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ABSTRACT: Closed-loop adaptive deep brain
stimulation (aDBS) can deliver individualized therapy at
an unprecedented temporal precision for neurological
disorders. This has the potential to lead to a break-
through in neurotechnology, but the translation to clin-
ical practice remains a significant challenge. Via
bidirectional implantable brain-computer-interfaces
that have become commercially available, aDBS can
now sense and selectively modulate pathophysiologi-
cal brain circuit activity. Pilot studies investigating dif-
ferent aDBS control strategies showed promising
results, but the short experimental study designs have
not yet supported individualized analyses of patient-
specific factors in biomarker and therapeutic response
dynamics. Notwithstanding the clear theoretical
advantages of a patient-tailored approach, these new
stimulation possibilities open a vast and mostly
unexplored parameter space, leading to practical hur-
dles in the implementation and development of clinical
trials. Therefore, a thorough understanding of the neu-
rophysiological and neurotechnological aspects
related to aDBS is crucial to develop evidence-based

treatment regimens for clinical practice. Therapeutic
success of aDBS will depend on the integrated devel-
opment of strategies for feedback signal identification,
artifact mitigation, signal processing, and control pol-
icy adjustment, for precise stimulation delivery tailored
to individual patients. The present review introduces
the reader to the neurophysiological foundation of
aDBS for Parkinson’s disease (PD) and other network
disorders, explains currently available aDBS control
policies, and highlights practical pitfalls and difficulties
to be addressed in the upcoming years. Finally, it
highlights the importance of interdisciplinary clinical
neurotechnological research within and across DBS
centers, toward an individualized patient-centered
approach to invasive brain stimulation. © 2023 The
Authors. Movement Disorders published by Wiley Peri-
odicals LLC on behalf of International Parkinson and
Movement Disorder Society.
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Toward Implantable Devices for
Closed-Loop Adaptive Deep Brain

Stimulation

Implantable deep brain stimulation (DBS) devices for
fully embedded, invasive, closed-loop adaptive
neuromodulation are now entering the clinical stage.
These devices are capable of optimizing DBS in the tem-
poral domain via physiologically informed delivery of
stimulation according to subcortical or cortical electro-
physiological feedback signals.1 Until now, the required
access to intracranial brain signals in DBS patients was
generally limited to brief time windows within the oper-
ating theater (lead implantation/battery replacement
surgery) or to the first days postoperatively when DBS
lead extensions were temporarily externalized before
being connected to the implantable pulse generator
(IPG).2 In these time windows electrophysiological bio-
marker research and closed-loop adaptive DBS (aDBS)
trials could be performed under experimental labora-
tory conditions. These recording conditions however,
came with several limitations, including time pressure,
microlesion effects, limited flexibility (obstructive hard-
ware, recording only in the lab), suboptimal clinical
condition of the patient (perioperative period), and the
inability to investigate biomarker stability over longer
time periods. Next generation chronically implanted
neurostimulators are capable of brain sensing and
adaptive stimulation in addition to continuous stimula-
tion. This represents an important innovation for the
further development of the field. The first-generation of
sensing-enabled devices (Medtronic PC + S) were dis-
tributed to selected research centers and facilitated the
replication of key results from previous acute bio-
marker characterization and aDBS studies.3-6 A techni-
cally improved and rechargeable version for chronic
wireless sensing (Medtronic RC + S) that permits
unlimited long-term recordings at home has been
released, but was even further restricted to a limited
number of United States (US)-based clinical research
institutions.1,7-10 The first commercially and widely
available next generation neurostimulator (Medtronic
Percept PC) was released in 2020. This represents a
major development step,11,12 but the fact that it is not
rechargeable places a time limit on data streaming and
experiments, as brain sensing and wireless data stream-
ing contributes to battery depletion. Brain sensing-
enabled devices are now being developed by a growing
number of manufacturers (eg, AlphaDBS/Newronika,
PINS Medical, and Picostim),13-15 which will support
neurophysiological biomarker characterization through
chronic invasive brain signal recordings. This will facili-
tate the implementation of fully embedded aDBS in
research and clinical practice. Beyond aDBS, brain sens-
ing can serve as a tool to optimize open-loop DBS

programming by identifying optimal stimulation con-
tacts16,17 and supporting refinement of stimulation
amplitude according to biomarker levels.12,18,19 How-
ever, as with any new development in DBS, sensing and
aDBS adds a significant number of parameters and
complexity to the therapy. This can be a notable bur-
den and barrier to both patient and clinician if not han-
dled carefully and in an informed way. There is a risk
that without appropriate supportive tools and educa-
tion, the DBS community could find the added com-
plexity overwhelming and may not fully realize the
practical and clinical utility of biomarker sensing or
aDBS. This review aims to highlight key concepts
related to aDBS and brain sensing, to raise awareness
of the expanded DBS parameter space and call atten-
tion to the importance of a patient-tailored approach.

