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Deep brain stimulation (DBS) is an effective therapy for various neurologic and neuropsychiatric disorders, involving chronic
implantation of electrodes into target brain regions for electrical stimulation delivery. Despite its safety and efficacy, DBS
remains an underutilized therapy. Advances in the field of DBS, including in technology, mechanistic understanding, and
applications have the potential to expand access and use of DBS, while also improving clinical outcomes. Developments in
DBS technology, such as MRI compatibility and bidirectional DBS systems capable of sensing neural activity while providing
therapeutic stimulation, have enabled advances in our understanding of DBS mechanisms and its application. In this review,
we summarize recent work exploring DBS modulation of target networks. We also cover current work focusing on improved
programming and the development of novel stimulation paradigms that go beyond current standards of DBS, many of which
are enabled by sensing-enabled DBS systems and have the potential to expand access to DBS.
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Introduction
Deep brain stimulation (DBS) is a surgical therapy involving the
implantation of electrodes into target brain regions to deliver
stimulation. DBS is an effective treatment for various neurologic
and neuropsychiatric disorders. The FDA has approved DBS in
the treatment of Parkinson’s disease (PD), essential tremor (ET),
and epilepsy, and granted Humanitarian Device Exemptions for
the treatment of dystonia and obsessive compulsive disorder
(OCD) (Perlmutter and Mink, 2006). Investigational indications
for DBS include depression, Tourette syndrome, Alzheimer’s dis-
ease, and post-traumatic stress disorder. Although DBS has become
standard of care for PD and other neurologic disorders, only a lim-
ited number of patients receive this therapy. This may reflect its
invasive nature, the high cost of treatment (including surgery and
postoperative programming visits), and limited access to special-
ized care by the patient (Bronstein et al., 2011; Chan et al., 2014;
Willis et al., 2014; Kestenbaum et al., 2015).

It is estimated that.244,000 DBS systems have been implanted
worldwide, yet the mechanism by which DBS provides its

therapeutic benefit remains unclear (Wong et al., 2023). Current
research suggests that DBS functions via multiple mechanisms that
differ based on indication and symptom (Herrington et al., 2016;
Ashkan et al., 2017). The DBS system involves internal and exter-
nal components, including implanted electrodes, an implantable
pulse generator (IPG), extension cables connecting the electrodes
and IPG, a clinician programmer for setting and optimizing DBS
parameters, and a patient programmer (Fig. 1A) (Sarem-Aslani
and Mullett, 2011). Recent innovations in DBS technology
include MRI compatibility, rechargeable IPGs, segmented elec-
trodes for directional stimulation (Schüpbach et al., 2017), and
bidirectional systems capable of sensing neural activity (local
field potentials [LFPs]) while simultaneously delivering thera-
peutic stimulation (Cummins et al., 2021; Feldmann et al., 2021).
These technological advances have enabled further studies of
neuromodulation and led to optimization of DBS, including sur-
gical implantation, stimulation parameter selection, and even the
timing of stimulation delivery, in search of enhancing clinical
outcomes. Furthermore, novelties in DBS technology have con-
tributed to our ever-evolving understanding of DBS mecha-
nisms, which in turn encourages the widespread adoption of
DBS therapy across patients, targets, and indications.

Here, we summarize developments in elucidating DBS mech-
anisms and applying DBS using novel technologies. We begin by
providing an overview of recent works that elucidate macro net-
work scale mechanisms of DBS. This is followed by a review of
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Figure 1. Schematic of internal DBS system components and example results across targeting techniques. A, The DBS system involves internal and external components, including implanted
electrodes, an IPG, extension cables connecting the electrodes and IPG. Not shown is the clinician programmer for setting and optimizing DBS parameters, and the patient programmer. Some
components of this schematic were created with Biorender.com. B, An example of sweet spot mapping for motor progression and white matter tracts associated with motor progression in
patients with Parkinson’s disease. Adapted from Hacker et al. (2023). Top left, Coronal. Top right, Axial. Purple outlines the subthalamic nucleus. Red represents red nucleus. White dashed line

7576 • J. Neurosci., November 8, 2023 • 43(45):7575–7586 Sandoval-Pistorius et al. · Advances in Deep Brain Stimulation

http://Biorender.com


DBS techniques for optimizing the selection of stimulation pa-
rameters and the timing of stimulation delivery. We end with a
discussion of how advancements in DBS applications may lead
to its increased accessibility.

