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Advances in DBS Technology and Novel Applications: Focus
on Movement Disorders
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Abstract

Purpose of Review Deep brain stimulation (DBS) is an established treatment in several movement disorders, including
Parkinson’s disease, dystonia, tremor, and Tourette syndrome. In this review, we will review and discuss the most recent
findings including but not limited to clinical evidence.

RecentFindings New DBS technologies include novel hardware design (electrodes, cables, implanted pulse generators) enabling new stim-
ulation patterns and adaptive DBS which delivers potential stimulation tailored to moment-to-moment changes in the patient’s condition.
Better understanding of movement disorders pathophysiology and functional anatomy has been pivotal for studying the effects
of DBS on the mesencephalic locomotor region, the nucleus basalis of Meynert, the substantia nigra, and the spinal cord.
Eventually, neurosurgical practice has improved with more accurate target visualization or combined targeting. A rising
research domain emphasizes bridging neuromodulation and neuroprotection.

Summary Recent advances in DBS therapy bring more possibilities to effectively treat people with movement disorders.
Future research would focus on improving adaptive DBS, leading more clinical trials on novel targets, and exploring neu-
romodulation effects on neuroprotection.

Keywords Basal ganglia - Deep brain stimulation - Movement disorders - Neuromodulation - Parkinson’s disease
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Introduction: Current State of the Art
in Movement Disorders

Deep brain stimulation (DBS) is currently an established treat-
ment option in several movement disorders, including Parkinson’s
disease (PD), dystonia, tremor, and Tourette syndrome [1, 2].
However, despite several advances in technology within
the last decade, there are still some limitations with DBS
surgery. For example, several symptoms are still not respon-
sive to DBS whatsoever the disease or the target, and there is
a critical need for improving the accuracy of the simulation
pattern, finding more effective targets to tackle intractable
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symptoms, increasing targeting accuracy during implanta-
tion, and updating the hardware itself.

Parkinson’s Disease

Recent work has confirmed the effects of DBS not only in
motor but also in non-motor signs. Subthalamic nucleus
(STN) DBS in PD has been reported as effective and safe
more than 15 years after the surgery, and importantly,
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postoperative dementia risk is not increased in the long term
[3, 4e¢]. Moreover, an anterior location of STN electrodes
has been suggested to give a better non-motor improvement
such as sleep and urinary incontinence [5] and restless leg
syndrome [6].

Both STN-DBS and globus pallidus internus (GPi) DBS
have been considered effective to treat motor symptoms in
PD [7]. A recent meta-analysis yielded no overall differ-
ence between targets in tremor reduction at various time
points up to 12 months after surgery [8]. Similarly, another
study compared the effects of STN-DBS and GPi-DBS on
PD rest tremor and action tremor. Both targets improved
action and rest tremor at 6 and 12 months, with STN-DBS
being more effective on action tremor at 6 months but not
at the 12 months follow-up [9]. A recent review states that
thalamic ventralis intermedius nucleus (Vim) DBS better
addresses action tremor in PD [10ee].

Over the last several years, following the EARLYSTIM
study, results proving that DBS can be used when motor
complications occur early [11], the timing of the DBS sur-
gery for PD has changed. Newer findings from this cohort
strengthen earlier surgery as an option, since it is associ-
ated with better behavioral outcomes (hyperdopaminergic
symptoms and neuropsychiatric fluctuations) in STN-DBS
patients compared to patients with only medical treatment
[12]. Moreover, noticeable improvements are reported in
freezing of gait at 2-year follow-up [13]. Furthermore, the
early surgical group demonstrated better social, occupa-
tional, and psychosocial function [14].

Dystonia

Although there is evidence that isolated dystonia is improved
by both GPi [15] and STN DBS [1], there is still lack of
strong evidence for focal dystonia [2]. The issue is even
more important with combined dystonia (i.e., dystonia
occurring with other neurological symptoms like chorea,
spasticity, ataxia) that is much less addressed by DBS in the
literature [1]. However, there is still an overall GPi-DBS
nonresponder rate in dystonia as high as 25% [2].