Targeting Brain Rhythms

In aDBS, electrical current is selectively delivered with
the goal to modulate brain circuit activity. This can be
translated using an aDBS control policy that describes
the action to be taken based on the current state of a
pre-defined brain rhythm as feedback signal.20 A target
brain rhythm could be certain features of brain signals
and/or their specific spatio-temporal characteristics that
index a symptom state to inform the delivery of stimu-
lation. Conceptual frameworks on how single electro-
physiological biomarkers could be embedded as
feedback signals in aDBS control strategies have been
maturing over the years with major discoveries in
Parkinson’s disease (PD), with potential for translation
to other DBS indications as well.21 The characterization
of exaggerated beta activity (13–35 Hz) in local field
potentials (LFP) from the basal ganglia in PD patients
was crucial for the development of the field.22-26

Indeed, most aDBS studies in PD used beta activity as a
feedback signal for different control policies (Fig. 1).
Beta activity is correlated with motor sign severity of
bradykinesia/rigidity in PD. If high or low levels of beta
activity are measured, this can inform a control policy
that automatically adapts the stimulation parameters,
such as stimulation intensity. The various control poli-
cies that have been tested so far include (1) a fast con-
trol with a single-threshold;27-30 (2) a dual-threshold
control;6 and (3) a slower proportional control.13,31,32

Fast control strategies can selectively modulate stimula-
tion with millisecond precision.6,28 This could lead to
rapid suppression of particularly long duration beta
bursts, which have been shown to be particularly
related to PD motor signs.33 Alternatively, “slower”
control strategies can track and control slower average
fluctuations of beta activity as well as clinical symptom
fluctuations, particularly those related to medication
cycles.31,32 A different aDBS control policy that has
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FIG. 1. Overview of oscillatory symptom biomarkers that can potentially be used as control signals for adaptive deep brain stimulation in patients with
movement and neuropsychiatric disorders. [Color figure can be viewed at wileyonlinelibrary.com]

Movement Disorders, 2023 3

A D A P T I V E D B S : N E X T S T E P S

 15318257, 0, D
ow

nloaded from
 https://m

ovem
entdisorders.onlinelibrary.w

iley.com
/doi/10.1002/m

ds.29415 by U
niversitaet B

ern, W
iley O

nline L
ibrary on [08/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


been piloted in PD involves recording of finely tuned
gamma activity from the motor cortex ele-
ctrocorticography (ECoG) as a feedback signal that can
index dyskinesia.34 Separating the sensing site from the
stimulation site has the advantage that electrophysio-
logical recordings in the stimulation target area leads to
stimulation artifacts that may be difficult to manage.
Moreover, using the same DBS electrode for sensing
and stimulation can restrict the contact selection for
therapy optimization (see “Technical Challenges For
Brain Activity Recordings During Stimulation”). Corti-
cal ECoG can provide a better signal-to-noise ratio and
does not impact the degree of freedom in contact selec-
tion. Additionally, recording from a different site in the
motor network has the potential to identify different
biomarkers of clinical states, but this comes at the cost
of additional neurosurgical invasiveness, which should
be considered cautiously.35 The first experimental aDBS
trials with additional implanted cortical electrodes for
brain signal sensing, demonstrated that reducing the
delivery of stimulation during periods of high cortical
narrow band gamma activity stabilizes dyskinesia
driven symptom fluctuations.1,36 It is important to note,
that all clinical observations reported on both aDBS
target biomarkers and different control policies remain
experimental with requirement for further validation.