Advances in mechanisms: a network targeting approach
An incomplete understanding of DBS therapeutic mechanisms
persists as a fundamental challenge in successfully implementing
and optimizing the therapy, especially in investigative indications.
Preliminary theories included local suppression of pathologic activ-
ity in the target region stemming from the rate model in PD
(Boraud et al., 1996; Benazzouz and Hallett, 2000; Dostrovsky et
al., 2000), and the decoupling of axon and soma (e.g., an informa-
tional lesion) (Grill et al., 2004; McIntyre et al., 2004b; Lowet et
al., 2022). Computational modeling (McIntyre et al., 2004a;
Farokhniaee and McIntyre, 2019; Bower and McIntyre, 2020)
has been used to elucidate single-neuron modulation from stim-
ulation and synaptic plasticity. The extensive and multidiscipli-
nary preclinical and clinical research done to identify the
mechanism of DBS action and the resultant divergent conclu-
sions have led to one unified theory: that DBS functions through
a multimodal mechanism (for a recent review of DBS mecha-
nisms, see Neumann et al., 2023). A current leading hypothesis
postulates that therapeutic benefits of DBS arise from modulat-
ing activity throughout target networks (Lozano and Lipsman,
2013; A. Horn et al., 2017; Sobesky et al., 2022; Neumann et al.,
2023), which is consistent with the observation that many of the
indications treated with DBS are considered network disorders
(Prudente et al., 2014; Kaiser et al., 2015; Kim et al., 2017; B. Li et
al., 2018; Zhu et al., 2019; Bijanki et al., 2021; Yu et al., 2021).
Thus, DBS can be considered a network therapy (Neumann et
al., 2023), making the identification of appropriate target net-
works vital to the optimization of DBS outcomes.

Sweet spot mapping
DBS lead location is a key factor in postsurgical outcomes and
underscores the importance of identifying and accurately prob-
ing target networks for optimal clinical results (Vitek et al., 2022;
Hacker et al., 2023). MRI (Lanotte et al., 2002; Starr et al., 2002;
Johnsen et al., 2010) and stereotactic atlas-based targeting
(Godinho et al., 2006; Vergani et al., 2007; Zheng et al., 2009) are
used for surgical planning to identify and place the electrode in
the intended target region. Intraoperatively, microelectrode array
recordings can be performed to identify movement-related single
units and to map the borders of the target region (D. D. Wang et
al., 2018; Koirala et al., 2020), and postoperative imaging is often
used to confirm electrode placement (Lanotte et al., 2002; Cintas
et al., 2003; Yelnik et al., 2003; Zonenshayn et al., 2004; Maks et
al., 2009; Johnsen et al., 2010). Computational models of stimula-
tion informed by electrode location are often used to relate the
stimulation area (e.g., volume of tissue activation) to patient out-
comes and to define the “sweet spot” within target brain regions
(Dembek et al., 2019; Reich et al., 2019; Lumsden et al., 2022;
Hacker et al., 2023). Considering DBS’ network effects, computa-
tional models of fiber activation using techniques, such as fiber fil-
tering, identify possible modulated structural networks implicated

in positive DBS outcomes (Neudorfer et al., 2023). A 2022 study
compared sweet spots in the globus pallidus for the treatment of
cervical versus generalized dystonia (A. Horn et al., 2022) and
found that the posterior ventromedial globus pallidus internus
(GPi) and modulation of pallidosubthalamic fibers and cortico-
spinal fibers led to optimal treatment of cervical dystonia, while
targeting a more anterior and dorsal subregion of the GPi, mod-
ulating the pallidothalamic tracts, led to optimal outcomes for
generalized dystonia. A recent study by Hacker et al. (2023)
describes a potential DBS subthalamic nucleus (STN) sweet spot
for early-stage PD that is more ventral and lateral than that for
late-stage PD (Fig. 1B) (Yelnik et al., 2003; Caire et al., 2013).
Hacker et al. (2023) suggest that targeting the early-stage sweet
spot with DBS induces motor improvement and slower motor
progression through modulation of fibers projected from the
supplementary motor area and primary motor cortex to the
STN. Collectively, these works support the hypothesis that DBS
functions by modulating networks downstream from the target
structure (Neumann et al., 2023).

fMRI
There is a growing consensus that abnormal network oscillations
underlie motor dysfunction in movement disorders and certain
symptoms of neuropsychiatric conditions treated by DBS (Graybiel
and Rauch, 2000; Brown, 2003). This has led to interest in identify-
ing network-based biomarkers of DBS clinical response to verify
and guide the selection of therapeutic stimulation parameters.
Advances in DBS technology enabling implanted patients to
undergo whole-brain 1.5T or 3TMRI while on stimulation (Boutet
et al., 2020; Medtronic, 2021) have made fMRI an attractive tech-
nique for probing whole-brain DBS effects in the intraoperative
and postoperative setting (Fig. 1C) (for a recent systemic review,
see Loh et al., 2022).

