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Unraveling the complexities of
programming neural adaptive
deep brain stimulation in
Parkinson'’s disease

Kevin B. Wilkins!t, Jillian A. Melbourne!t, Pranav Akella! and
Helen M. Bronte-Stewartt2*

'Department of Neurology and Neurological Sciences, Stanford University School of Medicine, Stanford,
CA, United States, 2Department of Neurosurgery, Stanford University School of Medicine, Stanford, CA,
United States

Over the past three decades, deep brain stimulation (DBS) for Parkinson'’s disease
(PD) has been applied in a continuous open loop fashion, unresponsive to
changes in a given patient’'s state or symptoms over the course of a day.
Advances in recent neurostimulator technology enable the possibility for closed
loop adaptive DBS (aDBS) for PD as a treatment option in the near future in
which stimulation adjusts in a demand-based manner. Although aDBS offers
great clinical potential for treatment of motor symptomes, it also brings with it
the need for better understanding how to implement it in order to maximize
its benefits. In this perspective, we outline considerations for programing several
key parameters for aDBS based on our experience across several aDBS-capable
research neurostimulators. At its core, aDBS hinges on successful identification
of relevant biomarkers that can be measured reliably in real-time working in
cohesion with a control policy that governs stimulation adaption. However,
auxiliary parameters such as the window in which stimulation is allowed to
adapt, as well as the rate it changes, can be just as impactful on performance
and vary depending on the control policy and patient. A standardize protocol
for programming aDBS will be crucial to ensuring its effective application in
clinical practice.

KEYWORDS

Parkinson’s disease, deep brain stimulation, closed loop, adaptive, beta, subthalamic
nucleus (STN), globus pallidus internus (GPi)

Introduction

Deep brain stimulation (DBS) currently offers effective treatment for motor symptoms in
Parkinson’s disease (PD). However, despite its success, it still suffers from several weaknesses.
These include impairment of speech, only moderate effectiveness for freezing of gait, some
residual fluctuation between on/off states, and loss of efficacy over time for axial symptoms
and to a lesser extent bradykinesia (Zibetti et al., 2011; Rizzone et al., 2014). Advancements
in current steering, stimulation patterns, and other aspects of DBS offer the potential
to improve its effectiveness for PD and other indications. One of the most promising
advancements is the implementation of closed loop or adaptive DBS (aDBS) in which
stimulation parameters, typically amplitude, modulate in response to a relevant biomarker
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(Neumann et al., 2023). The hope of such a “smart” DBS approach
is to improve symptom control, lessen side effects, and potentially
lessen long-term habituation.

The first aDBS work in PD in 2013 used patients with
externalized leads between the first and second stage of their
DBS procedure (Little et al., 2013). This work showed the
initial feasibility and efficacy of an aDBS approach for PD
motor symptoms. aDBS using patients with externalized leads
was expanded to longer duration sessions and freely moving
humans (Rosa et al., 2015; Arlotti et al., 2018), and a patient
with chronic DBS (Pina-Fuentes et al., 2017). The advent of
the first-generation sensing neurostimulator, Activa™ PC+S,
allowed for the advancement from externalized lead patients to
aDBS in chronically implanted individuals using a computer-
in-the-loop system. With this device, we demonstrated safety,
tolerability and efficacy of aDBS (Velisar et al, 2019), and,
subsequently, demonstrated the feasibility of aDBS for freezing
of gait (Petrucci et al., 2020b). The availability of the Summit”
RC+S for research expanded the opportunity for aDBS by both
increasing its technological capabilities (e.g., biomarker selection,
parameter adjustment, sampling frequency, etc.) as well as allowing
implementation outside the clinic, thus allowing for aDBS at-
home for the first time (O’Day et al, 2020a; Petrucci et al,
2020a; Gilron et al., 2021a; Oehrn et al., 2023). The combination
of the research with Activa™ PC+S and Summit® RC+S led
to the Percept™ PC, which became the first commercially
available DBS neurostimulator for PD to offer neural sensing
capabilities (Jimenez-Shahed, 2021). The PerceptTM PC also offers
the capability to perform chronic aDBS in research environments.
These capabilities are being tested in a pivotal international multi-
site trial, which, if successful, would allow for aDBS to become a
clinical option for treatment.!

