison of continuous thalamic stimulation and

thalamotomy for suppression of severe tremor. N Engl J Med. (2000)

342:461–8. doi: 10.1056/NEJM200002173420703

13. Artusi CA, Farooqi A, Romagnolo A, Marsili L, Balestrino R, Sokol

LL, et al. Deep brain stimulation in uncommon tremor disorders:

indications, targets, and programming. J Neurol. (2018) 265:2473–

93. doi: 10.1007/s00415-018-8823-x

14. Kwan P, Schachter SC, Brodie MJ. Drug-resistant epilepsy. N Engl J Med.

(2011) 365:919–26. doi: 10.1056/NEJMra1004418

15. Kwan P, Brodie MJ. Early identification of refractory epilepsy. N Engl J Med.

(2000) 342:314–9. doi: 10.1056/NEJM200002033420503

16. de Tisi J, Bell GS, Peacock JL, McEvoy AW, Harkness WF, Sander

JW, et al. The long-term outcome of adult epilepsy surgery, patterns of

seizure remission, and relapse: a cohort study. Lancet. (2011) 378:1388–

95. doi: 10.1016/S0140-6736(11)60890-8

17. Gooneratne IK, Green AL, Dugan P, Sen A, Franzini A, Aziz

T, et al. Comparing neurostimulation technologies in refractory

focal-onset epilepsy. J Neurol Neurosurg Psychiatry. (2016)

87:1174–82. doi: 10.1136/jnnp-2016-313297

18. Rolston JD, Englot DJ, Wang DD, Shih T, Chang EF. Comparison of seizure

control outcomes and the safety of vagus nerve, thalamic deep brain, and

responsive neurostimulation: evidence from randomized controlled trials.

Neurosurg Focus. (2012) 32:E14. doi: 10.3171/2012.1.FOCUS11335

19. Fornai F, Ruffoli R, Giorgi FS, Paparelli A. The role of locus coeruleus in

the antiepileptic activity induced by vagus nerve stimulation. Eur J Neurosci.

(2011) 33:2169–78. doi: 10.1111/j.1460-9568.2011.07707.x

20. Li MCH, Cook MJ. Deep brain stimulation for drug-resistant epilepsy.

Epilepsia. (2018) 59:273–90. doi: 10.1111/epi.13964

21. Fisher R, Salanova V, Witt T, Worth R, Henry T, Gross

R, et al. Electrical stimulation of the anterior nucleus of

thalamus for treatment of refractory epilepsy. Epilepsia. (2010)

51:899–908. doi: 10.1111/j.1528-1167.2010.02536.x

22. Salanova V, Witt T, Worth R, Henry TR, Gross RE, Nazzaro

JM, et al. Long-term efficacy and safety of thalamic stimulation

for drug-resistant partial epilepsy. Neurology. (2015) 84:1017–

25. doi: 10.1212/WNL.0000000000001334

23. Cukiert A, Cukiert CM, Burattini JA, Mariani PP, Bezerra DF. Seizure

outcome after hippocampal deep brain stimulation in patients with

refractory temporal lobe epilepsy: a prospective, controlled, randomized,

double-blind study. Epilepsia. (2017) 58:1728–33. doi: 10.1111/epi.13860

24. McLachlan RS, Pigott S, Tellez-Zenteno JF, Wiebe S, Parrent

A. Bilateral hippocampal stimulation for intractable temporal

lobe epilepsy: impact on seizures and memory. Epilepsia. (2010)

51:304–7. doi: 10.1111/j.1528-1167.2009.02332.x

25. Tellez-Zenteno JF, McLachlan RS, Parrent A, Kubu CS, Wiebe S.

Hippocampal electrical stimulation in mesial temporal lobe epilepsy.

Neurology. (2006) 66:1490–4. doi: 10.1212/01.wnl.0000209300.49

308.8f

26. Velasco AL, Velasco F, VelascoM, Jiménez F, Carrillo-Ruiz JD, Castro G. The

role of neuromodulation of the hippocampus in the treatment of intractable

Frontiers in Neurology | www.frontiersin.org 14 July 2021 | Volume 12 | Article 694747

https://doi.org/10.1016/S1474-4422(12)70049-2
https://doi.org/10.1212/WNL.0000000000002401
https://doi.org/10.1056/NEJMoa042187
https://doi.org/10.1002/mds.23195
https://doi.org/10.1212/01.wnl.0000250354.81556.90
https://doi.org/10.1136/jnnp.2005.065334
https://doi.org/10.1002/mds.23111
https://doi.org/10.1093/brain/awh029
https://doi.org/10.1016/0165-0173(94)00008-D
https://doi.org/10.1007/s00429-018-1726-x
https://doi.org/10.1016/j.parkreldis.2004.02.007
https://doi.org/10.1056/NEJM200002173420703
https://doi.org/10.1007/s00415-018-8823-x
https://doi.org/10.1056/NEJMra1004418
https://doi.org/10.1056/NEJM200002033420503
https://doi.org/10.1016/S0140-6736(11)60890-8
https://doi.org/10.1136/jnnp-2016-313297
https://doi.org/10.3171/2012.1.FOCUS11335
https://doi.org/10.1111/j.1460-9568.2011.07707.x
https://doi.org/10.1111/epi.13964
https://doi.org/10.1111/j.1528-1167.2010.02536.x
https://doi.org/10.1212/WNL.0000000000001334
https://doi.org/10.1111/epi.13860
https://doi.org/10.1111/j.1528-1167.2009.02332.x
https://doi.org/10.1212/01.wnl.0000209300.49308.8f
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Merola et al. Innovations in DBS

complex partial seizures of the temporal lobe. Acta Neurochir Suppl. (2007)

97:329–32. doi: 10.1007/978-3-211-33081-4_36

27. Velasco AL, Velasco F, Jiménez F, Velasco M, Castro G, Carrillo-Ruiz

JD, et al. Neuromodulation of the centromedian thalamic nuclei in the

treatment of generalized seizures and the improvement of the quality of

life in patients with Lennox-Gastaut syndrome. Epilepsia. (2006) 47:1203–

12. doi: 10.1111/j.1528-1167.2006.00593.x

28. Zangiabadi N, Ladino LD, Sina F, Orozco-Hernández JP, Carter A, Téllez-

Zenteno JF. Deep brain stimulation and drug-resistant epilepsy: a review of

the literature. Front Neurol. (2019) 10:601. doi: 10.3389/fneur.2019.00601

29. Valentín A, García Navarrete E, Chelvarajah R, Torres C, Navas M, et al.

Deep brain stimulation of the centromedian thalamic nucleus for the

treatment of generalized and frontal epilepsies. Epilepsia. (2013) 54:1823–

33. doi: 10.1111/epi.12352

30. Velasco F, Carrillo-Ruiz JD, Brito F, Velasco M, Velasco AL, Marquez I,

et al. Double-blind, randomized controlled pilot study of bilateral cerebellar

stimulation for treatment of intractable motor seizures. Epilepsia. (2005)

46:1071–81. doi: 10.1111/j.1528-1167.2005.70504.x

31. Lee KJ, Jang KS, Shon YM. Chronic deep brain stimulation of subthalamic

and anterior thalamic nuclei for controlling refractory partial epilepsy. Acta

Neurochir Suppl. (2006) 99:87–91. doi: 10.1007/978-3-211-35205-2_17

32. Ren L, Yu T, Wang D, Wang X, Ni D, Zhang G, et al. Subthalamic nucleus

stimulation modulates motor epileptic activity in humans. Ann Neurol.