Timing of imaging and the fMRI paradigm are leading sour-
ces of variability within the field. Results are sensitive to either
acute stimulation effects, including microlesion phenomena if
performed during surgery or in the weeks following, or chronic
stimulation effects if performed after DBS parameter optimiza-
tion (Miao et al., 2022). fMRI paradigms typically involve either
(1) continuously cycling stimulation for predetermined intervals
during rest or (2) comparisons between rest and task perform-
ance during DBS on and off states. Such fMRI paradigms can
provide insight into DBS- and task-evoked BOLD response, and
stimulation effects on functional connectivity. Despite differen-
ces across studies, DBS effects on brain function have largely
been reproducible. For example, cycling STN DBS in PD consis-
tently alters BOLD activity of the cerebellum and the cortico-ba-
sal ganglia-thalamo-cortical network, although the directionality
conflicts across studies (see Loh et al., 2022). Similarly, studies
consistently report stimulation-induced increased cortico-tha-
lamic connectivity during rest, but at least one study has shown
the opposite (Zhang et al., 2021). Importantly, these effects have
been related to and even predictive of PD motor symptom
improvement with DBS, which paves the way for future efforts
aiming to establish fMRI as a clinical programming tool (Boutet
et al., 2021). Other important work includes studies showing
DBS effects change overtime, including compared with healthy
controls, and how it differs across PD subtypes and patient-spe-
cific stimulation parameters (Loh et al., 2022). These studies con-
tribute to our understanding of DBS therapeutic mechanisms.

With GPi now an established target for PD and dystonia,
recent efforts have been focused on understanding how GPi-
DBS modulates motor networks (Filip et al., 2022; Z. Li et al.,

/

indicates Bejjani line. C, An example of circuitry characteristics derived from fMRI in a patient
with OCD. D, Neuroplastic reductions in OCD-related cortico-striatal hyperconnectivity are also
apparent after chronic stimulation, with unique STN-frontostriatal coupling when DBS is off
that may reflect disease spread. Caud = Caudate Putamen, VST = Ventral Striatum, ACC =
Anterior Cingulate Cortex, STN = Subthalamic nucleus, OFC = orbitofrontal cortex.
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2023). Evidence of GPi-DBS-evoked brain network normaliza-
tion and cortico-thalamic connectivity changes that correlate
with motor improvement overlap with the current understand-
ing of STN-DBS modulatory effects and further highlights simi-
larities across disorders of basal ganglia dysfunction treated with
the same target. Such transdiagnostic approaches are emergent
for DBS management of neuropsychiatric conditions, where
symptom domains overlap and far fewer patients are implanted
compared with movement disorders (Allawala et al., 2021). For
these conditions and others like dystonia, where the clinical ben-
efits of DBS can take weeks to months to be realized, fMRI stands
out as a powerful tool for understanding the time course of DBS
effects and establishing a way to choose efficacious stimulation
parameters with limited patient feedback during programming.
In a recent fMRI study from the Morrison laboratory and collab-
orators at the University of California–San Francisco, patients
with medication refractory OCD receiving DBS to the anterior
limb of the internal capsule, underwent a 1 min cycling paradigm
during imaging to evaluate differences in functional brain
response to therapeutic versus nontherapeutic DBS (Bohara et
al., 2023; Slepneva et al., 2023). For each DBS setting, functional
connectivity maps (i.e., FCON and FCOFF) seeded in the anterior
cingulate cortex (ACC), a gray matter structure connected to the
anterior limb of the internal capsule and implicated in OCD,
were generated from concatenated stimulation blocks. BOLD
activation maps (i.e., BOLDON.OFF) were also computed. Initial
findings demonstrated that therapeutic stimulation settings
reduced BOLD activity in areas consistent with the default
mode network (Fig. 1D) (Slepneva et al., 2023). Similarly, con-
nectivity between the ACC and frontal areas decreased with
therapeutic stimulation (Bohara et al., 2023). In novel work
performed by the same group, longitudinal analysis of fMRI
data from a responder patient in the same cohort showed no-
table pre-to-post reductions in ACC-striatal connectivity and
regional BOLD variability that were persistent with and with-
out active stimulation, implying that DBS has some neuroplas-
tic effects on the brain. More longitudinal fMRI-DBS studies
that incorporate adequate time for stimulation effect wash-
out and with thorough symptom assessment at each time point
are needed. Additionally, larger cohort studies, including multi-
parametric and multimodal studies that repeat and/or combine
paradigms while incorporating ground truth neural recordings
are needed to determine fMRI reliability and further our under-
standing of DBS circuit engagement.

Here, we have discussed a few of the many approaches used
to elucidate mechanisms of DBS, specifically sweet spot mapping
and fMRI. These methods may improve DBS clinical outcomes
by optimizing lead localization and therapeutic stimulation pa-
rameter selection. In indications for which DBS is not commonly
used (e.g., OCD and depression), greater efforts should be made
to enhance collaboration or establish databases to hasten under-
standing and widespread implementation of DBS. As discussed,
future work may examine how these measurements may be com-
bined with or related to one another in multimodal analyses to
decipher causal relationships between applications and therapeu-
tic outcomes across targeted networks.