The rapidly approaching future in which aDBS is a viable
clinical option brings with it the need to better understand how
it should be implemented to maximize its benefits. Just as current
DBS programming has evolved to a standardized protocol, a
standardization for parameter selection and evaluation for aDBS
will allow the optimization of therapy. The goal of this perspective
article is to offer a guide for the considerations of aDBS calibration
based on our research experience across the Actival™ PC+S,
Summit® RC+S, and PerceptTM PC (Medtronic PLC).

Sense-friendly configuration and
restrictions

Older DBS leads had 4 cylindrical electrode contacts whereas
current leads have 8 electrode contacts, 6 of which are segmented
over 2 levels to allow for directional stimulation fields. One of
the critical requirements for aDBS for most devices is a sense-
friendly configuration that allows for recording of artifact-free local
field potentials (LFPs) from the site of stimulation as a signal for
aDBS. One of the main techniques for removing the stimulation
artifact is through common mode rejection in which a “sandwich”
is used by recording from the contacts surrounding the active

1 https://clinicaltrials.gov/ct2/show/NCT04547712
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stimulation contact(s) (Stanslaski et al., 2012, 2018). By taking the
difference between the two recording contacts surrounding the
active stimulation contact, the stimulation artifact is significantly
attenuated, assuming similar impedances (Figures 1A, B). This
configuration is possible if either a single contact at the second
or third levels is active (single monopolar configuration) or if two
contacts at the second and third levels are active (double monopolar
configuration). However, this excludes certain configurations
from being used for aDBS, such as those requiring the most
dorsal or ventral contact. This limitation has been addressed by
the AlphaDBS® system which allows for asymmetrical sensing
configurations (Arlotti et al., 2021).

Typically, most targeting approaches for the subthalamic
nucleus (STN) or globus pallidus internus (GPi) seek to have the
electrodes at the second and/or third levels placed within the target
of interest, and therefore, not surprisingly, these contacts are the
ones most often used as active contacts (Hamel, 2003). However,
a variety of circumstances may require the use of the most dorsal
or ventral contacts. Ventral contacts may be used to treat gait
impairment, and dorsal contacts may be used to treat dyskinesias
(Alterman et al., 2004; Herzog et al., 2007; Chastan et al., 2008;
Weiss et al., 2013; Ramdhani et al., 2015). Additionally, activation
of the most dorsal or ventral electrode may be required in cases of
suboptimal targeting.

Adaptive deep brain stimulation (aDBS) does not necessitate
that both sides have sense-friendly configurations, as aDBS can be
set up in one hemisphere, while maintaining the other side on open
loop DBS, or signal from one hemisphere can be used to drive aDBS
in both hemispheres.

Even sense-friendly configurations can still be vulnerable to
various sources of artifact that render the LFP unusable (Thenaisie
et al., 2021; Hammer et al., 2022). Artifact can still be seen if there
is significant mismatch in impedances between the two recording
contacts surrounding the active electrode (Stanslaski et al., 2012),
or if there is a mechanical issue along the extension or lead (e.g., a
break, fluid intrusion, etc.). Additionally, electrocardiogram (ECG)
artifact can be a source of noise, especially in lower frequencies
and if the implantable pulse generator (IPG) is implanted in the
left chest (Neumann et al., 2021; Thenaisie et al., 2021). LFPs are
especially vulnerable to ECG artifacts during passive recharge due
to an increased duration of time after each stimulation pulse in
which ECG or other sources of noise can leak into the signal
(Stanslaski et al., 2018). Movement, especially turning of the head
or standing up, can, in some instances, elicit transient artifacts
(Thenaisie et al., 2021; van Rheede et al., 2022). Lastly, ramping of
stimulation is known to cause transient artifacts (Anso et al., 2022;
Hammer et al., 2022). Separating the recording and stimulation site,
such as the use of cortical electrocorticography (ECoG), offers an
alternative to minimize the impact of DBS-related artifacts on the
signal of interest, but is not standard of care (Swann et al., 2018;
Gilron et al., 2021a; Oehrn et al., 2023).