One solution to tackle this issue may be to select other
targets. A prospective study focused on Vim-DBS in dys-
tonic tremor, and essential tremor (ET) found that dystonic
tremor and ET were significantly improved during the first
5 years, but not afterwards [16]. Improvement of activities
of daily living was nonsignificant after 2 to 3 years post-
implantation, possibly due to a lack of control on dystonia
itself. Nevertheless, this work highlights the possibility to
stimulate the Vim if tremor is disabling in dystonic patients.
Another interesting target is the cerebellum [17]. Stimulation
of the dentate nucleus has been reported to be effective in a
few cases of secondary dystonia [18-20].

Tremor

The Vim nucleus has long been established as the main DBS
target to treat tremor, specifically ET, being safe and effi-
cacious when compared to historical thalamotomy [10ee].
A prospective, controlled multicenter study including 122
patients showed that both unilateral and bilateral Vim-DBS
are effective. Tremor was improved by 2.49 +/—0.96 points
on the Essential Tremor Rating Scale 1 year after implanta-
tion [21]. A recent review yielded that 1-year tremor reduc-
tions ranged from 53 to 63% with unilateral Vim-DBS.
Overall, bilateral Vim-DBS treated both upper extremities
with increased likelihood of addressing head tremor and
thus demonstrated more improvement in tremor reduction
(66-78%). Several studies show ongoing beneficial effects
up to S years and beyond [22, 23].

Nevertheless, some adverse effects (gait ataxia, dysar-
thria) may either be caused by the progression of the under-
lying disease or on target stimulation itself [24]. Indeed,
Vim-DBS could induce antidromic cerebellar stimulation
and inappropriate plastic remodeling causing early ataxia
and gait impairment. Long-term habituation may explain
a later loss of therapeutic effect, but this must be weighed
against the possibility of disease progression [25].

Tourette Syndrome

Tourette syndrome is a complex neuropsychiatric disease
that commonly manifests with obsessive—compulsive disor-
der (OCD), vocal and/or motor tics, depression, and disrup-
tive behavior disorders. Disease heterogeneity can be the
reason why clinical results from DBS are still debated. A
recent prospective multicenter study focused on 185 patients
with medically refractory Tourette syndrome who underwent
DBS, either targeting the centromedian thalamic region, the
anterior GPi, the posterior GPi, or the anterior limb of the
internal capsule [26]. Motor and vocal tic severity globally
improved at 1 year after DBS, but there was a significant
adverse event rate (35.4%). The most common stimulation-
induced adverse effects were dysarthria (6.3%) and pares-
thesia (8.2%). However, due to small sample size in some
target groups, comparing tic improvement between targets
is difficult [26]. A retrospective multicenter review on 123
patients showed that DBS significantly improved tics and
OCD regardless of the target (GPi, centromedian thalamus,
nucleus accumbens) site [27e].

Another work reported long-term tic improvement
48 months after anterior GPi-DBS in 19 patients. This study
also revealed that 75% patients were good responders, and
that none of those having self-injury at baseline showed such
behavior after DBS [28]. These promising results need to be
confirmed with larger trials.



New DBS Technologies

Even though DBS device technology seems to be evolv-
ing at slow pace, there are now several advances that could
improve both the way in which therapy is delivered and
the patient-physician relationship. New implementations
of DBS technology involve electrode design (allowing the
delivery of different spatial stimulation patterns), pulse gen-
erator hardware design (allowing an increase in the stimula-
tion parameter choice and add features aimed to provide a
wider knowledge on patient’s state like neural activity sens-
ing, accelerometers), and pulse generator communication
capabilities (introducing new ways of DBS programming
and interaction) [29].

New Concepts in Stimulation Patterns

Stimulation patterns represent the way electrical pulses are
delivered to the brain tissue. They can be modulated spa-
tially, thus shaping the electrical field in the tissue, or tem-
porarily, using different stimulus waveforms or pulse trains.

The classical stimulation pattern in DBS is represented by
charge-balanced biphasic square waves delivered at a fixed
frequency by cylindrical contacts in a monopolar or bipolar
fashion. In PD, 60-us pulse width and 130-Hz frequency
with variable amplitude are usually considered effective,
while longer pulse widths (> 120 ps) are mainly used in
dystonia. However, recent evidence has shown that shorter
pulsed (< 60 ps) stimulation can reduce stimulation-induced
adverse events, like ataxia with Vim-DBS [30, 31].