Advances in DBS applications
Advances in programming: neural activity informed
programming
Optimal stimulation parameter selection is as important to DBS
outcomes as lead placement. DBS programming aims to deter-
mine stimulation parameters that maximize therapeutic benefit

while minimizing DBS-induced side effects. Modifiable DBS
parameters include stimulation contact(s), contact configura-
tions (e.g., monopolar vs bipolar), amplitude, frequency, and
pulse width (see Fig. 3A). DBS programming is a tedious, trial-
and-error process that often requires regular reprogramming,
which impacts the amount of time patients spend in the clinic
(Bronstein et al., 2011). As previously discussed, complexities
in programming arise when symptom change is observed on
the scale of weeks to months (e.g., psychiatric disorders) com-
pared with immediately [e.g., PD or ET (Crowell et al., 2019)].
The advent of directional leads, which introduced cylindrical
contacts segmented into three separate electrodes, has allowed
for improved sweet spot targeting and programming by ena-
bling stimulation “steering” (Petry-Schmelzer et al., 2019; Paff
et al., 2020; Fricke et al., 2021; Frey et al., 2022). However,
directional leads have made an already laborious and time-con-
suming process even more complicated by increasing the num-
ber of possible parameter combinations (Brinke et al., 2018).
Thus, there is an urgent need to improve or automate DBS pro-
graming to maximize the therapeutic benefit of DBS.

Neural sensing for biomarker-driven programming
Next-generation DBS systems capable of sensing LFPs while
simultaneously providing therapeutic stimulation have enabled
the use of neural biomarker activity as an output for DBS param-
eter selection. For example, spontaneous oscillatory activity, par-
ticularly STN and GPi b (13-30Hz) activity, is correlated with
bradykinesia and rigidity severity in PD (Kühn et al., 2006,
2008). However, contradictory results report this correlation in
only 50% of patients treated with STN DBS (Strelow et al., 2022).
Nevertheless, recent studies have suggested selecting the contact
with the highest beta power for therapeutic stimulation. A 2021
study assessing b spectral power during GPi DBS suggests that
reduction in spectral power correlates with PD symptoms (Cagle
et al., 2021) and might aid DBS parameter selection. Such find-
ings, together with novel directional leads capable of revealing
the spatial distribution of neural biomarkers (Aman et al., 2020),
open the door for the development of automated algorithms to
guide stimulation parameter selection in PD.

Bidirectional DBS systems have been instrumental in pro-
gramming optimization beyond movement disorders. It is
thought that ventral capsule/ventral striatum (VC/VS) DBS,
used to treat OCD, achieves its therapeutic effect by reducing
hyperactive fronto-striatal network activity. An ongoing clini-
cal trial aims to identify neural biomarkers of symptom inten-
sity for OCD. In Phase I of the study (NCT03457675), patients
received bilateral VC/VS DBS, with leads connected to the
investigational Medtronic Summit RC1S device, a second-
generation sensing-enabled IPG (Stanslaski et al., 2018). Over
1000 h of bilateral VC/VS LFPs were collected during naturalistic
exposures to OCD triggers and used to identify neural activity
related to symptom intensity. Low d -band power emerged as a
candidate neural biomarker of OCD symptom intensity during
symptom provocation in one individual (Provenza et al., 2021). To
expand on initial findings, Phase II of the study (NCT04281134)
included chronic electrocorticography (ECoG) electrodes subdur-
ally implanted over orbitofrontal cortex (OFC) to evaluate the util-
ity of orbitofrontal recordings in addition to VC/VS LFPs for
biomarker identification. To investigate neural activity related
to side effects of stimulation, LFPs were recorded during stim-
ulation amplitude changes in the clinic. Initial electrophysio-
logical analysis by Nicole Provenza from Baylor College of
Medicine assessing acute response to bilateral stimulation
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amplitude increases revealed elevated 30Hz spectral power
specific to lateral OFC associated with increased engagement
and approach behaviors that may be a precursor to hypomania
(Provenza et al., 2023). These data suggest divergent neural bio-
markers of these two competing states (i.e., increased OCD symp-
toms and hypomania), allowing for simultaneous optimization.
Although preliminary, multisite recordings in patients with OCD
will enable future investigations of neurophysiological measures of
VC/VS-OFC connectivity, bringing us closer to identifying an OCD
severity biomarker that may be used for programming optimization.