One potential future approach to avoid potential artifacts in
the neural data and sensing configuration restrictions is to instead
adapt stimulation based on measurements of the symptoms directly
from peripheral sensors. Inertial measurement units (IMUs) with
gyroscopes and accelerometers have successfully been used to
detect and measure tremor, freezing of gait, bradykinesia, and
dyskinesias (Griffiths et al., 2012; Braybrook et al., 2016; O’Day
et al., 2020b; Powers et al., 2021). A system that enables Bluetooth
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FIGURE 1
(A) Schematic of four contact lead sense-friendly configurations. Blue contacts represent potential recording pairs and green contacts represent
stimulating contacts. (B) Schematic of eight contact directional lead sense-friendly configuration. Directional leads allow the ability to stimulation
with one, two, or all three segments in a given row. Only one example of an active segmented contact is shown. (C) Example of a wrist
flexion-extension task which quantitatively measures bradykinesia at different levels of stimulation intensity relevant to clinical stimulation. (D) The
observed Vrms across the different stimulation levels, with the therapeutic window highlighted in light green. (E) The accompanying power spectral
density plots for one STN for the wrist flexion-extension task shown in (C) at the different levels of stimulation intensity.

communication between an external sensor and the IPG could
therefore allow the ability to adapt stimulation in response to the
presence or severity of various symptoms rather than relying on, or
in addition to, a neural biomarker. Alternatively, sensors could be
directly integrated into the IPG itself for a fully embedded system.
Pilot studies have demonstrated the feasibility of this approach
(Malekmohammadi et al., 2016; O’Day et al., 2020a; Cernera et al.,
2021; Melbourne et al., 2023) but this capability is currently limited
to research devices.

Identifying the neural input for aDBS

There have been several approaches to selecting which signal
to use as input for aDBS in PD. A relevant neural input for
aDBS should ideally meet 2 specific criteria: 1, it should relate
to the behavioral impairment and 2, it should be modulated by
DBS in an expected and consistent manner. These two criteria
ensure that the neural input is both a good biomarker of the
underlying pathophysiology of the disease, and an appropriate
feedback signal, so that when stimulation amplitude adjusts, it leads
to corresponding changes in the biomarker.

The most commonly used neural signal for aDBS is LFP beta
band (13-30 Hz) power recorded from the DBS lead, since the
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greater the attenuation of beta power or reduction in beta burst
duration from DBS, the greater the improvement in bradykinesia,
rigidity, gait impairment, and freezing of gait (FOG) (Kuhn et al.,
2008; Neumann et al., 2016; Anidi et al., 2018; Kehnemouyi et al.,
2021). Beta burst durations and gamma power have also been
used as relevant and efficacious neural inputs, and newer methods
have leaned on machine learning approaches to determine the
biomarker of interest rather than a priori designations (Swann et al.,
2018; Petrucci et al., 2020a; Gilron et al., 2021a; Merk et al., 2022;
Gao et al., 2023; Oehrn et al., 2023).

Regardless of choice of biomarker, it is critical that there is
sufficient signal to rely on it for aDBS. Large datasets from OR
and postoperative recordings indicate the presence of beta power
within the STN in a significant percentage of individuals with PD
(Shreve et al,, 2017; Darcy et al., 2022). The BrainSense capabilities
of the Percept™ PC device allow evaluation of beta power across
all contact pairs OFF DBS in chronically implanted patients to
determine whether enough signal is present to use for aDBS. The
choice of stimulation contact can then be chosen based on the
highest observed beta power. The Percept™ PC device offers the
ability to use a 5 Hz band around the frequency of maximum
observed beta power (or frequency band of interest) as the input
for aDBS.
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Once the biomarker of interest has been established for a
given patient, there are multiple approaches for the control policy.
The two most common policies are a single-threshold and dual-
threshold approaches (Supplementary Figure 1). In the single-
threshold approach, stimulation will increase when the biomarker
is above threshold, and decrease when the biomarker is below
threshold (Little et al., 2013, 2016; Pifa-Fuentes et al., 2020). This
response to threshold can also be inverted in the case of gamma
power. Whereas increased beta is often associated with greater
PD impairment, increases in gamma power in the motor cortex
and STN have been linked to the presence of dyskinesias and a
hyperkinetic state (Swann et al., 2016; Oehrn et al., 2023), which is
a sign of excessive combined therapy between DBS and medication.
Therefore, stimulation decreases in response to gamma power
going above threshold (Oehrn et al., 2023). Meanwhile, in a dual-
threshold approach, there are two thresholds, which creates a 3rd
“hold” state. In this policy, when the biomarker (e.g., beta power)
is above the upper threshold stimulation increases, whereas if it is
below the lower threshold, stimulation decreases, but if it is between
thresholds, stimulation holds (Velisar et al., 2019).