Toward Electrophysiological Brain
Biomarker Libraries

The now well-established acceptance of beta as a
biomarker in PD has mainly been driven by group
level inferences from short data recordings gathered
across subjects.23,37-39 Although first within subject
assessments and longer-term follow ups corroborate
these group studies,12,14 it is not necessarily implied
that subcortical beta will universally be the optimal
biomarker for every individual patient. The best
biomarker(s) to optimally represent the relevant and
dynamic clinical profiles may vary from patient to
patient, particularly in the presence of stimulation. For
PD, different oscillatory signatures across the fre-
quency ranges have been described not only for motor
symptoms such as bradykinesia, tremor, freezing of
gait, and dyskinesia,12,34,37,40-44 but also for non-
motor symptoms (eg, impulsivity, depression).45,46

Even within defined frequency bands, multiple peaks
or ranges may index different clinical and neurophysi-
ological phenomena, for example, low beta activity
(13–20 Hz) is more responsive to levodopa,47 whereas
high beta activity (20–35 Hz) couples stronger to
motor cortex.48,49 Potential motor symptom bio-
markers also exist in the lower frequencies (3–14 Hz)
that may index tremor and non-motor symptoms in
PD. Furthermore, it has also been shown that

combining several frequency ranges further improves
tremor detection.41,50 In contrast, for essential tremor
decoding the oscillatory signature of voluntary move-
ments onset could represent a future strategy to con-
trol aDBS.51-54 In dystonia, theta to alpha (4–12 Hz)
band activity has been shown to be increased and cor-
related to symptom severity55-61 and was applied as a
control signal in the context of an intraoperative aDBS
pilot trial57 and with an embedded device locked to
cortical theta.62 Similarly, the same frequency range
recorded in globus pallidus internus and thalamic
regions might be of value to index the severity of
tics.63-66 Overall, the current proliferation of brain
sensing-enabled devices are helping to discover and
refine frequency ranges relevant to symptom states
and fluctuations (Fig. 1).21,67 Here, a particular focus
should be put on long-term monitoring of brain sig-
nals outside of the clinic.68,69 Further refinement of
biomarker characterization outside the clinic should
use objective symptom tracking, ecological momentary
assessments, medication-intake logging, and “snap-
shot” tools to collect spectral characteristics of defined
clinical states.1 Ultimately, open access biomarker
libraries should be established in which symptom-
specific feedback signals are collected and validated to
facilitate informed aDBS programming. Generally,
integrating multiple feedback biomarkers (linear,
nonlinear, ratio etc.) into the control strategy is likely
to provide better symptom prediction control in the
future.17,18,70

Increased Parameter Space for
Tuning aDBS

Technological advances will bring an increasing num-
ber of tunable sensing and stimulation parameters into
the clinic, which need to be optimized. Traditional DBS
parameters to be defined by DBS clinicians are: (1) stim-
ulation contact/location; (2) stimulation amplitude;
(3) stimulation frequency; and (4) stimulation pulse
width. Given that all parameters interact and can be set
to a wide range of values, the parameter space of tradi-
tional DBS is already large and challenging to exploit.
Notably, with aDBS, this parameter space gets further
extended and becomes more complex. In the upcoming
years, it is to be expected that clinicians and scientists
will have to engage and explore this extended parame-
ter space and learn how to tune aDBS.71 In the long
term, however, aDBS needs to evolve toward a user-
friendly and efficient application, which will involve a
yet to be defined balance between automatic- versus
clinician-controlled parameters.
Here, we aim to provide an overview of the most

important additions to traditional DBS parameters that
clinicians, engineers and researchers will have to work
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with in upcoming aDBS applications and clinical tri-
als (Fig. 2).

Sensing Contact and Montage
Adaptive control systems require a reliable and

informative feedback signal to support appropriate
therapeutic adaptations. For brain sensing, two brain
signal recording contacts must be chosen to create a
bipolar recording montage that measures the differen-
tial voltage change, similar to an electroencephalo-
gram montage. During aDBS when recording and
stimulation happens simultaneously in the same brain
region, the sensing contacts adjacent to the stimula-
tion contact are often chosen.28,31 One advantage of
this “sandwich” montage is that stimulation signals,
which otherwise would cause stimulation artifacts in
the brain signals, can be passively cancelled out
through “common mode rejection.” In this montage,
the anode and cathode for sensing are situated sym-
metrically around the stimulation source. This how-
ever restricts the contact selection choices, because
two stimulation contacts must be sacrificed for bipolar
brain activity recordings. Nowadays, segmented or
directional electrodes constitute the standard choice
for many DBS centers. These electrodes typically have
eight contacts, with the two central contacts being
split into three equally sized segments in a circular
arrangement. Segmented contacts provide more
options to shape the stimulation field and perform
neurophysiological recordings with greater spatial res-
olution.16,72,73 However, previous studies on aDBS
have not made use of directional stimulation and sens-
ing and hardware solutions allowing such montages
still need to be explored. The nature of stimulation
artifacts as well as other sources of artifacts (eg,
motion, electrocardiogram [ECG]) that may all criti-
cally limit the use of aDBS are further outlined below
(see “Technical Challenges For Brain Activity Record-
ings During Stimulation”).