Evoked potentials (EPs)
Beyond spectral power, stimulation-evoked responses, particu-
larly evoked resonant neural activity (ERNA), have also shown
promise as potential biomarkers to guide DBS programming.
ERNA is a high-frequency (200-500Hz) and high-amplitude
(;100-1000 uV) oscillation that occurs in response to each DBS
pulse (Fig. 2A,B). ERNA was initially characterized in the STN
(Sinclair et al., 2018) and potentially localized to the dorsal
region, the optimal target for DBS lead implantation (Sinclair et
al., 2019, 2021). A recent study established that ERNA also
occurs during GPi DBS and may be localized to a postero-dorsal
region spanning the GPi-GPe border (K. A. Johnson et al.,
2023). In addition, the contact eliciting the highest amplitude
ERNA with STN (Xu et al., 2022) or GPi (K. A. Johnson et al.,
2023) DBS may correspond with the therapeutic contact used
for chronic DBS. However, the precise localization of ERNA
and its potential for tuning based on the direction of stimula-
tion within the GPi or STN remains unknown. Recent work
from the de Hemptinne laboratory at the University of Florida
by Kara A. Johnson assessed ERNA with intraoperative direc-
tional STN or GPi DBS in PD patients. Preliminary results

demonstrate direction-specific stimulation ERNA activity,
suggesting its promise as a biomarker for effective stimulation
parameters while harnessing the full capabilities of directional
DBS leads.

Targeting strategies that work for movement disorders may
be less applicable to DBS treatment for psychiatric disorders,
such as subcallosal cingulate (SCC) DBS for treatment-resistant
depression (TRD) (Bergfeld et al., 2018; Crowell et al., 2019).
While precise surgical targeting of structures within the SCC
region is associated with better treatment outcomes (Riva-Posse
et al., 2018, 2020), device parameter adjustment in the clinic is
critical to confirm target engagement. A compelling solution to
this problem is perturbation mapping, which provides a spatio-
temporal pattern of voltage fluctuations conventionally observed
in the form of a cortical EP (Waters et al., 2018). Stimulation EPs
are derived by averaging an electrophysiological signal across
hundreds of pulse-locked, stimulation-recording events and can
be obtained using both invasive and noninvasive stimulation and
recording strategies. Perturbation maps of the SCC possess the
key design characteristics of a viable patient-level biomarker.
They are feasibly collected in a clinical setting with EEG (Fig.
2C), and the signal is highly sensitive to programming parame-
ters used to optimize target engagement following device im-
plantation (Waters et al., 2018). EPs are sensitive to changes in
dose at the mA-scale, as well as location within the target region
at the mm-scale, surpassing other imaging methods that eluci-
date the effects of parameter adjustments in DBS (Smith et al.,
2022). The SCC EP shows remarkable retest reliability and speci-
ficity to an individual, while still retaining a population-level
structure (Waters et al., 2018).

An important growth area for perturbation mapping research
is to decode variance in the EP structure. EPs appear as a
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complex pattern of electric fields that evolve on the millisecond
timescale and can last up to 0.5 s following a pulse of stimulation.
These features reflect the causal impact of stimulation on brain-
wide dynamics, also called effective connectivity (Entz et al.,
2014). The read-out is thus analogous to structural or functional
connectivity measures, but it excels in temporal acuity and pro-
vides unique information about how and where stimulation per-
turbs the brain. However, evidence of an association between
evoked components and white matter architecture or functional
network engagement only partly explains location specificity
(Howell et al., 2021). Features of EPs that are sensitive to stimula-
tion location appear to be generated by phase alignment of en-
dogenous oscillatory activity in TRD. This points to a largely
untapped oscillatory feature space, which is arguably the most
relevant to circuit dynamics (Smith et al., 2022). Further ex-
ploration of spectral characteristics of perturbation mapping
is warranted to elucidate the mechanism by which stimulation
impacts downstream cortical activity. This would enable pre-
cision targeting and stimulation programming for TRD and
potentially other neurologic disorders to improve clinical
efficacy.

Studies exploring a potential relationship between EPs (i.e.,
ERNA) and oscillatory biomarkers (i.e., beta power) could fur-
ther clarify the role of such biomarkers in DBS optimization.
Collectively, electrophysiological biomarkers could guide auto-
mated algorithms to expedite and improve DBS programming.
Biomarker localization may elucidate mechanisms of DBS and
enable multimodal methods for improved DBS efficacy and
efficiency.

Advances in stimulation paradigms: beyond continuous
high-frequency DBS
To date, continuous, high-frequency (.130Hz) stimulation (Fig.
3B) is the gold standard of DBS therapy. However, as clinicians
seek the balance between optimal motor outcomes and manag-
ing stimulation-induced side effects, alternative paradigms of
stimulation have emerged. A recent review (Najera et al., 2023)
provides an in-depth report on alternative stimulation paradigms
assessed in human subjects.