Determining safe and efficacious
aDBS amplitude limits

Standard DBS requires determining the amplitude at which
stimulation remains constant, whereas aDBS requires setting
safe and efficacious minimum and maximum amplitude limits,
between which aDBS varies. Most early aDBS research allowed the
minimum amplitude to be at zero (Little et al., 2013, 2016; Velisar
et al., 2019; Pifa-Fuentes et al., 2020; He et al., 2023). However, as
the research into the efficacy of aDBS has evolved, it is now evident
that setting a non-zero, therapeutically acceptable, minimum limit
for aDBS amplitude can protect against lowering aDBS amplitude
to sub-therapeutic levels, which may result PD symptom return,
especially tremor (Velisar et al., 2019; He et al., 2023). The upper
stimulation amplitude is that above which there may be side
effects due to over stimulation such as dyskinesias, face pulling,
speech intelligibility, or paresthesias. Accurate determination of
these limits is crucial for ensuring therapeutic level of stimulation
during aDBS.

The growing accessibility of wearables (e.g., IMUs) and
measurement devices offers the opportunity to determine safe and
efficacious lower and upper limits of stimulation. For instance,
angular velocity, accelerometry, and other forms of behavioral data
can be used to provide high-resolution quantitative metrics of
behaviors and symptoms to aid clinicians evaluating the therapeutic
range of DBS in a patient. Amplitude titrations where behavior
is assessed at randomized presentations of various intensities can
provide a clear picture for patient-specific lower and upper limits
for aDBS with a therapeutic response (i.e., therapeutic window).
For instance, an instrumented assessment of bradykinesia with DBS
titrations can allow for the identification of the minimum level
of stimulation that provides therapeutic benefit (Figures 1C, D).
These titrations can also be used for assessment of other symptoms
such as tremor or gait impairment (Supplementary Figure 2).
Combining DBS titrations with high-resolution wearables and/or
measurement devices that provide digestible reports of behavior in

Frontiers in Human Neuroscience

10.3389/fnhum.2023.1310393

near real time can both automate and reduce the time needed for
determining stimulation limits for aDBS.

Deep brain stimulation (DBS) titrations offer the additional
benefit of evaluating how the neural biomarker of interest responds
to DBS within the aDBS amplitude limits (Figure 1E). Although
it is important to identify the presence of a biomarker (e.g.,
beta power) OFF DBS, it is important to confirm that it also
modulates with incremental adjustments of DBS. Both single and
dual threshold control policies hinge on the assumption that
beta (or the frequency band power of interest) modulates in
an expected manner. Therefore, one must ensure both that the
band chosen is not inert and that there is sufficient modulation
specifically within the aDBS limits (i.e., Imin t0 Imax) as that is where
stimulation will be during aDBS. If not, then aDBS will simply
be adapting primarily on noise, rather than the pathophysiological
marker. This modulation should be relatively continuous in fashion
if stimulation amplitude is adapted in a graded manner. An
alternative viable approach is if the biomarker modulates in a binary
fashion (e.g., present of absent) when combined with adapting
between two stimulation states (e.g., lower level and higher level
of stimulation amplitude).

The inverse relationship between beta power and DBS
amplitude enables the choice of beta power thresholds directly from
the choice of Iyin and Iyax. For the dual threshold algorithm, the
upper beta threshold is set at the beta power that is measured
during DBS at Iinin; the lower beta threshold is either that measured
during DBS at I, or a value midway between beta power at
Imin and that at I, (Velisar et al., 2019). The beta threshold for
single threshold aDBS has been traditionally chosen as 75% of beta
power OFF DBS. Arbitrarily deciding these thresholds independent
of how the neural biomarker responds to DBS amplitude may
lead to suboptimal adaptation. Medication further complicates
the decision of thresholds since medication also attenuates beta.
Typically, thresholds are identified first off medication, and then
altered, if necessary, when tested on medication. This may involve
lowering the beta threshold due to medication-induced reductions
in overall beta power. Typically streaming the data during aDBS
setup allows confirmation of whether there is sufficient modulation
with aDBS or if lowering of the beta threshold is required, as would
be the case if stimulation amplitude plummeted to I, in the
presence of medication.

Although these biomarkers are typically evaluated in clinic,
many of these signals vary with activity and over the course of
the day and night (Fleming et al., 2022; van Rheede et al., 2022;
Feldmann et al., 2023). Therefore, future work may establish the
validity of combining these in-clinic recordings with extended at-
home recordings to find the biomarker of interest, and understand
its relation to, activity, sleep and circadian rhythms (Toth et al,
2020; Gilron et al., 2021b; Smyth et al., 2023).