(2020) 88:283–96. doi: 10.1002/ana.25776

33. Chkhenkeli SA, Sramka M, Lortkipanidze GS, Rakviashvili TN, Bregvadze,

E. Sh., et al. Electrophysiological effects and clinical results of direct brain

stimulation for intractable epilepsy. Clin Neurol Neurosurg. (2004) 106:318–

29. doi: 10.1016/j.clineuro.2004.01.009

34. Franzini A, Messina G, Marras C, Villani F, Cordella R, Broggi G.

Deep brain stimulation of two unconventional targets in refractory

non-resectable epilepsy. Stereotact Funct Neurosurg. (2008) 86:373–

81. doi: 10.1159/000175800

35. Koubeissi MZ, Kahriman E, Syed TU, Miller J, Durand DM. Low-frequency

electrical stimulation of a fiber tract in temporal lobe epilepsy. Ann Neurol.

(2013) 74:223–31. doi: 10.1002/ana.23915

36. Schmitt FC, Voges J, Heinze HJ, Zaehle T, Holtkamp M, Kowski AB.

Safety and feasibility of nucleus accumbens stimulation in five patients with

epilepsy. J Neurol. (2014) 261:1477–84. doi: 10.1007/s00415-014-7364-1

37. Fayad SM, Guzick AG, Reid AM, Mason DM, Bertone A, Foote KD, et al.

Six-nine year follow-up of deep brain stimulation for obsessive-compulsive

disorder. PLoS ONE. (2016) 11:e0167875. doi: 10.1371/journal.pone.0167875

38. Alonso P, Cuadras D, Gabriëls L, Denys D, Goodman W, Greenberg BD,

et al. Deep brain stimulation for obsessive-compulsive disorder: a meta-

analysis of treatment outcome and predictors of response. PLoS ONE. (2015)

10:e0133591. doi: 10.1371/journal.pone.0133591

39. Denys D, Mantione M, Figee M, van den Munckhof P, Koerselman F,

Westenberg H, et al. Deep brain stimulation of the nucleus accumbens for

treatment-refractory obsessive-compulsive disorder. Arch Gen Psychiatry.

(2010) 67:1061–8. doi: 10.1001/archgenpsychiatry.2010.122

40. Denys D, Graat I, Mocking R, de Koning P, Vulink N, Figee M, et al.

Efficacy of deep brain stimulation of the ventral anterior limb of the internal

capsule for refractory obsessive-compulsive disorder: a clinical cohort of 70

patients. Am J Psychiatry. (2020) 177:265–71. doi: 10.1176/appi.ajp.2019.190

60656

41. Mulders AEP, Plantinga BR, Schruers K, Duits A, Janssen MLF,

Ackermans L, et al. Deep brain stimulation of the subthalamic

nucleus in obsessive-compulsive disorder: neuroanatomical and

pathophysiological considerations. Eur Neuropsychopharmacol. (2016)

26:1909–19. doi: 10.1016/j.euroneuro.2016.10.011

42. Okun MS, Mann G, Foote KD, Shapira NA, Bowers D, Springer U, et al.

Deep brain stimulation in the internal capsule and nucleus accumbens

region: responses observed during active and sham programming. J Neurol

Neurosurg Psychiatry. (2007) 78:310–4. doi: 10.1136/jnnp.2006.095315

43. Abelson JL, Curtis GC, Sagher O, Albucher RC, Harrigan M, Taylor SF, et

al. Deep brain stimulation for refractory obsessive-compulsive disorder. Biol

Psychiatry. (2005) 57:510–6. doi: 10.1016/j.biopsych.2004.11.042

44. Goodman WK, Foote KD, Greenberg BD, Ricciuti N, Bauer R, Ward H,

et al. Deep brain stimulation for intractable obsessive compulsive disorder:

pilot study using a blinded, staggered-onset design. Biol Psychiatry. (2010)

67:535–42. doi: 10.1016/j.biopsych.2009.11.028

45. Dougherty DD, Rezai AR, Carpenter LL, Howland RH, Bhati MT, O’Reardon

JP, et al. A randomized sham-controlled trial of deep brain stimulation

of the ventral capsule/ventral striatum for chronic treatment-resistant

depression. Biol Psychiatry. (2015) 78:240–8. doi: 10.1016/j.biopsych.2014.

11.023

46. Bergfeld IO, Mantione M, Hoogendoorn ML, Ruhé HG, Notten

P, van Laarhoven J, et al. Deep brain stimulation of the ventral

anterior limb of the internal capsule for treatment-resistant

depression: a randomized clinical trial. JAMA Psychiatry. (2016)

73:456–64. doi: 10.1001/jamapsychiatry.2016.0152

47. Holtzheimer PE, Husain MM, Lisanby SH, Taylor SF, Whitworth

LA, McClintock S, et al. Subcallosal cingulate deep brain

stimulation for treatment-resistant depression: a multisite,

randomised, sham-controlled trial. Lancet Psychiatry. (2017) 4:839–49.

doi: 10.1016/S2215-0366(17)30371-1

48. Merkl A, Aust S, Schneider G, Visser-Vandewalle V, Horn A, Kühn AA, et al.

Deep brain stimulation of the subcallosal cingulate gyrus in patients with

treatment-resistant depression: a double-blinded randomized controlled

study and long-term follow-up in eight patients. J Affect Disord. (2018)

227:521–9. doi: 10.1016/j.jad.2017.11.024

49. Coenen VA, Bewernick BH, Kayser S, Kilian H, Boström J, Greschus S,

et al. Superolateral medial forebrain bundle deep brain stimulation in major

depression: a gateway trial. Neuropsychopharmacology. (2019) 44:1224–

32. doi: 10.1038/s41386-019-0369-9

50. Barcia JA, Avecillas-Chasin JM, Nombela C, Arza R, García-Albea J,

Pineda-Pardo JA, et al. Personalized striatal targets for deep brain

stimulation in obsessive-compulsive disorder. Brain Stimul. (2019) 12:724–

34. doi: 10.1016/j.brs.2018.12.226

51. Polosan M, Droux F, Kibleur A, Chabardes S, Bougerol T, David O, et al.

Affective modulation of the associative-limbic subthalamic nucleus: Deep

brain stimulation in obsessive-compulsive disorder. Transl Psychiatry. (2019)

9:73. doi: 10.1038/s41398-019-0404-y

52. Mosley PE, Windels F, Morris J, Coyne T, Marsh R, Giorni A, et

al. A randomised, double-blind, sham-controlled trial of deep brain

stimulation of the bed nucleus of the stria terminalis for treatment-

resistant obsessive-compulsive disorder. Transl Psychiatry. (2021) 11:190–9.

doi: 10.1038/s41398-021-01307-9

53. Raviv N, Staudt MD, Rock AK, MacDonell J, Slyer J, Pilitsis JG. A systematic

review of deep brain stimulation targets for obsessive compulsive disorder.