Variable frequency stimulation
Many emerging stimulation patterns rely on polyrhythmic
stimulation. One example is variable frequency stimulation
(VFS), which alternates between two frequencies. For example,
VFS may alternate between high- and low-frequency stimu-
lation (HFS and LFS, respectively; Fig. 3C). HFS and LFS
appear to have differential actions. HFS, and not LFS, improves
rigidity and tremor (Benabid et al., 1991; Limousin et al., 1995;
Volkmann et al., 2002). Conversely, LFS may improve axial
symptoms and speech abnormalities, symptoms that HFS can
exacerbate (Moreau et al., 2008; Grover et al., 2019). However,
reports assessing the effects of LFS versus HFS on different PD
symptoms have varied, except for tremor, which seems to
respond best to HFS (Su et al., 2018). Studies have shown that
VFS can exploit the hypothesized benefits of both HFS and
LFS. A 2018 study compared VFS to HFS in 4 PD patients
with freezing of gait (Jia et al., 2018) and reported a 14%
improvement in the Unified Parkinson’s disease rating scale III
(UPDRS-III) motor score using VFS over HFS. Burst cycling,
including theta burst stimulation, is another example of a pol-
yrhythmic stimulation pattern, which alternates between
periods of ON and OFF stimulation (Fig. 3D) (Bentley et al.,
2020; Sáenz-Farret et al., 2021; Wong et al., 2021). The effec-
tiveness of burst cycling may depend on the movement disorder:
eliciting variable PD symptom improvement (Montgomery, 2005;
M. A. Horn et al., 2020; Dayal et al., 2021; Sáenz-Farret et al.,
2021; Wong et al., 2021), no improvement in postural tremor
(Kuncel et al., 2012), and promising results for dystonia (Tai et al.,
2011; MacLean et al., 2023). Burst cycling is most promising in
treating epilepsy, where its application results in decreased seizure
occurrence using various DBS targets (Min et al., 2013; Vázquez-
Barrón et al., 2021).

Interleaved stimulation
Another promising approach is interleaved stimulation (ILS).
Like VFS, ILS takes advantage of alternating between two distinct
stimulation settings that maximize symptom alleviation while
avoiding adverse stimulation-induced side effects. Unlike VFS,
which alternates between frequencies on the same contact, ILS

Figure 3. Stimulation paradigms beyond standard high-frequency DBS. A, Schematic of the DBS stimulation pulse, including the amplitude, pulse width, and frequency. B, Continuous high-
frequency DBS delivers stimulation at.130 Hz with no change to stimulation amplitude, frequency, pulse width, or active contact. C, Variable frequency stimulation involves stimulating in
alternating blocks of high-frequency stimulation and low-frequency stimulation (60-80 Hz). D, Burst cycling DBS delivers bursts of stimulation at the same intraburst frequency as HFS but
with an interburst frequency ranging from 4 to 15 Hz. E, Interleaved stimulation alternates between two stimulation programs in which each can have independent amplitude, frequen-
cies, pulse widths, and active contacts. F, Coordinated reset DBS in which the order of the contacts being stimulated is shuffled between each set of stimulation blocks. G, In this example
of an adaptive DBS paradigm (components of the schematic were created in Biorender.com), a cortical control signal is being used to control stimulation amplitude on the depth lead
within the STN. Once the control signal exceeds a predefined threshold (shown as the blue dotted line), stimulation amplitude decreases to avoid any stimulation-induced symptoms, such
as dyskinesia.
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uses programs set at two distinct contacts on an electrode, which
allows for different amplitudes, pulse widths, and frequencies
(Fig. 3E). ILS has been implemented in DBS for PD, ET, and dys-
tonia and has reduced various motor symptoms and stimulation
induced effects. For instance, ILS appears to reduce dyskinesia in
PD (Ramirez-Zamora et al., 2015). ILS reduces stimulation-
induced side effects (e.g., dysarthria) in both PD (Wojtecki et al.,
2011) and ET (Barbe et al., 2014) while maintaining clinical ben-
efit. ILS may also benefit dystonia patients who are otherwise
unresponsive to DBS (Kovács et al., 2012). Although promising,
further exploration is needed to fully understand the usefulness
of ILS across symptoms and indications.

Coordinated reset DBS
Various novel stimulation paradigms have been developed using
computational modeling and later tested in human subjects. One
example is coordinated reset (CR) DBS, which is based on the
theory that HFS stimulation works by disrupting synchronized
neural activity. CR DBS is designed to counteract exaggerated
synchronization in neuronal populations by using phase-shifted
neural activation (Tass, 2003). Instead of delivering continuous,
HFS, CR DBS delivers consecutive brief high-frequency pulse
trains (i.e., burst stimulation) at a considerably lower stimulation
amplitude through different contacts of the DBS lead at different
times (Fig. 3F), ultimately dividing the neuronal population into
subpopulations, desynchronizing pathologic connectivity and ac-
tivity. It is suggested that CR is superior to standard continuous
DBS (cDBS) because of the significantly reduced energy needed
to achieve a therapeutic effect and its reduction in stimulation-
induced adverse effects (Tass, 2003). Modeling studies suggest
that the network’s desynchronization state can sustain after CR
DBS is ceased (i.e., carryover effect), suggesting long-lasting
motor benefits, which further reduces the need for stimulation
and risk of stimulation-induced adverse effects.