Spatial modulation relies on the availability of asym-
metric current sources, either steering the stimulation in a
specific direction (directional leads) or providing independ-
ent current sources with different stimulation parameters.
Directional leads are characterized by axially segmented
electrodes that can be activated in order to focus the stimu-
lation on a specific direction in a plane orthogonal to the
electrode axis. This widens the therapeutic window, thus
improving DBS effectiveness [32] while further reducing
antiparkinsonian medication as compared to classical omni-
directional DBS [33]. The availability of DBS devices able
to deliver independent stimulation at each contact (multiple
independent constant current controlled, MICC) provides
further means for directing the electric field in a non-iso-
tropic way [34e]. Having independent sources also supports
the effective use of directional leads providing to each con-
tact the full spectrum of parameters.

As an alternative to conventional DBS delivery, a stimu-
lation algorithm where weak high-frequency pulse trains are
delivered to different electrode contacts at different times in
order to contract pathological synchronization by resetting

the phase of the targeted neurons (coordinated reset stimula-
tion) has been proposed [35].

Adaptive DBS (aDBS)

The possibility to deliver a stimulation tailored to moment-
to-moment changes in the patient’s condition seems to be the
most attractive feature of next-generation DBS technologies.
Until now, available pulse generators were only capable of
providing a fixed stimulation, which was, however, sufficient
to provide satisfactory results.

The first question concerning aDBS is what variable
should be used as a biomarker for a patient’s clinical state.
Design considerations include the feasibility of the record-
ing, the battery drain induced by biomarker sensing, the need
for additional implants, and the stability and reliability of
the biomarker [36]. At present, in PD, the most promising
approach is based on the recording of local neural activ-
ity (local field potentials, LFPs) using implanted DBS lead.
This poses, however, the technological challenge of signal-
to-noise ratio when LFPs have to be recorded during DBS
ON [37].

In PD, where stimulation is continuously provided to
patients, sensing during stimulation is essential, and, after
several years of research, there are now two commercially
available devices approved for LFP sensing during stimu-
lation, the Medtronic Percept [38] and the Newronika
AlphaDBS [39]. Both devices are capable of aDBS which
is currently under investigation.

The current state of the art of LFP-based aDBS for PD
experiments is built on amplitude modulations (AM) of
STN-LFP beta band (13-35 Hz) as a feedback control bio-
marker. Beta band showed consistent correlation with levo-
dopa dynamics [40, 41], and motor status, mainly akinesia
and rigidity [42-44]. Beta activity is also stable over time
after DBS implantation, as shown in chronic recordings [45].
Therefore, the first experiments on aDBS in humans relied
on beta detection and subsequent either “on demand” [46] or
“linear adaptive” [44] change of DBS amplitude.

Despite being simple, LFP beta activity amplitude alone
is not able to capture the complex dynamics of PD neuro-
physiology. Beta burst dynamics and beta phase, instead of
beta-band amplitude, could be used as aDBS biomarker that
anticipates beta AM and therefore could trigger stimulation
that anticipates instead of following the beta AM [47ee]. In
addition, other LFP frequency bands, or even electrocortico-
gram bands [48], could be targeted to better represent other
symptoms such as dyskinesia [48] or tremor [49].

The long-term integration of LFP recordings and wear-
able technologies in ecologic environments could help vali-
dating biomarkers and further improving aDBS [50e].



Telemedicine

DBS pulse generators are usually controlled by short-range
connectivity and dedicated devices (e.g., for in-clinic pro-
gramming). However, increased capabilities of smart appli-
cations open the way for telemetry and remote access. The
first example is the Abbott NeuroSphere Virtual Clinic [51].
This technology is based on an in-app video chat and inte-
grated remote programming via secured connection, allow-
ing the physician to assess the patient’s current condition and
to change stimulation settings if needed. Although it may not
replace in person consultation, this technology may prove
useful to remote patients and in cases in which health sys-
tems and transportation are globally disrupted. Recent work
showed high patient and physician satisfaction when using
the NeuroSphere Virtual Clinic in chronic pain patients [52].