Ramp rate evaluation

After establishing the biomarker, control policy and thresholds
for aDBS, and window to allow stimulation to adjust within, the
last critical decision is how fast or slow to allow stimulation to
change (i.e., ramp rate). Determining the ramp rate is both goal-
and patient-specific. The ramp rate and control policy used go
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FIGURE 2

Tolerability of ramp rate across 18 STNs (9 individuals). (Left) Observed tolerability for ramp rate of stimulation intensity. (Right) Observed tolerability
of instantaneous frequency switching between 140 and 60 Hz. The participant’s clinical stimulation is represented by the horizontal line. The circle
depicts the tolerable amplitude found for frequency switching. If no circle is present, no tolerable therapeutic amplitude was found for frequency
switching. (Top) Patient cohort who are on their first IPG. (Bottom) Patient cohort who have had at least one IPG replacement. Green dots indicate
the patient had a single monopolar stimulation configuration and blue dots indicate a double monopolar stimulation configuration. Patients on their
first IPG showed better tolerability of faster ramp rates of intensity and higher amplitudes for frequency switching. Patients on replacement IPGs
rarely tolerated fast ramp rates of intensity or instantaneous frequency switching.

hand-in-hand. For instance, single-threshold control policies are
often combined with rapid ramp rates to quickly provide maximum
amount of stimulation to respond to the biomarker. Typically, these
rapid rates attempt to traverse from Ipin to Imay in roughly 250 ms
(e.g., 8 mA/s if traversing a 2 mA range) (Little et al., 2013). When
using this rapid ramp rate, initial single-threshold policies typically
fluctuated between 0 mA and Ij,ax with a goal of stimulation being
active roughly 50% of the time. However, it may be beneficial
to use an Iy, rather than dropping stimulation all the way to
0, as discussed earlier. Dual-threshold control policies are often
used for slow time courses, such as adjusting stimulation based
on medication-induced fluctuations which occur on the order of
minutes to tens of minutes) or intermediate time courses on the
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order of seconds (0.1-0.25 mA/s) (Velisar et al., 2019). Sometimes
faster ramp ups in comparison to ramp down (e.g., 2x faster) are
implemented to bias toward higher therapy and protect against
stimulation dropping too fast.

Although one may have a target ramp rate to use based on
the specific goal of aDBS, the ramp rate used is patient-specific
as there is large variability among what is tolerated. Ramping
too fast can elicit symptoms such as paresthesia or nausea that
may make aDBS intolerable. These symptoms tend to be most
prevalent when stimulation is increasing and at the top of the
stimulation range (Petrucci et al., 2021). The observed variability
in patient-tolerability may be due to a host of factors, including
max amplitude of stimulation, size of the range that stimulation
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is traversing, number of contacts active (e.g., single vs. double
monopolar), electrode location within the target, impairment level
and disease severity, and how long a patient has been on DBS
(Koeglsperger et al., 2019). In our experience, less impaired patients
on their first DBS IPG tend to be much more tolerable to rapid
ramp rates (Figure 2). Meanwhile, more impaired patients who
have been on DBS much longer (e.g., have had one or multiple
IPG replacements), require higher amplitudes, and often double
monopolar configurations tend to not be able to tolerate fast ramp
rates or, in some instances, any ramping at all. Similar variability
was observed when altering different stimulation parameters, such
as instantaneous frequency switching between 140 and 60 Hz
(Figure 2).

Despite the variability in ramp rate tolerability among patients,
there are several approaches that can be used to try and achieve
tolerability. These include lowering I,y and/or slowing down the
rate. The decision of which of these two approaches to take will
depend on the goal of the aDBS and the patient. For more impaired
individuals, lowering I;;,x may not be a viable option as the patient
needs more stimulation for therapeutic benefit. Therefore, the main
option would be to simply slow down the ramp rate until achieving
tolerability (and perhaps only adapt one side if it is found that
only one side is contributing to the side effects). Meanwhile, in a
less impaired patient lowering I,.x may prove more beneficial if it
means a more rapid ramp rate can be implemented that can get the
person on high levels of stimulation quicker.