When CR DBS was first applied in vivo using nonhuman pri-
mate (NHP) models of PD, Tass et al. (2012) demonstrated that
STN CR DBS had carryover effects on akinesia improvement,
even 35 d after stimulation cessation. A 2016 study validated the
acute benefits of CR DBS and a carryover effect of up to 2 weeks
on a wider range of parkinsonian symptoms, including akinesia,
tremor, rigidity, and bradykinesia (J. Wang et al., 2016). In a CR
DBS proof-of-concept clinical study in 6 individuals with PD,
Adamchic et al. (2014) applied CR DBS for 3 consecutive days in
two daily sessions of up to 2 h. After the third daily dose of CR
DBS, motor scores assessed using the UPDRS-III showed a sig-
nificant improvement compared with the evening score from the
first day, signifying cumulative aftereffects of CR DBS. While
these studies suggest the superiority of CR DBS compared with
standard cDBS, further validation of CR DBS is needed in more
patients with PD to clinically translate this novel DBS approach.

CR DBS parameter optimization and underlying mechanisms
of therapeutic effect need to be validated to expedite its clinical
translation. Modeling studies have suggested that variations in
CR DBS parameters (i.e., stimulation frequency, intensity, and
number of stimulation sites) can significantly impact its acute
and long-lasting stimulation outcomes (Manos et al., 2018).
Furthermore, a 2022 study demonstrated that shuffling the order
of burst stimulation across DBS contacts, rather than continually
repeating the same sequence, improves CR DBS motor outcomes
in two NHPs (J. Wang et al., 2022). Studies of CR DBS mecha-
nisms suggest CR DBS desynchronizes oscillatory activity, with
one study reporting reduced STN b and theta power following
STN CR DBS (Adamchic et al., 2014) and another reporting

decreased coherence between left and right primary motor cortex
after CR DBS (Chelangat Bore et al., 2022). Ongoing work in Jing
Wang’s laboratory at the University of Minnesota suggests that
STN CR DBS induces acute STN beta phase desynchronization
followed by a sustained reduction in the cortical-subcortical
(STN-M1 and STN-premotor cortex) coherence that corre-
lates with carryover motor improvement. These results indi-
cate that STN CR DBS therapeutic effect is associated with
both local and network neuronal desynchronization, although
further validation is needed. Given its desynchronizing effect,
CR DBS can also be expanded to other neurologic and neuro-
psychiatric disorders that involve exaggerated neural synchroni-
zation. For example, an ongoing clinical trial (NCT05897775) is
assessing the safety and efficacy of thalamic CR DBS in ET.

Adaptive DBS (aDBS)
Bidirectional DBS systems have enabled novel stimulation proto-
cols, such as closed-loop or aDBS, in which stimulation is deliv-
ered in response to a control signal (e.g., a neural biomarker)
exceeding a defined threshold (Fig. 3G). Trials of aDBS are cur-
rently ongoing across industry (NCT04547712) and academia
(NCT03582891, NCT04806516, NCT04106466, NCT02649166).
The motivation behind aDBS is to enhance therapeutic efficacy
by delivering stimulation only when needed based on the dy-
namics of neural data, potentially avoiding stimulation-induced
adverse side effects (e.g., dysarthria) and improving clinical out-
comes compared with standard cDBS (Little et al., 2013, 2016b;
Piña-Fuentes et al., 2020). aDBS was initially pioneered in an
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-treated NHP, driv-
ing stimulation to the GPi using neuronal spikes recorded from
either GPi or motor cortex as control signals (Rosin et al., 2011).
aDBS reduced akinesia, pallidal discharge rates, and pathologic
oscillations more than standard HFS. Most studies reporting
on aDBS outcomes use STN beta power as the control signal
because of its relationship to bradykinesia, rigidity severity, and
sensitivity to therapy (medication and DBS) states (Kühn et al.,
2006, 2008). These studies have been acute, in-clinic trials in PD
patients using externalized leads (Little et al., 2013, 2016a; Piña-
Fuentes et al., 2020). Nevertheless, they have demonstrated the
potential augmented benefits of aDBS over cDBS on motor
outcomes.

Researchers have now begun replicating acute aDBS trials in
embedded systems that have the potential of at-home testing and
enable exploration of different feedback signals across the fre-
quency spectrum or even across implicated pathologic networks
using multisite sensing. Using a first-generation bidirectional
DBS device (Medtronic PC1S), Swann et al. (2016) demon-
strated that reducing stimulation amplitude when narrowband
cortical g was increased, signifying the hyperkinetic state,
reduced electrical energy expenditure while maintaining ther-
apeutic efficacy (Swann et al., 2018). Another study using the
Medtronic PC1S pioneered a dual threshold control algo-
rithm on STN beta power in 13 patients with PD that reduced
bradykinesia and tremor while delivering half the electrical
energy as cDBS (Velisar et al., 2019). The first implementation
of aDBS in an at-home setting used a second-generation bidir-
ectional device (Medtronic RC1S) (Gilron et al., 2021a). The
authors implemented both an STN b - and cortical g -driven
algorithm during awake hours in 2 patients with PD, demon-
strating decreased “on-time” dyskinesia in 1 patient during
aDBS compared with cDBS using both subjective and objec-
tive measures. To better understand the benefits of aDBS,
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future blinded clinical trials in naturalistic environments are
needed (Oehrn et al., 2023).