Frequency Band of Interest
Given the nature of biomarkers described above,

most novel neurostimulator implants have focused on
oscillatory LFP features that can be quantified in the
frequency domain (Fig. 1). To derive these band power
estimates, the IPG transforms the neural time-series
data into a power spectrum using onboard Fourier
transform based methods.74 This is a frequency domain
representation of the signal, indicating how much
power there is at high versus low frequencies. A
frequency-range of interest then needs to be selected by
the clinician that encompasses the oscillatory feature to
be used as an input biomarker (Fig. 1). For PD, a nar-
row band centering on the individual beta peak fre-
quency in the recording contact-pair is usually chosen

as the frequency range of interest. However, as men-
tioned above, the clinically relevant frequency range in
any given patient might vary, hence requiring an indi-
vidualized biomarker interrogation. For the future
selection of the potential feedback signals it also needs
to be considered how these are modulated in the con-
text of various physiological states such as physical
activity or sleep.21,67

Control Policy
After identifying reliable biomarkers, the most

impactful conceptual decision for the clinician will be
the choice of the control policy (Fig. 2). The control
policy that converts the biomarker/feedback signal
into an adaptation of stimulation current delivery.
There are multiple possible control strategies within
and across aDBS devices that can automatically adjust
DBS parameters in response to changes in oscillatory
features. In current devices that are now available,
stimulation changes are typically dependent on linear
systems and threshold crossings of the feature or bio-
marker. Using a single-threshold policy, stimulation is
ramped to a target amplitude depending on biomarker
position in relation to a threshold (eg, beta activity
crossing a threshold leads to stimulation increase, or
increased gamma band activity leading to stimulation
decreasing).28,36 A common dual-threshold control
policy uses a lower and an upper threshold.6 If the
biomarker is within the range of these thresholds, the
stimulation is determined as effective and not altered.
If the biomarker crosses either threshold, the stimula-
tion amplitude is adjusted (eg, beta rises beyond the
upper threshold leading to an increase in stimulation
amplitude). Therefore, with a dual-threshold policy
the biomarker magnitude can theoretically be kept
within a predefined range, however, this is dependent
on the temporal profile of the biomarker and the
selected parameters. Another successfully tested con-
trol policy is proportional control, in which the stimu-
lation amplitude changes proportionally to the
biomarker amplitude31 with predefined upper (highest
effective stimulation amplitude without side-effects) and
lower (lowest effective stimulation amplitude) boundaries.
Generally, it is notable that these different policies can all
interact with the same biomarker but at different tempo-
ral scales from sub second to min/h depending on the
how the feedback signal is processed. Overall, this pre-
sents multiple different strategies on how to optimally
interact with clinical and neurophysiological dynamics.21