Neurosurgery. (2020) 87:1098–110. doi: 10.1093/neuros/nyaa249

54. Davidson B, Suresh H, Goubran M, Rabin JS, Meng Y, Mithani

K, et al. Predicting response to psychiatric surgery: a systematic

review of neuroimaging findings. J Psychiatry Neurosci. (2020) 45:387–

94. doi: 10.1503/jpn.190208

55. Hartmann CJ, Lujan JL, Chaturvedi A, Goodman WK, Okun MS, McIntyre

CC, et al. Tractography activation patterns in dorsolateral prefrontal cortex

suggest better clinical responses in OCD DBS. Front Neurosci. (2016)

9:519. doi: 10.3389/fnins.2015.00519

56. Makris N, Rathi Y, Mouradian P, Bonmassar G, Papadimitriou G, Ing WI,

et al. Variability and anatomical specificity of the orbitofrontothalamic fibers

of passage in the ventral capsule/ventral striatum (VC/VS): precision care

for patient-specific tractography-guided targeting of deep brain stimulation

(DBS) in obsessive compulsive disorder (OCD). Brain Imaging Behav. (2016)

10:1054–67. doi: 10.1007/s11682-015-9462-9

57. Coenen VA, Schlaepfer TE, Goll P, Reinacher PC, Voderholzer U, Tebartz

van Elst L, et al. The medial forebrain bundle as a target for deep brain

stimulation for obsessive-compulsive disorder. CNS Spectr. (2017) 22:282–

9. doi: 10.1017/S1092852916000286

58. Fenoy AJ, Schulz PE, Selvaraj S, Burrows CL, Zunta-Soares G, Durkin

K, et al. A longitudinal study on deep brain stimulation of the medial

forebrain bundle for treatment-resistant depression. Transl Psychiatry.

(2018) 8:111. doi: 10.1038/s41398-018-0160-4

59. Davidson B, Giacobbe P, Mithani K, Levitt A, Rabin JS, Lipsman

N, et al. Lack of clinical response to deep brain stimulation of the

medial forebrain bundle in depression. Brain Stimul. (2020) 13:1268–

70. doi: 10.1016/j.brs.2020.06.010

Frontiers in Neurology | www.frontiersin.org 15 July 2021 | Volume 12 | Article 694747

https://doi.org/10.1007/978-3-211-33081-4_36
https://doi.org/10.1111/j.1528-1167.2006.00593.x
https://doi.org/10.3389/fneur.2019.00601
https://doi.org/10.1111/epi.12352
https://doi.org/10.1111/j.1528-1167.2005.70504.x
https://doi.org/10.1007/978-3-211-35205-2_17
https://doi.org/10.1002/ana.25776
https://doi.org/10.1016/j.clineuro.2004.01.009
https://doi.org/10.1159/000175800
https://doi.org/10.1002/ana.23915
https://doi.org/10.1007/s00415-014-7364-1
https://doi.org/10.1371/journal.pone.0167875
https://doi.org/10.1371/journal.pone.0133591
https://doi.org/10.1001/archgenpsychiatry.2010.122
https://doi.org/10.1176/appi.ajp.2019.19060656
https://doi.org/10.1016/j.euroneuro.2016.10.011
https://doi.org/10.1136/jnnp.2006.095315
https://doi.org/10.1016/j.biopsych.2004.11.042
https://doi.org/10.1016/j.biopsych.2009.11.028
https://doi.org/10.1016/j.biopsych.2014.11.023
https://doi.org/10.1001/jamapsychiatry.2016.0152
https://doi.org/10.1016/S2215-0366(17)30371-1
https://doi.org/10.1016/j.jad.2017.11.024
https://doi.org/10.1038/s41386-019-0369-9
https://doi.org/10.1016/j.brs.2018.12.226
https://doi.org/10.1038/s41398-019-0404-y
https://doi.org/10.1038/s41398-021-01307-9
https://doi.org/10.1093/neuros/nyaa249
https://doi.org/10.1503/jpn.190208
https://doi.org/10.3389/fnins.2015.00519
https://doi.org/10.1007/s11682-015-9462-9
https://doi.org/10.1017/S1092852916000286
https://doi.org/10.1038/s41398-018-0160-4
https://doi.org/10.1016/j.brs.2020.06.010
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Merola et al. Innovations in DBS

60. Brown EC, Clark DL, Forkert ND, Molnar CP, Kiss ZHT, Ramasubbu R.

Metabolic activity in subcallosal cingulate predicts response to deep brain

stimulation for depression. Neuropsychopharmacology. (2020) 45:1681–

8. doi: 10.1038/s41386-020-0745-5

61. Corripio I, Roldán A, Sarró S, McKenna PJ, Alonso-Solís A, Rabella

M, et al. Deep brain stimulation in treatment resistant schizophrenia:

a pilot randomized cross-over clinical trial. EBioMedicine. (2020)

51:102568. doi: 10.1016/j.ebiom.2019.11.029

62. Gippert SM, Switala C, Bewernick BH, Kayser S, Bräuer A, Coenen VA, et al.

Deep brain stimulation for bipolar disorder-review and outlook. CNS Spectr.

(2017) 22:254–7. doi: 10.1017/S1092852915000577

63. Qu L, Ge S, Li N, Wang W, Yang K, Wu P, et al. Clinical

evaluation of deep brain stimulation of nucleus accumbens/anterior

limb of internal capsule for opioid relapse prevention: protocol of a

multicentre, prospective and double-blinded study. BMJ Open. (2019)

9:e023516. doi: 10.1136/bmjopen-2018-023516

64. Neumann WJ, Huebl J, Brücke C, Gabriëls L, Bajbouj M, Merkl A, et al.

Different patterns of local field potentials from limbic DBS targets in patients

with major depressive and obsessive compulsive disorder. Mol Psychiatry.

(2014) 19:1186–92. doi: 10.1038/mp.2014.2

65. Olsen ST, Basu I, Bilge MT, Kanabar A, Boggess MJ, Rockhill

AP, et al. Case report of dual-site neurostimulation and chronic

recording of cortico-striatal circuitry in a patient with treatment

refractory obsessive compulsive disorder. Front Hum Neurosci. (2020)

14:569973. doi: 10.3389/fnhum.2020.569973

66. Bastin J, Polosan M, Piallat B, Krack P, Bougerol T, Chabardès S, et al.

Changes of oscillatory activity in the subthalamic nucleus during obsessive-

compulsive disorder symptoms: two case reports. Cortex. (2014) 60:145–

50. doi: 10.1016/j.cortex.2013.12.007

67. Steigerwald F, Matthies C, Volkmann J. Directional deep brain

stimulation. Neurotherapeutics. (2019) 16:100–4. doi: 10.1007/s13311-018-

0667-7

68. Dayal V, Grover T, Tripoliti E, Milabo C, Salazar M, Candelario-McKeown

J, et al. Short versus conventional pulse-width deep brain stimulation in

parkinson’s disease: a randomized crossover comparison.MovDisord. (2020)

35:101–8. doi: 10.1002/mds.27863

69. Choe CU, Hidding U, Schaper M, Gulberti A, Köppen J,

Buhmann C, et al. Thalamic short pulse stimulation diminishes

adverse effects in essential tremor patients. Neurology. (2018)

91:e704–13. doi: 10.1212/WNL.0000000000006033

70. Merola A, Romagnolo A, Krishna V, Pallavaram S, Carcieri S, Goetz S,

et al. Current directions in deep brain stimulation for parkinson’s disease-

directing current to maximize clinical benefit. Neurol Ther. (2020) 9:25–

41. doi: 10.1007/s40120-020-00181-9

71. Juárez-Paz LM. In silico accuracy and energy efficiency of two steering

paradigms in directional deep brain stimulation. Front Neurol. (2020)

11:593798. doi: 10.3389/fneur.2020.593798

72. Rammo RA, Ozinga SJ, White A, Nagel SJ, Machado AG, Pallavaram

S, et al. Directional stimulation in parkinson’s disease and

essential tremor: the cleveland clinic experience. Neuromodulation.