Also, in the near future, the new implantable aDBS (or
simply sensing) systems will have the potential to record
brain signals in humans 24/7, thus demanding effective
solutions to manage, store, analyze such data, and integrate
them with other information streams including but not lim-
ited to wearables and direct patient input. This would help in
exploiting the full potential of aDBS, including the applica-
tion of more sophisticated machine learning or deep learning
algorithms for decoding brain states [53].

New DBS Targets
Parkinson’s Disease

Although dopaminergic medications and both STN- and
GPi-DBS significantly ameliorate cardinal motor symptoms
in PD, other symptoms such as gait and balance are less pre-
dictable and not well sustained in the long term. Addition-
ally, cognitive symptoms are usually not affected by or can
even worsen after stimulation. In this context, researchers
have explored alternative brain and spinal targets to tackle
these symptoms of poor response to the conventional DBS
targets [54].

Mesencephalic Locomotor Region

DBS of the mesencephalic locomotor region (MLR), com-
posed of the pedunculopontine (PPN) and cuneiform (CulN)
nuclei, has been proposed to treat dopa-resistant gait and
balance disorders in PD. Indeed, this region is composed of
a collection of cholinergic, glutamatergic, and GABAergic
neurons with an impressive array of reciprocal connections
with basal ganglia, motor cortex, and spinal cord motor neu-
rons [55].

Several clinical trials have been performed targeting the
MLR area DBS in PD, showing that unilateral or bilateral

stimulation could improve gait freezing in both the off- and
on-medication states early after surgery. However, the degree
of improvement has been highly variable, and benefits often
were not maintained [56, 57]. MLR area DBS may also have
the potential to reduce falls, though the impact on postural
instability is unclear [56]. A recent study showed that MLR
stimulation improved intermittent switching of postural
sway, feedback gains in the proportional-integral-derivative
model, and clinical balance impairment [58]. Unfortunately,
it is unclear whether such partial benefits on gait and balance
are clinically meaningful as assessment of quality of life is
seldom reported [55].

Substantia Nigra Pars Reticulata

The substantia nigra pars reticulata (SNr) is a primary out-
put nucleus of the basal ganglia together with the GPi. The
SNr sends GABAergic projections to the pedunculopontine
nucleus. In PD, the SNr is abnormally overactivated, which
leads to inhibition of the locomotor region, contributing to
the axial problems typical of PD progression [54].

Dual stimulation of the SNr (using ventral DBS contacts)
and the STN (using dorsal DBS contacts) using the same
electrode has been applied in PD to restore locomotor func-
tion and was superior in controlling freezing of gait com-
pared to STN stimulation alone [59]. Another recent study
demonstrates that high-frequency stimulation of the SNr but
not of the STN ameliorates the anticipatory postural adjust-
ments in PD [60].

A crossover, randomized trial investigated the effects of
simultaneous stimulation in both the STN and SNr at differ-
ent frequencies in PD (126 Hz in STN and 63 Hz in SNr)
with the SNr stimulation alone. For most patients, the com-
bined stimulation achieved the best freezing and balance
control [61]. Freezing of gait has also been reported to be
improved by combined STN and SNr stimulation [62].

Although promising, there are still uncertainties regard-
ing the best stimulation parameters and the hotspot of
stimulation within SNr to improve locomotion. Few studies
suggest that stimulation in the lateral SNr is less effective
for treating gait disturbances in PD than stimulation in the
medial SNr region [63], while stimulation of the medial por-
tion of the SNr has been shown to induce depression and
hypomania [55].

Spinal Cord

Spinal cord stimulation (SCS) is a well-established ther-
apy for the treatment of chronic neuropathic pain due to
its good efficacy profile and safety. In the last few years,
SCS has been suggested to improve axial symptoms in PD
patients, especially gait changes and posture abnormalities
[64]. The potential therapeutic application of SCS received



considerable interest after a study in rodent, and monkey
models of parkinsonism demonstrated that SCS could
improve locomotion [65].