Currently, adjusting the stimulation amplitude is the stan-
dard adaptation mechanisms of aDBS, but potentially all
available parameters (frequency, contact/field shape, pulse
width/shape, etc.) could also be adjusted by control poli-
cies. In the future, automatized self-optimization tech-
niques could greatly support the process of parameter
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FIG. 2. Traditional and additional adaptive deep brain stimulation (aDBS) parameters to be defined by deep brain stimulation (DBS) clinicians. (A)
Traditional DBS parameters include stimulation contact, frequency, pulse width, and amplitude. (B) The additional minimal required parameters for
aDBS are the sensing contacts, the frequency band of interest for oscillatory biomarkers and the control policy. Here, we show examples of three
control policies that have been implemented in current aDBS devices and tested in humans: (1) single-threshold control requires the definition of a
single biomarker threshold. Crossing of the baseline can trigger binary stimulation switches. In the case of parkinsonian beta band activity, bio-
marker crossing of the threshold would trigger ramping of stimulation to a predefined stimulation current until the biomarker falls below the thresh-
old. (2) The second approach requires definition of a biomarker target range in between two thresholds. Stimulation targets are then defined for
each of three possible states—the biomarker may be above the upper threshold, between thresholds or below the lower threshold. Stimulation is
maintained when the biomarker remains in between thresholds. Crossing of these thresholds trigger continuous changes in stimulation until the bio-
marker returns to the defined target range, as shown here for a prototypical slow beta control policy. Both the single- and dual-threshold policy
have been piloted as “fast” control strategies that track oscillatory patterns (eg, beta bursts). In addition, the standard threshold control stimulation
could also be triggered “inversely.” For example, when the biomarker power (eg, finely tuned gamma activity) falls above a given threshold, stimula-
tion may be ramped down (to avoid stim induced dyskinesia in this case) and ramped up when biomarker power is below the lower threshold (ie,
inverse biomarker stimulation correlation). (3) A third approach uses proportional control in which stimulation is modulated linearly to track bio-
marker levels between pre-set maximum and minimum stimulation amplitudes emulating the therapeutic window. This method has been piloted as
a “slow” control strategy using a longer time constant. (C) Putative examples of the three control policies (single, dual, and proportional control)
during medication induced fluctuations. Beta band activity is used as the target biomarker in this example. Single-threshold control policies display
sparse triggering in the levodopa on state because of infrequent and low amplitude beta bursts; similarly in the dual-threshold control stimulation is
trending downward. In both cases this may effectively avoid stimulation induced dyskinesia. In the levodopa off state both control strategies show
a more frequent and higher level of stimulation to improve motor control, whereas a more balanced stimulation/biomarker interaction is evident in
the optimal clinical state. The proportional control slowly adapts the delivery of stimulation to the slow levodopa off/on transitions. [Color figure can
be viewed at wileyonlinelibrary.com]
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selection, for example, by learning symptom changes from
additional sensors or using machine learning based brain
signal decoding.18,41,70,75

Stimulation Amplitude Boundaries, Temporal
Smoothing, and Stimulation Response

Parameters
In addition to the more obvious choices that the clini-

cians face as described above, there are now multiple
new hidden parameters inside the control policy them-
selves related to sensing and aDBS. Here we have sum-
marized a non-exhaustive list of important new
parameters that require informed decisions: “Stimula-
tion amplitude boundaries” define the lower and upper
bounds of the amplitude range within which aDBS can
safely operate. These boundaries are defined clinically
and should consider the minimally required stimulation
amplitude during periods of relative on states (eg, after
medication intake) and the maximal stimulation ampli-
tude during relative off states, that is clinically effective
without inducing side-effects, such as dyskinesia or pyr-
amidical tract activation. In addition to the stimulation
amplitude boundaries, the temporal characteristics of
the biomarker and the stimulation response offer multi-
ple important parameter decisions. The temporal reso-
lution of the neurophysiological biomarker depends
among others on the sampling frequency, the temporal
settings of the signal analyses (ie, window size of the
fast Fourier transform) and a “smoothing parameter.”
Although sampling frequency and analysis window size
might be set by the manufacturer or user, the smooth-
ing parameter is generally flexible and supports modifi-
cation of the temporal stability of the feature signal and
is closely linked to the behavior of the control policy. If
no or very brief smoothing is set, variability is allowed
to occur on short time-scales, which can be important
for targeting pathological and/or transient synchrony
states (eg, beta bursts or otherwise fast changing

dynamics of the selected biomarker signal.)28,33 Longer
smoothing times instead support monitoring and inter-
action with slower state transitions (eg, off vs. on medi-
cation.)31 Future aDBS control strategies could further
be enriched by combining symptom biomarkers
processed with different temporal parameters to simul-
taneously depict various neurophysiological states.21 A
partially similar control effect to that of the smoothing
parameter can be achieved by adapting a “minimal
threshold crossing time,” which defines how long the
biomarker needs to stay above/below threshold before
stimulation is adapted. “Stimulation ramping,” the
maximal amplitude change over time can be important
to ensure safe stimulation adaptation with minimal side
effects. Here, an unwanted and unpleasant tingling sen-
sation is sometimes reported, which might be the conse-
quence of large or rapid stimulation amplitude changes.
Finally, definition of a recording refractory period after
each pulse, that is, detector blanking can be necessary
to avoid contamination of the feedback signals with
stimulation induced artifacts, particularly for fast con-
trol policies. These electrical artifacts can cause self-
triggering of the stimulation, which is apparent from a
highly stereotyped aDBS pattern (which does not
respect the inherent stochastic variability of physiol-
ogy). Importantly, for all parameters—safety mecha-
nisms need to be built into the device to ensure that
patient is not over (or under) stimulated. See Table 1
for a comparison of control policy-specific aDBS
parameters.