(2021). doi: 10.1111/ner.13374. [Epub ahead of print].

73. Adamchic I, Hauptmann C, Barnikol UB, Pawelczyk N, Popovych

O, Barnikol TT, et al. Coordinated reset neuromodulation for

Parkinson’s disease: proof-of-concept study. Mov Disord. (2014)

29:1679–84. doi: 10.1002/mds.25923

74. Brocker DT, Swan BD, Turner DA, Gross RE, Tatter SB, Koop

MM, et al. Improved efficacy of temporally non-regular deep

brain stimulation in Parkinson’s disease. Exp Neurol. (2013)

239:60–7. doi: 10.1016/j.expneurol.2012.09.008

75. Jia F, Guo Y, Wan S, Chen H, Hao H, Zhang J, et al. Variable

frequency stimulation of subthalamic nucleus for freezing of gait

in Parkinson’s disease. Parkinsonism Relat Disord. (2015) 21:1471–

2. doi: 10.1016/j.parkreldis.2015.10.002

76. Jia F, Zhang J, Wang H, Liang Z, Liu W, Wang X, et al. Variable-

versus constant-frequency deep-brain stimulation in patients with advanced

Parkinson’s disease: study protocol for a randomized controlled trial. Trials.

(2019) 20:749. doi: 10.1186/s13063-019-3884-4

77. Karl JA, Ouyang B, Goetz S, Metman LV. A novel DBS paradigm for axial

features in parkinson’s disease: a randomized crossover study. Mov Disord.

(2020) 35:1369–78. doi: 10.1002/mds.28048

78. Duchin Y, Shamir RR, Patriat R, Kim J, Vitek JL, Sapiro G, et al. Patient-

specific anatomical model for deep brain stimulation based on 7 Tesla MRI.

PLoS ONE. (2018) 13:e0201469. doi: 10.1371/journal.pone.0201469

79. Kim J, Duchin Y, Shamir RR, Patriat R, Vitek J, Harel N, et al. Automatic

localization of the subthalamic nucleus on patient-specific clinical MRI by

incorporating 7 T MRI and machine learning: application in deep brain

stimulation. Hum Brain Mapp. (2019) 40:679–98. doi: 10.1002/hbm.24404

80. Solomon O, Palnitkar T, Patriat R, Braun H, Aman J, Park MC, et al.

Deep-learning based fully automatic segmentation of the globus pallidus

interna and externa using ultra-high 7 Tesla MRI. Hum Brain Mapp.

(2021). doi: 10.1002/hbm.25409. [Epub ahead of print].

81. Shamir RR, Duchin Y, Kim J, Patriat R, Marmor O, Bergman H,

et al. Microelectrode recordings validate the clinical visualization of

subthalamic-nucleus based on 7T magnetic resonance imaging and machine

learning for deep brain stimulation surgery. Neurosurgery. (2019) 84:749–

57. doi: 10.1093/neuros/nyy212

82. Dorsey ER, Topol EJ. State of telehealth. N Engl J Med. (2016) 375:154–

61. doi: 10.1056/NEJMra1601705

83. Beck CA, Beran DB, Biglan KM, Boyd CM, Dorsey ER,

Schmidt PN, et al. National randomized controlled trial of

virtual house calls for Parkinson disease. Neurology. (2017)

89:1152–61. doi: 10.1212/WNL.0000000000004357

84. Fasano A, Antonini A, Katzenschlager R, Krack P, Odin P, Evans AH, et al.

Management of advanced therapies in Parkinson’s disease patients in times

of humanitarian crisis: the COVID-19 experience. Mov Disord Clin Pract.

(2020) 7:361–72. doi: 10.1002/mdc3.12965

85. Brown P, Oliviero A, Mazzone P, Insola A, Tonali P, Di Lazzaro.

V. Dopamine dependency of oscillations between subthalamic

nucleus and pallidum in Parkinson’s disease. J Neurosci. (2001)

21:1033–8. doi: 10.1523/JNEUROSCI.21-03-01033.2001

86. Priori A, Foffani G, Pesenti A, Bianchi A, Chiesa V, Baselli G, et al.

Movement-related modulation of neural activity in human basal ganglia and

its L-DOPA dependency: recordings from deep brain stimulation electrodes

in patients with Parkinson’s disease. Neurol Sci. (2002) 2(23 Suppl.):S101–

2. doi: 10.1007/s100720200089

87. Pettersen KH, Hagen E, Einevoll GT. Estimation of population firing rates

and current source densities from laminar electrode recordings. J Comput

Neurosci. (2008) 24:291–313. doi: 10.1007/s10827-007-0056-4

88. Lindén H, Tetzlaff T, Potjans TC, Pettersen KH, Grün S, Diesmann M,

et al. Modeling the spatial reach of the LFP. Neuron. (2011) 72:859–72.

doi: 10.1016/j.neuron.2011.11.006

89. Farokhniaee A, Lowery MM. A thalamo-cortex microcircuit model of beta

oscillations in the parkinsonian motor cortex. Annu Int Conf IEEE Eng Med

Biol Soc. (2019) 2019:2145–8. doi: 10.1109/EMBC.2019.8857790

90. Yoshida F, Martinez-Torres I, Pogosyan A, Holl E, Petersen E, Chen

CC, et al. Value of subthalamic nucleus local field potentials recordings

in predicting stimulation parameters for deep brain stimulation in

Parkinson’s disease. J Neurol Neurosurg Psychiatry. (2010) 81:885–

9. doi: 10.1136/jnnp.2009.190918

91. Sanchez JC, Gunduz A, Carney PR, Principe JC. Extraction and localization

of mesoscopic motor control signals for human ECoG neuroprosthetics. J

Neurosci Methods. (2008) 167:63–81. doi: 10.1016/j.jneumeth.2007.04.019

92. Abosch A, Lanctin D, Onaran I, Eberly L, Spaniol M, Ince NF.

Long-term recordings of local field potentials from implanted

deep brain stimulation electrodes. Neurosurgery. (2012) 71:804–

14. doi: 10.1227/NEU.0b013e3182676b91

93. Connolly AT, Jensen AL, Bello EM, Netoff TI, Baker KB, Johnson

MD, et al. Modulations in oscillatory frequency and coupling in globus

pallidus with increasing parkinsonian severity. J Neurosci. (2015) 35:6231–

40. doi: 10.1523/JNEUROSCI.4137-14.2015

94. Neumann WJ, Staub-Bartelt F, Horn A, Schanda J, Schneider GH, Brown P,

et al. Long term correlation of subthalamic beta band activity with motor

impairment in patients with Parkinson’s disease. Clin Neurophysiol. (2017)