An open-label study including 15 PD patients with low
back and/or lower limb pain and thoracic SCS reported a
significant improvement in pain intensity, postural stabil-
ity, and gait speed over 12 months of follow-up [66ee].
Another open-label study reported improvements in several
gait parameters after thoracic SCS for 6 months in five PD
patients [67]. More recently, an open-label study with 6
pain-free PD patients failed to show any benefit 12 months
after thoracic SCS [68].

Despite the overall good outcomes of SCS in treating gait
problems in most studies (Table 1), there are still challenges
ahead because a relatively small number of PD patients
have been evaluated so far with variable study populations.
Additionally, the stimulation produces tangible sensations
which might be responsible for a placebo effect in a sub-
set of patients. Moreover, many papers included patients
with lower limb and back pain, which is a confounding bias
because pain improvement after SCS can affect gait perfor-
mance [55].

A study population with better-defined inclusion crite-
ria, multicenter trials, and long-term follow-up are the next
steps to establish SCS as a potentially neuromodulatory tool
for gait in PD. Double-blind approaches designed with an
amplitude subthreshold for paresthesia, very high frequen-
cies (below the sensory threshold) [65], or new paradigms
such as burst stimulation might certainly guide future trials
to avoid placebo effects [74].

Nucleus Basalis of Meynert

The nucleus basalis of Meynert (NBM) is largely involved
in cognitive and behavioral functions, including arousal,
attention, perception, and memory [76]. Cognitive impair-
ment and dementia are an important source of disability and
reduction in quality of life for both patients and caregivers in
PD and dementia with Lewy bodies (DLB) [77].

To date, six primary clinical studies, including three case
reports and three randomized crossover studies, involving
patients with PD with dementia and DLB have been per-
formed [78]. Although DBS seems to be safe, no significant
improvement of cognitive scores between sham vs. NBM
DBS has been observed.

Although the primary outcomes were not achieved
among the trials, decreased neuropsychiatric inventory
scores, which were primarily driven by a reduction of vis-
ual hallucination and apathy, were noticed in some patients
[79, 80]. Additionally, improvement of functional connec-
tivity in the frontoparietal and default mode network in
DLB subjects was also observed [79]. Besides, increased
metabolic activity at the superior lingual gyrus following

NBM DBS was shown, while cognitive function continued
unchanged [81]. Moreover, combined GPi and NBM-DBS
in PD resulted in reduced right frontal and parietal metabo-
lism without improving cognition [82]. More preclinical
evidence is needed to optimize NBM DBS clinically such
as patient selection, the hotspot of stimulation, and DBS
parameters.

Ataxia

Cerebellar ataxia is a disabling neurological symptom with
hereditary and acquired etiologies. Overall, management is
undertaken via rehabilitation since no medical treatment has
yet been shown to be effective [83]. Recently, noninvasive
stimulation has been shown to be effective in alleviating
symptoms in post-lesion or degenerative ataxia [84, 85].
Invasive cerebellar stimulation in animal models suggests
the possibility of modulating aberrant dentato-thalamo-cor-
tical loops known to be dysfunctional in refractory ataxic
patients due to different etiologies [86]. In case reports, den-
tate nucleus DBS was effective for treating ataxia in SCA
type 3, cerebellar stroke, and dystonia [18, 19, 87].

A recent randomized double-blind crossover pilot trial
enrolled five patients with spinocerebellar ataxia type 3 or
post-lesion ataxia [88]. Active or sham phases were ran-
domly performed 3 months apart. The effects on the primary
outcome (Scale for the Assessment and Rating of Ataxia)
were numerically better, but not statistically significant,
after active versus sham stimulation. Regarding the second-
ary measures, dentate nucleus DBS caused a significant
improvement in cerebellar tremor and the global impres-
sion of change after comparing active to sham stimulations.

Tremor

For medication-refractory cases, DBS is an established,
effective, and safe treatment for ET [89]. The Vim is the
traditional DBS target in ET, but the posterior subthalamic
area (PSA) has been suggested as an alternative target [90].