The potential benefits of aDBS extend to disorders beyond PD.
Studies involving ET patients receiving DBS to the ventral inter-
mediate nucleus of the thalamus implanted with the Medtronic
PC1S and subdural ECoG electrodes have used beta band
desynchronization for movement detection and subsequent stimu-
lation delivery (Opri et al., 2020). aDBS demonstrated equivalent
tremor suppression measured by wearable devices and clinical
scales, while reducing battery expenditure. Other neural-based
aDBS systems have been developed for Tourette syndrome (Cagle
et al., 2022), dystonia (V. Johnson et al., 2021), sleep classification
(Gilron et al., 2021b), tremor detection (He et al., 2021), freezing
of gait in PD (Petrucci et al., 2020; Molina et al., 2021), and epi-
lepsy (Heck et al., 2014). Additionally, wearables for control signal
detection have been explored for adaptive paradigms for ET
(Cernera et al., 2021) and PD (Malekmohammadi et al., 2016;
Louie et al., 2021), providing alternatives to neural biomarkers as
control signals. Finally, other types of aDBS control algorithms
that use either the phase of a control signal [either a wearable
(Cagnan et al., 2017) or neural signal (Holt et al., 2019)] have been
pursued to achieve high stimulation temporal specificity or pro-
portional adaptive stimulation (Rosa et al., 2017; Arlotti et al.,
2018; Bocci et al., 2021), in which stimulation amplitude increase
corresponds to control signal increases (e.g., beta power).

Advances in DBS therapy: toward eliminating barriers to
DBS
Collectively, this review highlights ongoing work leading to advance-
ments in elucidating DBS mechanisms and applications, includ-
ing electrode localization, optimizing DBS parameter selection,
and stimulation delivery. These endeavors involve a multidisci-
plinary approach incorporating expertise from neuroscientists,
engineers, and clinicians. Consequently, various modalities will
help elucidate DBS mechanisms and application, and urge tech-
nological growth. Several of these modalities are highlighted
within this review, including sweet spot mapping, EPs, fMRI for
circuit engagement, CR DBS, and adaptive stimulation. Although
promising, many of the applications reviewed, such as CR or aDBS
and various stimulation paradigms, have only been tested in a small
number of patients and within in-clinic settings. Future endeavors
will need to capitalize on novel bidirectional systems, or firmware
upgrades to corroborate in-clinic outcomes in naturalistic settings.

DBS remains an underutilized therapy, despite its proven
benefit. The recent advancements highlighted throughout this
review may contribute to its widespread adoption. A contribut-
ing factor to its underutilization may be clinician apprehension,
requiring significant advocacy and knowledge on the patient’s
part to overcome (Hamberg and Hariz, 2014). In OCD, a major
barrier to receiving DBS is lack of coverage for the treatment by
private insurance companies (Pinckard-Dover et al., 2021;
Visser-Vandewalle et al., 2022). Limited access to specialized
care is a major barrier to DBS for those with movement disorders
(Auffret et al., 2023). A recent study of.685,000 Medicare bene-
ficiaries living with PD revealed that just 9% of PD beneficiaries
see a movement disorders specialist, which is a major barrier to
receiving DBS because specialist referrals are often needed to
qualify for DBS (Pearson et al., 2023). Once implanted, patients
often need regular follow-up visits with a clinician trained in pro-
gramming and optimization, which is largely empirical and
requires extensive clinical experience that is limited to a few
expert centers. Limited or no access to such centers is a barrier to
receiving DBS shared by potential patients across all indications

(Nuttin et al., 2014; Pinckard-Dover et al., 2021; Cabrera et al.,
2022; Esper et al., 2022). These challenges highlight the urgent
need to streamline or automate the DBS programming process
to enable a broad range of advanced clinicians to provide quality
care for DBS patients. Further complicating individuals’ access to
DBS are the racial, gender, and socioeconomic disparities in DBS
utilization (Hemming et al., 2011; Auffret et al., 2023). Studies
have found that income correlates with DBS outcomes, which
may be because of the inability of lower income patients to
attend frequent follow-up visits for DBS programming optimiza-
tion because of difficulty taking time off work, limited access to
transportation, or limited support (Willis et al., 2014; Genc et al.,
2016). Thus, automated DBS programming may increase accessi-
bility of DBS to vulnerable populations, and when coupled with
advanced stimulation paradigms, such as CR and aDBS, patients
may experience a decreased need for frequent visits to the clinic
and see improved clinical outcomes.
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