128:2286–91. doi: 10.1016/j.clinph.2017.08.028

Frontiers in Neurology | www.frontiersin.org 16 July 2021 | Volume 12 | Article 694747

https://doi.org/10.1038/s41386-020-0745-5
https://doi.org/10.1016/j.ebiom.2019.11.029
https://doi.org/10.1017/S1092852915000577
https://doi.org/10.1136/bmjopen-2018-023516
https://doi.org/10.1038/mp.2014.2
https://doi.org/10.3389/fnhum.2020.569973
https://doi.org/10.1016/j.cortex.2013.12.007
https://doi.org/10.1007/s13311-018-0667-7
https://doi.org/10.1002/mds.27863
https://doi.org/10.1212/WNL.0000000000006033
https://doi.org/10.1007/s40120-020-00181-9
https://doi.org/10.3389/fneur.2020.593798
https://doi.org/10.1111/ner.13374
https://doi.org/10.1002/mds.25923
https://doi.org/10.1016/j.expneurol.2012.09.008
https://doi.org/10.1016/j.parkreldis.2015.10.002
https://doi.org/10.1186/s13063-019-3884-4
https://doi.org/10.1002/mds.28048
https://doi.org/10.1371/journal.pone.0201469
https://doi.org/10.1002/hbm.24404
https://doi.org/10.1002/hbm.25409
https://doi.org/10.1093/neuros/nyy212
https://doi.org/10.1056/NEJMra1601705
https://doi.org/10.1212/WNL.0000000000004357
https://doi.org/10.1002/mdc3.12965
https://doi.org/10.1523/JNEUROSCI.21-03-01033.2001
https://doi.org/10.1007/s100720200089
https://doi.org/10.1007/s10827-007-0056-4
https://doi.org/10.1016/j.neuron.2011.11.006
https://doi.org/10.1109/EMBC.2019.8857790
https://doi.org/10.1136/jnnp.2009.190918
https://doi.org/10.1016/j.jneumeth.2007.04.019
https://doi.org/10.1227/NEU.0b013e3182676b91
https://doi.org/10.1523/JNEUROSCI.4137-14.2015
https://doi.org/10.1016/j.clinph.2017.08.028
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Merola et al. Innovations in DBS

95. Alegre M, López-Azcárate J, Alonso-Frech F, Rodríguez-Oroz MC, Valencia

M, Guridi J, et al. Subthalamic activity during diphasic dyskinesias in

Parkinson’s disease.Mov Disord. (2012) 27:1178–81. doi: 10.1002/mds.25090

96. Neumann WJ, Degen K, Schneider GH, Brücke C, Huebl J, Brown P,

et al. Subthalamic synchronized oscillatory activity correlates with motor

impairment in patients with Parkinson’s disease. Mov Disord. (2016)

31:1748–51. doi: 10.1002/mds.26759

97. Blumenfeld Z, Brontë-Stewart H. High frequency deep brain stimulation

and neural rhythms in Parkinson’s disease.Neuropsychol Rev. (2015) 25:384–

97. doi: 10.1007/s11065-015-9308-7

98. Swann NC, de Hemptinne C, Miocinovic S, Qasim S, Wang SS, Ziman N,

et al. Gamma oscillations in the hyperkinetic state detected with chronic

human brain recordings in Parkinson’s disease. J Neurosci. (2016) 36:6445–

58. doi: 10.1523/JNEUROSCI.1128-16.2016

99. Tinkhauser G, Pogosyan A, Debove I, Nowacki A, Shah SA, Seidel K, et al.

Directional local field potentials: a tool to optimize deep brain stimulation.

Mov Disord. (2018) 33:159–64. doi: 10.1002/mds.27215

100. Velisar A, Syrkin-Nikolau J, Blumenfeld Z, Trager MH, Afzal MF,

Prabhakar V, et al. Dual threshold neural closed loop deep brain

stimulation in Parkinson disease patients. Brain Stimul. (2019) 12:868–

76. doi: 10.1016/j.brs.2019.02.020

101. Little S, Brown P. Debugging adaptive deep brain stimulation for Parkinson’s

disease.Mov Disord. (2020) 35:555–61. doi: 10.1002/mds.27996

102. Arlotti M, Marceglia S, Foffani G, Volkmann J, Lozano AM, Moro E, et al.

Eight-hours adaptive deep brain stimulation in patients with Parkinson

disease. Neurology. (2018) 90:e971–6. doi: 10.1212/WNL.0000000000005121

103. Stanslaski S, Herron J, Chouinard T, Bourget D, Isaacson B, Kremen V,

et al. A chronically implantable neural coprocessor for investigating the

treatment of neurological disorders. IEEE Trans Biomed Circuits Syst. (2018)

12:1230–45. doi: 10.1109/TBCAS.2018.2880148

104. Zhou A, Santacruz SR, Johnson BC, Alexandrov G, Moin A, Burghardt FL,

et al. A wireless and artefact-free 128-channel neuromodulation device for

closed-loop stimulation and recording in non-human primates. Nat Biomed

Eng. (2019) 3:15–26. doi: 10.1038/s41551-018-0323-x

105. Rossi L, Foffani G, Marceglia S, Bracchi F, Barbieri S, Priori A. An

electronic device for artefact suppression in human local field potential

recordings during deep brain stimulation. J Neural Eng. (2007) 4:96–

106. doi: 10.1088/1741-2560/4/2/010

106. Koeglsperger T, Mehrkens JH, Bötzel K. Bilateral double beta peaks

in a PD patient with STN electrodes. Acta Neurochir. (2021) 163:205–

9. doi: 10.1007/s00701-020-04493-5

107. Goyal A, Goetz S, Stanslaski S, Oh Y, Rusheen AE, Klassen B,

et al. The development of an implantable deep brain stimulation

device with simultaneous chronic electrophysiological recording

and stimulation in humans. Biosens Bioelectron. (2021) 176:112888.

doi: 10.1016/j.bios.2020.112888

108. Sasaki F, Oyama G, Sekimoto S, Nuermaimaiti M, Iwamuro H, Shimo Y,

et al. Closed-loop programming using external responses for deep brain

stimulation in Parkinson’s disease. Parkinsonism Relat Disord. (2021) 84:47–

51. doi: 10.1016/j.parkreldis.2021.01.023

109. Faraji AH, Kokkinos V, Sweat JC, Crammond DJ, Richardson RM. Robotic-

assisted stereotaxy for deep brain stimulation lead implantation in awake

patients. Oper Neurosurg. (2020) 19:444–52. doi: 10.1093/ons/opaa029

110. Bot M, van den Munckhof P, Bakay R, Sierens D, Stebbins G, Verhagen

Metman. L. Analysis of stereotactic accuracy in patients undergoing deep

brain stimulation using nexframe and the leksell frame. Stereotact Funct

Neurosurg. (2015) 93:316–25. doi: 10.1159/000375178

111. Stanton D. Fundamentals of manipulator calibration: B. W.

Mooring, Z. S. Roth and M. R. Driels. Automatica. (1993)

29:1151–3. doi: 10.1016/0005-1098(93)90119-E

112. Philipp LR, Matias CM, Thalheimer S, Mehta SH, Sharan A, Wu

C. Robot-assisted stereotaxy reduces target error: a meta-analysis

and meta-regression of 6056 trajectories. Neurosurgery. (2020)

88:222–33. doi: 10.1093/neuros/nyaa428

113. Neudorfer C, Hunsche S, Hellmich M, El Majdoub F, Maarouf M.

Comparative study of robot-assisted versus conventional frame-based deep

brain stimulation stereotactic neurosurgery. Stereotact Funct Neurosurg.

(2018) 96:327–34. doi: 10.1159/000494736

114. Martens HCF, Toader E, DecréMMJ, Anderson DJ, Vetter R, Kipke DR, et al.

Spatial steering of deep brain stimulation volumes using a novel lead design.