A randomized, double-blind crossover study showed
that PSA-DBS significantly reduced tremor severity and
improved quality of life in ET patients [91]. There were no
relevant differences in quality and frequency of stimulation
side effects between VIM and PSA, with a tendency toward
greater tremor improvement with PSA stimulation. Clinical
benefit was achieved at lower stimulation amplitudes in the
PSA, and the majority of patients remained with PSA-DBS
after 1 year of follow-up. More recently, using probabilis-
tic fiber tracking, a clinical trial in ET showed that PSA
contacts were closer to the dentato-rubro-thalamic tract
(DRTT) and led to a greater improvement in tremor scores
than VIM contacts [92]. Proximity to the DRTT was also
related to lower amplitudes of stimulation and higher DBS
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efficiency. It seems that the DRTT is potentially a common
tremor-reducing structure since it also has been shown to
be involved in Parkinson’s tremor, multiple sclerosis, and
dystonic head tremor [93]. Besides, a new randomized
double-blind controlled crossover trial compared PSA and
Vim-DBS on action tremor in each patient. The four-plot
electrodes were implanted so that they reached both targets,
and PSA was superior to Vim-DBS at 6 months [94].

Neurosurgeon’s Practice

DBS requires high targeting accuracy to achieve the best
result; therefore, surgical practice is critically impacted by
technological breakthroughs in imaging and connectivity
that help targeting not only nuclei but also tracts. Besides,
recent preclinical discoveries hint DBS’ ability to play a role
in neuroprotection by combining electrical stimulation and
its biological effects in the nervous tissue.

Improving Visualization

Good DBS outcomes rely on accurate nucleus targeting.
Robot-assisted surgery may allow for another option for
lead placement compared with conventional frame-based
approaches. The mean duration of DBS surgery is signifi-
cantly reduced with robot-assisted DBS [95]. A meta-analysis
compiling 2409 DBS trajectories confirmed the superiority
of robot-assisted surgery as the pooled mean target error was
decreased by 0.788 mm [96ee].

Another improvement in implantation precision may come
from better target visualization. For instance, GPi imaging
may benefit from the use of 7-Tesla MRI which helps visualize
the motor part of the GPi (posterolateral region) with cortex-
striatum-GPi tractography or “reverse” tractography originat-
ing from the thalamus backwards to the GPi [97]. Such use
of each patient’s connectivity pattern may improve DBS by
finding functional hotspots that will eventually give the best
outcome and may also assist with programming after surgery
by functional interrogation of circuits. Indeed, an exploratory
GPi imaging study in PD using directional leads recorded a
strong 5-35 Hz activity pattern in the posterolateral region of
the GPi. This activity correlated with the best motor results and
the plots in contact with this region [98].

Quite similarly, STN imaging may benefit from 7Tesla
MRI, by allowing accurate patient-specific nucleus parcella-
tion, thanks to STN-cortex tractography [99]. 7-T MRI how-
ever is not widely available, and care must be taken to qual-
ity control the protocols for the potential of field distortion.
Indeed, improved 3 T sequences and even low Tesla (e.g.,
0.5 T) acquisition with high contrast may ultimately prove
dominant due to accessibility, accuracy, and ease of use.

Furthermore, machine learning can be coupled with MRI
to improve STN visualization. A 7Tesla MRI study found
that machine learning-coupled location was significantly
closer to the ground truth than atlas-based location in 80
patients [100]. Deep learning has also been used to improve
GPi and globus pallidus externa segmentation. The results
were positive and may help accurately locate this other DBS
target [101]. STN also benefits from this process through
preoperative microelectrode recording prediction via deep
learning [102].

Targeting thanks to Tractography and Connectivity

DBS has extensively relied on nucleus targeting, but there is
arecent trend in focusing on tracts stimulation. For instance,
the DRTT is a key pathway whose disruption is associated
with tremor [103], and it comprises the PSA. A study com-
pared DRTT tractography-guided PSA-DBS to conventional
landmarks targeting in ET and tremor dominant PD. It found
better tremor and quality-of-life outcomes at 6 months and
60 months in the tractography group [104]. In addition to
this, combining DRTT tractography and electric field simu-
lations delivered by the DBS may help tailor the current in
the wanted direction [105].

Not only structural but also functional connectivity
can help in refining or even discovering DBS targets. For
instance, Corp et al. have used resting-state functional MRI
connectivity in cervical dystonia to unravel a common net-
work that links different lesion locations that cause this dis-
ease [106e]. The results show that positive connectivity to the
cerebellum and negative connectivity to the somatosensory
cortex are specific markers for cervical dystonia, whether
being lesional or idiopathic. There was also a correlation
between GPi-DBS leads location and the network’s regions
of interest. This kind of study may lead to the discovery of
new DBS targets within the disease’s functional network.