Potential shortcomings, solutions,
and alternative approaches

The growing availability of aDBS offers exciting promise for
the therapeutic potential of DBS, but there are several potential
shortcomings. Although beta power has been identified as a
potential useful biomarker for aDBS due to its relation to
bradykinesia and rigidity alongside its responsiveness to DBS and
medication, it may not be a suitable for everyone. Tremor and
voluntary movement have both been shown to attenuate beta,
which may lead to unwanted decreases in stimulation amplitude
(Quinn et al., 2015; Shreve et al., 2017; Velisar et al., 2019; Eisinger
et al., 2020). However, there are potential workarounds to combat
this. For instance, ensuring that the lower stimulation limit (i.e.,
Imin) is set at a high enough stimulation amplitude where tremor
is sufficiently controlled can ensure that stimulation will maintain
therapeutic efficacy for tremor even with drops in beta power.
Similarly, one can protect against voluntary movement-related
attenuation in beta by requiring a sufficient onset duration (i.e.,
the amount of time required for the biomarker to be above or
below threshold before making a stimulation decision). Reduction
in beta power is most strongly association with the initiation
of movement, so onset durations > 1 s can ensure transient
movement-related reductions in beta do not lead to inadvertent
decreases in stimulation. A potential long-term solution to both
problems is the identification of alternative biomarkers, but this
may be challenging with the current hardware limitations.

It is important to recognize that aDBS is just one of several
possible approaches to deal with some of the limitations of current
DBS. Side effects from DBS may also be avoided with directional
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current steering, which allows more efficient targeting of the
region of interest without spillover to neighboring regions that
elicit common side effects such as dysarthria (Timmermann et al.,
2015; Dembek et al., 2017; Umemura et al., 2023). Similarly, more
precise understanding of the anatomy through high-resolution
imaging can enable identification of sweet spots for different
symptoms within the STN or GPi (Hilliard et al., 2011; Dembek
et al,, 2019; Horn, 2019). Coupling this anatomy with directional
steering may allow for better treatment for refractory symptoms
such as freezing of gait. Alternative stimulation approaches, such
as coordinated reset or theta burst stimulation (Wang et al,
2016; Horn et al., 2020), may also provide a different approach
for treatment refractory symptoms. These approaches can be
implemented independently or combined with aDBS. For instance,
current directional leads offer the potential to combine current
steering with aDBS, but it is still too early to know how feasible
this approach may be.

Conclusion

aDBS offers an exciting advancement for current DBS
technologies. Although, it will require tuning more parameters
than traditional continuous open loop DBS, a standard and logical
protocol makes aDBS set up straightforward. The initial choice of
the active electrodes is made simpler than the previous method of
monopolar review by the capability to sense beta power from all the
available electrodes: substantial evidence has shown that the active
electrode that is closest to the site of maximum beta power has
the best therapeutic outcome. In this Perspective we have outlined
several of the key considerations for implementing aDBS based
on our research and clinical experience with the Activa™ PC+8,
Summit® RC+S, and PerceptTM PC.

Implementing aDBS first requires a sense-friendly stimulation
configuration and the presence of a viable biomarker to serve
as the neural input for aDBS. A relevant neural input should
both relate the behavioral impairment and modulate with DBS
amplitude in an expected and consistent manner. The most popular
neural input to date for PD is beta power due to its presence
in PD, relation to impairment levels, and modulation by DBS
intensity. In addition to the neural input, accurate determination
of the window in which stimulation will adjust within is crucial for
maintaining acceptable therapeutic efficacy with aDBS. Ideally this
window should be determined quantitatively with either wearable
sensors or measurement devices that can accurately show the lower
and upper limits of stimulation that provide therapeutic benefit
without adverse side effects but this can also be done using clinical
assessment. The establishment of the lower and upper limits should
go hand in hand with the thresholds that are used for the neural
control policy, as aDBS will be modulating within the defined
amplitude window based on the observed biomarker.

The goal of aDBS will impact both the control policy choice
(e.g., single- or dual-threshold) as well as the rate as which
stimulation amplitude should adjust. It is worth noting that the
field is still in the early stages of understanding how tuning of these
various parameters impacts overall performance. The development
of optimization strategies for simplifying these decisions and
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understanding which parameters most impact overall performance
will be critical for wide-level successful adoption. Additionally,
future devices may expand this space even further as aDBS increases
in sophistication, such as developing to adapt other stimulation
parameters besides amplitude (e.g., frequency, pulse width, active
contact, etc.), respond to more sophisticated neural biomarkers
besides just power in a frequency band as well as access to higher
frequencies, and ability to run aDBS based on other non-neural
signals such as those from peripheral sensors or embedded sensors
in the IPG itself.
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