Clin Neurophysiol. (2011) 122:558–66. doi: 10.1016/j.clinph.2010.07.026

115. Sammartino F, Krishna V, King NK, Bruno V, Kalia S, Hodaie M, et al.

Sequence of electrode implantation and outcome of deep brain stimulation

for Parkinson’s disease. J Neurol Neurosurg Psychiatry. (2016) 87:859–

63. doi: 10.1136/jnnp-2015-311426

116. Papavassiliou E, Rau G, Heath S, Abosch A, Barbaro NM, Larson PS,

et al. Thalamic deep brain stimulation for essential tremor: relation of lead

location to outcome. Neurosurgery. (2004) 54:1120–29; discussion: 1129–

30. doi: 10.1227/01.NEU.0000119329.66931.9E

117. Holloway KL, Gaede SE, Starr PA, Rosenow JM, Ramakrishnan

V, Henderson JM. Frameless stereotaxy using bone fiducial

markers for deep brain stimulation. J Neurosurg. (2005)

103:404–13. doi: 10.3171/jns.2005.103.3.0404

118. D’Haese PF, Pallavaram S, Konrad PE, Neimat J, Fitzpatrick JM, Dawant

BM. Clinical accuracy of a customized stereotactic platform for deep brain

stimulation after accounting for brain shift. Stereotact Funct Neurosurg.

(2010) 88:81–7. doi: 10.1159/000271823

119. Konrad PE, Neimat JS, Yu H, Kao CC, Remple MS, D’Haese PF, et al.

Customized, miniature rapid-prototype stereotactic frames for use in deep

brain stimulator surgery: initial clinical methodology and experience from

263 patients from 2002 to 2008. Stereotact Funct Neurosurg. (2011) 89:34–

41. doi: 10.1159/000322276

120. Ho AL, Pendharkar AV, Brewster R, Martinez DL, Jaffe RA, Xu LW,

et al. Frameless robot-assisted deep brain stimulation surgery: an initial

experience. Oper Neurosurg. (2019) 17:424–31. doi: 10.1093/ons/opy395

121. Moran C, Sarangmat N, Gerard CS, Barua N, Ashida R, Woolley M, et al.

Two hundred twenty-six consecutive deep brain stimulation electrodes

placed using an “asleep” technique and the Neuro|MateTM robot for

the treatment of movement disorders. Oper Neurosurg. (2020) 19:530–

8. doi: 10.1093/ons/opaa176

122. Blasberg F, Wojtecki L, Elben S, Slotty PJ, Vesper J, Schnitzler A,

et al. Comparison of Awake vs. Asleep Surgery for Subthalamic Deep

Brain Stimulation in Parkinson’s Disease. Neuromodulation. (2018) 21:541–

7. doi: 10.1111/ner.12766

123. Tsai ST, Chen TY, Lin SH, Chen SY. Five-year clinical outcomes of local

versus general anesthesia deep brain stimulation for Parkinson’s disease.

Parkinsons Dis. (2019) 2019:5676345. doi: 10.1155/2019/5676345

124. Chen T, Mirzadeh Z, Chapple KM, Lambert M, Shill HA, Moguel-

Cobos G, et al. Clinical outcomes following awake and asleep deep

brain stimulation for Parkinson disease. J Neurosurg. (2018) 130:109–

20. doi: 10.3171/2017.8.JNS17883

125. Brodsky MA, Anderson S, Murchison C, Seier M, Wilhelm

J, Vederman A, et al. Clinical outcomes of asleep vs awake

deep brain stimulation for Parkinson disease. Neurology. (2017)

89:1944–50. doi: 10.1212/WNL.0000000000004630

126. Lee PS, Richardson RM. Interventional MRI-guided deep brain

stimulation lead implantation. Neurosurg Clin N Am. (2017)

28:535–44. doi: 10.1016/j.nec.2017.05.007

127. Ho AL, Ali R, Connolly ID, Henderson JM, Dhall R, Stein SC, et al.

Awake versus asleep deep brain stimulation for Parkinson’s disease: a

critical comparison and meta-analysis. J Neurol Neurosurg Psychiatry. (2018)

89:687–91. doi: 10.1136/jnnp-2016-314500

128. Liu Z, He S, Li L. General anesthesia versus local anesthesia for deep

brain stimulation in Parkinson’s disease: a meta-analysis. Stereotact Funct

Neurosurg. (2019) 97:381–90. doi: 10.1159/000505079

129. Larson PS, Starr PA, Bates G, Tansey L, Richardson RM, Martin

AJ. An optimized system for interventional magnetic resonance

imaging-guided stereotactic surgery: preliminary evaluation of

targeting accuracy. Neurosurgery. (2012) 70:95–103; discussion:

103. doi: 10.1227/NEU.0b013e31822f4a91

130. Ivan ME, Yarlagadda J, Saxena AP, Martin AJ, Starr PA, Sootsman WK, et al.

Brain shift during bur hole-based procedures using interventional MRI. J

Neurosurg. (2014) 121:149–60. doi: 10.3171/2014.3.JNS121312

131. Maciunas RJ, Galloway RL Jr, Latimer JW. The application

accuracy of stereotactic frames. Neurosurgery. (1994) 35:682–

94. doi: 10.1227/00006123-199410000-00015

Frontiers in Neurology | www.frontiersin.org 17 July 2021 | Volume 12 | Article 694747

https://doi.org/10.1002/mds.25090
https://doi.org/10.1002/mds.26759
https://doi.org/10.1007/s11065-015-9308-7
https://doi.org/10.1523/JNEUROSCI.1128-16.2016
https://doi.org/10.1002/mds.27215
https://doi.org/10.1016/j.brs.2019.02.020
https://doi.org/10.1002/mds.27996
https://doi.org/10.1212/WNL.0000000000005121
https://doi.org/10.1109/TBCAS.2018.2880148
https://doi.org/10.1038/s41551-018-0323-x
https://doi.org/10.1088/1741-2560/4/2/010
https://doi.org/10.1007/s00701-020-04493-5
https://doi.org/10.1016/j.bios.2020.112888
https://doi.org/10.1016/j.parkreldis.2021.01.023
https://doi.org/10.1093/ons/opaa029
https://doi.org/10.1159/000375178
https://doi.org/10.1016/0005-1098(93)90119-E
https://doi.org/10.1093/neuros/nyaa428
https://doi.org/10.1159/000494736
https://doi.org/10.1016/j.clinph.2010.07.026
https://doi.org/10.1136/jnnp-2015-311426
https://doi.org/10.1227/01.NEU.0000119329.66931.9E
https://doi.org/10.3171/jns.2005.103.3.0404
https://doi.org/10.1159/000271823
https://doi.org/10.1159/000322276
https://doi.org/10.1093/ons/opy395
https://doi.org/10.1093/ons/opaa176
https://doi.org/10.1111/ner.12766
https://doi.org/10.1155/2019/5676345
https://doi.org/10.3171/2017.8.JNS17883
https://doi.org/10.1212/WNL.0000000000004630
https://doi.org/10.1016/j.nec.2017.05.007
https://doi.org/10.1136/jnnp-2016-314500
https://doi.org/10.1159/000505079
https://doi.org/10.1227/NEU.0b013e31822f4a91
https://doi.org/10.3171/2014.3.JNS121312
https://doi.org/10.1227/00006123-199410000-00015
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Merola et al. Innovations in DBS