The same reasoning applies to ET, for which structural and
functional MRI connectivity models were significantly predic-
tive of post-DBS tremor improvement [107]. This multimodal
connectivity model helped find a sweet spot located in the
PSA, intersecting with cerebello-thalamic fibers.

Combined Targeting

Targeting multiple areas to get additional stimulation options
may be useful in intractable tremor, assuming that reaching
the second site does not compromise the first one [108].
Some pathologies may consider multiple leads up-front. An
example is the multiple sclerosis refractory tremor, for which
the Vim-ventralis oralis posterior nucleus border and the ven-
tralis oralis anterior-ventralis oralis posterior nucleus border
have been targeted with two distinct leads [109]. Patients had



one or another lead activated for 3 months and then had both
for three more. The authors did not provide a 3-month sta-
tistical analysis, but tremor was significantly reduced with a
similar effect in both groups [109].

Moreover, using DBS leads with 8 plots allows a broader
range to stimulate multiple targets with a single lead. This was
used in dual Vim and zona incerta DBS in one ET patient,
whose tremor was effectively reduced when stimulating either
Vim or zona incerta [110].

A retrospective study focused on 5 tremor-dominant-PD
patients who had dual Vim and STN via parietal approach. PD
symptoms were significantly reduced in the first 6 months of
continuous stimulation and remained stable thereafter. Quality
of life and tremor were also improved [111].

Neuromodulation and Neuroprotection

DBS is mostly used in neurodegenerative diseases in neurol-
ogy. Despite some clues in PD animal models, there is no
current evidence that DBS has a neuroprotective (aside from
modifying disrupted circuits and local neuronal action) effect
in humans, mostly because of a lack of biomarkers [112]. Nev-
ertheless, recent work revealed how changing DBS parameters
in STN and substantia nigra had an influence on their neuronal
firing patterns and quite probably on their inhibitory synaptic
plasticity [113].

DBS in the future may be combined with gene therapy
approaches to temporally and spatially modulate the expres-
sion of a viral vector. A proof-of-concept study demonstrated
that adenovirus vectors in the hippocampus could be modu-
lated at distance by DBS in the medial septal nucleus [114].
Such “electrogenetic” hybrid approaches could be a gateway
to modulate growth factors and other therapeutics in the
basal ganglia. The effects of stimulation on molecular pathol-
ogy are not yet fully understood, and it is possible that DBS
could be optimized to improve neurodegeneration or enhance
neuroprotection.

Another potential link between neuromodulation and neuro-
protection has been demonstrated as proof of concept by Iwasa
et al., to use DBS to direct stem cell migration and poten-
tially enhance tissue restoration or synaptic plasticity [115e].
The applications of using DBS, which is established as safe
and effective, to modulate neuropathology or enhance spatial
temporal control of therapeutics or induce activation of repair
mechanisms may be potential future out-of-the box solutions
that leverage DBS in completely new ways.

Conclusions

The infancy of DBS is long gone. DBS is now a common
therapy in many movement disorders, psychiatric diseases,
and others. Research has been increasingly opening new

possibilities for both patients and clinicians. For instance,
aDBS is designed to tailor delivering electrical current
according to the patient’s symptoms. It is of great interest
in PD because of motor fluctuations and, hopefully, could
critically impact PD patients’ quality of life. More and more
DBS targets are studied, allowing us to better understand
pathological mechanisms in movement disorders in both the
brain (MLR, SNr, NBM, cerebellum) and the spinal cord.
Neurosurgeons’ practice is rapidly evolving, thanks to more
accurate tools designed to better target basal ganglia or, more
recently, critical networks disrupted in movement disorders.

DBS has much more effect in our brain than we initially
thought, on the molecular, cellular, connectivity, and higher-
order oscillations. It is critical that the field continues to not
only make investments in advancing new technologies to
improve current paradigms of stimulation but look to the pos-
sibility of using DBS to ultimately modify disease progression.
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