132. O’Gorman RL, Jarosz JM, Samuel M, Clough C, Selway RP, Ashkan K.

CT/MR image fusion in the postoperative assessment of electrodes implanted

for deep brain stimulation. Stereotact Funct Neurosurg. (2009) 87:205–

10. doi: 10.1159/000225973

133. Thani NB, Bala A, Swann GB, Lind CR. Accuracy of postoperative computed

tomography and magnetic resonance image fusion for assessing deep

brain stimulation electrodes. Neurosurgery. (2011) 69:207–14; discussion:

214. doi: 10.1227/NEU.0b013e318218c7ae

134. Moran CH, Pietrzyk M, Sarangmat N, Gerard CS, Barua N, Ashida R,

et al. Clinical outcome of “asleep” deep brain stimulation for Parkinson

disease using robot-assisted delivery and anatomic targeting of the

subthalamic nucleus: a series of 152 patients. Neurosurgery. (2020) 88:165–

73. doi: 10.1093/neuros/nyaa367

135. Lee PS, Weiner GM, Corson D, Kappel J, Chang YF, Suski VR, et al.

Outcomes of interventional-MRI versus microelectrode recording-

guided subthalamic deep brain stimulation. Front Neurol. (2018)

9:241. doi: 10.3389/fneur.2018.00241

136. Wang J, Ponce FA, Tao J, Yu HM, Liu JY, Wang YJ, et al. Comparison

of awake and asleep deep brain stimulation for parkinson’s disease: a

detailed analysis through literature review.Neuromodulation. (2020) 23:444–

50. doi: 10.1111/ner.13061

137. Engelhardt J, Caire F, Damon-Perrière N, Guehl D, Branchard O, Auzou N,

et al. A phase 2 randomized trial of asleep versus awake subthalamic nucleus

deep brain stimulation for Parkinson’s disease. Stereotact Funct Neurosurg.

(2020) 30:1–11. doi: 10.1159/000511424

138. Holewijn RA, Verbaan D, de Bie RMA, Schuurman PR. General Anesthesia

versus Local Anesthesia in StereotaXY (GALAXY) for Parkinson’s

disease: study protocol for a randomized controlled trial. Trials. (2017)

18:417. doi: 10.1186/s13063-017-2136-8

139. Krishna V, Young NA, Sammartino F. Imaging: patient selection, targeting,

outcome biomarkers. In: Pouratian N, Sheth S, editors. Stereotactic and

Functional Neurosurgery. Cham: Springer (2020) 511–21.

140. Breit S, LeBas JF, Koudsie A, Schulz J, Benazzouz A, Pollak P,

et al. Pretargeting for the implantation of stimulation electrodes

into the subthalamic nucleus: a comparative study of magnetic

resonance imaging and ventriculography. Neurosurgery. (2006)

58:ONS83-95. doi: 10.1227/01.NEU.0000192689.00427.C2

141. Abosch A, Yacoub E, Ugurbil K, Harel N. An assessment of

current brain targets for deep brain stimulation surgery with

susceptibility-weighted imaging at 7 tesla. Neurosurgery. (2010)

67:1745–56. doi: 10.1227/NEU.0b013e3181f74105

142. Forstmann BU, Keuken MC, Schafer A, Bazin PL, Alkemade A, Turner R.

Multi-modal ultra-high resolution structural 7-Tesla MRI data repository.

Sci Data. (2014) 1:140050. doi: 10.1038/sdata.2014.50

143. Guo T, Parrent AG, Peters TM. Surgical targeting accuracy analysis of six

methods for subthalamic nucleus deep brain stimulation. Comput Aided

Surg. (2007) 12:325–34. doi: 10.3109/10929080701730987

144. Hamani C, Richter EO, Andrade-Souza Y, Hutchison W, Saint-Cyr JA,

Lozano AM. Correspondence of microelectrode mapping with magnetic

resonance imaging for subthalamic nucleus procedures. Surg Neurol. (2005)

63:249–53. doi: 10.1016/j.surneu.2004.05.036

145. Bejjani B, Damier P, Arnulf I, Bonnet AM, Vidailhet M, Dormont D, et al.

Pallidal stimulation for Parkinson’s disease. Two targets? Neurology. (1997)

49:1564–9. doi: 10.1212/WNL.49.6.1564

146. Sudhyadhom A, Haq IU, Foote KD, Okun MS, Bova FJ. A

high resolution and high contrast MRI for differentiation of

subcortical structures for DBS targeting: the Fast Gray Matter

Acquisition T1 Inversion Recovery (FGATIR). Neuroimage. (2009)

47:T44–52. doi: 10.1016/j.neuroimage.2009.04.018

147. Patriat R, Cooper SE, Duchin Y, Niederer J, Lenglet C, Aman J, et al.

Individualized tractography-based parcellation of the globus pallidus pars

interna using 7T MRI in movement disorder patients prior to DBS surgery.

Neuroimage. (2018) 178:198–209. doi: 10.1016/j.neuroimage.2018.05.048

148. da Silva NM, Ahmadi SA, Tafula SN, Cunha JPS, Botzel K,

Vollmar C, et al. A diffusion-based connectivity map of the GPi

for optimised stereotactic targeting in DBS. Neuroimage. (2017)

144:83–91. doi: 10.1016/j.neuroimage.2016.06.018

149. Rozanski VE, Vollmar C, Cunha JP, Tafula SM, Ahmadi SA, Patzig

M, et al. Connectivity patterns of pallidal DBS electrodes in focal

dystonia: a diffusion tensor tractography study. Neuroimage. (2014) 84:435–

42. doi: 10.1016/j.neuroimage.2013.09.009

150. Aman JE, Johnson LA, Sanabria DE, Wang J, Patriat R, Hill M, et al.

Directional deep brain stimulation leads reveal spatially distinct oscillatory

activity in the globus pallidus internus of Parkinson’s disease patients.

Neurobiol Dis. (2020) 139:104819. doi: 10.1016/j.nbd.2020.104819

151. Plantinga BR, Temel Y, Roebroeck A, Uludag K, Ivanov D, Kuijf

ML, et al. Ultra-high field magnetic resonance imaging of the

basal ganglia and related structures. Front Hum Neurosci. (2014)

8:876. doi: 10.3389/fnhum.2014.00876

152. Plantinga BR, Temel Y, Duchin Y, Uludag K, Patriat R, Roebroeck A,

et al. Individualized parcellation of the subthalamic nucleus in patients

with Parkinson’s disease with 7T MRI. Neuroimage. (2018) 168:403–

11. doi: 10.1016/j.neuroimage.2016.09.023

153. Schrock LE, Patriat R, Goftari M, Kim J, Johnson MD, Harel N, et al. 7T

MRI and computational modeling supports a critical role of lead location in

determining outcomes for deep brain stimulation: a case report. Front Hum

Neurosci. (2021) 15:631778. doi: 10.3389/fnhum.2021.631778

154. Barkhoudarian G, Klochkov T, Sedrak M, Frew A, Gorgulho A, Behnke E,

et al. A role of diffusion tensor imaging in movement disorder surgery. Acta

Neurochir. (2010) 152:2089–95. doi: 10.1007/s00701-010-0742-2

155. Akram H, Sotiropoulos SN, Jbabdi S, Georgiev D, Mahlknecht P, Hyam

J, et al. Subthalamic deep brain stimulation sweet spots and hyperdirect

cortical connectivity in Parkinson’s disease. Neuroimage. (2017) 158:332–

45. doi: 10.1016/j.neuroimage.2017.07.012

156. Krishna V, Sammartino F, Rabbani Q, Changizi B, Agrawal P, Deogaonkar

M, et al. Connectivity-based selection of optimal deep brain stimulation

contacts: a feasibility study. Ann Clin Transl Neurol. (2019) 6:1142–

50. doi: 10.1002/acn3.784

157. Hirai T, Jones EG. A new parcellation of the human thalamus on the

basis of histochemical staining. Brain Res Brain Res Rev. (1989) 14:1–

34. doi: 10.1016/0165-0173(89)90007-6

158. Klein JC, Barbe MT, Seifried C, Baudrexel S, Runge M, Maarouf M, et al.

The tremor network targeted by successful VIM deep brain stimulation

in humans. Neurology. (2012) 78:787–95. doi: 10.1212/WNL.0b013e3182

49f702

159. Coenen VA, Allert N, Mädler B. A role of diffusion tensor imaging

fiber tracking in deep brain stimulation surgery: DBS of the dentato-

rubro-thalamic tract (drt) for the treatment of therapy-refractory

tremor. Acta Neurochir. (2011) 153:1579–85. doi: 10.1007/s00701-011-

1036-z

160. Coenen VA, Allert N, Paus S, Kronenbürger M, Urbach H, Mädler

B. Modulation of the cerebello-thalamo-cortical network in thalamic

deep brain stimulation for tremor: a diffusion tensor imaging study.

Neurosurgery. (2014) 75:657–69. doi: 10.1227/NEU.00000000000

00540

161. Sammartino F, Krishna V, King NK, Lozano AM, Schwartz ML, Huang

Y, et al. Tractography-based ventral intermediate nucleus targeting: novel

methodology and intraoperative validation. Mov Disord. (2016) 31:1217–

25. doi: 10.1002/mds.26633

162. Behrens TE, Johansen-Berg H, Woolrich MW, Smith SM, Wheeler-

Kingshott CA, Boulby PA, et al. Non-invasive mapping of connections

between human thalamus and cortex using diffusion imaging. Nat Neurosci.

(2003) 6:750–7. doi: 10.1038/nn1075

163. Kincses ZT, Szabó N, Valálik I, Kopniczky Z, Dézsi L, Klivényi P,

et al. Target identification for stereotactic thalamotomy using diffusion

tractography. PLoS ONE. (2012) 7:e29969. doi: 10.1371/journal.pone.

0029969

164. Sedrak M, Gorgulho A, Frew A, Behnke E, DeSalles A, Pouratian N.

Diffusion tensor imaging and colored fractional anisotropy mapping of

the ventralis intermedius nucleus of the thalamus. Neurosurgery. (2011)

69:1124–9. doi: 10.1227/NEU.0b013e3182296a42

165. King NKK, Krishna V, Basha D, Elias G, Sammartino F, Hodaie

M, et al. Microelectrode recording findings within the tractography-

defined ventral intermediate nucleus. J Neurosurg. (2017) 126:1669–

75. doi: 10.3171/2016.3.JNS151992

Conflict of Interest: AM has received support from the NIH (KL2 TR001426),

speaker honoraria from CSL Behring, Abbvie, Abbott, Theravance, and Cynapsus

Frontiers in Neurology | www.frontiersin.org 18 July 2021 | Volume 12 | Article 694747

https://doi.org/10.1159/000225973
https://doi.org/10.1227/NEU.0b013e318218c7ae
https://doi.org/10.1093/neuros/nyaa367
https://doi.org/10.3389/fneur.2018.00241
https://doi.org/10.1111/ner.13061
https://doi.org/10.1159/000511424
https://doi.org/10.1186/s13063-017-2136-8
https://doi.org/10.1227/01.NEU.0000192689.00427.C2
https://doi.org/10.1227/NEU.0b013e3181f74105
https://doi.org/10.1038/sdata.2014.50
https://doi.org/10.3109/10929080701730987
https://doi.org/10.1016/j.surneu.2004.05.036
https://doi.org/10.1212/WNL.49.6.1564
https://doi.org/10.1016/j.neuroimage.2009.04.018
https://doi.org/10.1016/j.neuroimage.2018.05.048
https://doi.org/10.1016/j.neuroimage.2016.06.018
https://doi.org/10.1016/j.neuroimage.2013.09.009
https://doi.org/10.1016/j.nbd.2020.104819
https://doi.org/10.3389/fnhum.2014.00876
https://doi.org/10.1016/j.neuroimage.2016.09.023
https://doi.org/10.3389/fnhum.2021.631778
https://doi.org/10.1007/s00701-010-0742-2
https://doi.org/10.1016/j.neuroimage.2017.07.012
https://doi.org/10.1002/acn3.784
https://doi.org/10.1016/0165-0173(89)90007-6
https://doi.org/10.1212/WNL.0b013e318249f702
https://doi.org/10.1007/s00701-011-1036-z
https://doi.org/10.1227/NEU.0000000000000540
https://doi.org/10.1002/mds.26633
https://doi.org/10.1038/nn1075
https://doi.org/10.1371/journal.pone.0029969
https://doi.org/10.1227/NEU.0b013e3182296a42
https://doi.org/10.3171/2016.3.JNS151992
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Merola et al. Innovations in DBS

Therapeutics. He has received a salary as chief Editor of Frontiers in

Neurology, Experimental Therapeutics, and grant support from Lundbeck

and Abbvie. BC has received speaker honoraria from Abbvie. SG is an

employee at Medtronic. LR is an employee and shareholder in Newronika,

Inc. SP is an employee of Abbott Laboratories. SC is an employee of

Boston Scientific. NH is co-founder, and shareholder in Surgical Information

Sciences, Inc. VK has received grant support from Medtronic. LV is an

editorial board member of Neurology and Therapy, and Brain Sciences. He

has received consultant honoraria from Abbott, AbbVie Inc, and Boston

Scientific, and research support from Medtronic, Boston Scientific, Abbott,

AbbVie, Neuroderm, Biogen Inc. He has received NIH funding (R01 NS40902)

as a site-PI.

The remaining authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2021 Merola, Singh, Reeves, Changizi, Goetz, Rossi, Pallavaram,

Carcieri, Harel, Shaikhouni, Sammartino, Krishna, Verhagen and Dalm. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Neurology | www.frontiersin.org 19 July 2021 | Volume 12 | Article 694747

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	New Frontiers for Deep Brain Stimulation: Directionality, Sensing Technologies, Remote Programming, Robotic Stereotactic Assistance, Asleep Procedures, and Connectomics
	Introduction
	Update on DBS Indications and Targets
	DBS in Movement Disorders
	DBS in Epilepsy
	DBS in Psychiatry

	Innovations in DBS Technology
	Hardware Innovations
	Software Innovations
	Telemedicine in Movement Disorders
	The Upcoming Era of DBS Sensing Technology

	Innovations in the Surgical Approach
	Robotic-Assisted Surgery
	Asleep DBS

	Innovations in Imaging for DBS
	Neuroimaging of the GPi
	Neuroimaging of the STN and Its Surrounding Tracts
	Connectivity-Based Imaging of the Thalamic Targets

	Concluding Remarks
	Author Contributions
	References