Technical Challenges For Brain
Activity Recordings During

Stimulation

Although first sensing-enabled aDBS devices are now
on the market, recording and stimulating in the same
target remains a significant challenge. Artifacts of

TABLE 1 Control policy-specific adaptive DBS parameters

Adaptive DBS parameter set

Adaptive DBS control policy

Single threshold Dual threshold Proportional

Maximal and minimal stimulation boundaries
(amplitude)

x x x

Temporal biomarker smoothing (time) ms ms–min sec–min

Minimal threshold crossing time required before
stimulation is adapted (time)

x x

Stimulation ramping/minimal maximal
stimulation amplitude change (amplitude/time)

x x x

Recording refractory period (time) x x

Abbreviation: DBS, deep brain stimulation.
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various kinds can impact signal fidelity and in the worst
case, even prevent the use of aDBS for one or both
hemispheres in some patients.76-78 Best described today
are electrocardiographic artifacts that result from elec-
tric coupling of the stimulation electrode and the
implantable pulse generator. A recent study found that
implanting the IPG in the right chest at a relative dis-
tance from the electric dipole of the heart can mitigate
ECG contamination and lower the probability and
amplitude of ECG artifacts in available sensing con-
tacts.76 In addition to ECG artifacts, DBS electrode
cable movement can be observed as causing large tran-
sients in brain signals.69 Both of these artifacts contami-
nate broad bands of the frequency spectrum and
therefore, potentially prevent threshold-based control
policies from effectively and selectively reacting to the
target biomarker and leading to uncontrolled increase
(eg, beta-driven aDBS) or decrease (eg, finely driven
aDBS) of stimulation. For hyperkinetic movement dis-
orders like dystonia, tremor, and Tourette’s syndrome
an even lower frequency band (3–12 Hz) has been dem-
onstrated to signal symptom severity.79 This low fre-
quency band is particularly prone to both ECG and
movement artifact contamination, which combined
with the hyperkinetic nature of these disorders, will
remain a significant technological challenge. Addition-
ally, higher frequency broadband gamma activity may
again suffer from over-shadowing through artifacts or
limited sensitivity in current systems, because of the
notoriously low signal-to-noise ratio in these frequen-
cies. Ultimately, these factors should remind both clini-
cians and engineers that the current device generation is
really optimized for beta activity, and therefore, stepping
outside the beta range will require careful attention from
neurophysiologists and clinicians. However, even in the
beta frequency range, presence of artifacts will require
optimizing the choice of sensing contacts and sensing
parameters (eg, very short artifacts may be partially
counteracted through the refractory period parameter
described above.) The relative impact of an imperfect
control system may be tolerable given that we are
transitioning from a chronic continuous DBS paradigm
and that the upper threshold can be chosen cautiously,
to avoid “artifact-driven” overstimulation with dyskine-
sia. A signal check needs to be performed to rule out
contamination by movement and ECG related artifacts
that can be present in brain signal recordings and users
should be aware of these potential neurophysiological
confounds. Beyond ECG and movement artifacts, the
direct effect of high-frequency stimulation (eg, through
subharmonic signal induction or aliasing related arti-
facts) is often more difficult to handle and potentially
obviates safe use of aDBS control policies.78,80 Here,
high amplitude artifacts contaminate the signal leading
to multiple harmonic frequency bands correlating
directly with the DBS amplitude. One key problem here,

is that these artifacts can sometimes only appear at
higher stimulation amplitudes. Therefore, if a dual-
threshold is chosen and the biomarker crosses the upper
threshold, stimulation amplitude may increase causing
stimulation artifacts to appear, leading to falsely high
feature amplitudes and a continuously increasing and
constantly high stimulation amplitude (ie, self-trigger-
ing).78 Aliasing and DBS high-frequency artifacts could
be more likely to occur in segmented leads, because of
physical properties of the sensing contacts and a lack of
symmetry in the recording montage that influences arti-
fact mitigation through common mode rejection. How-
ever, recently released leads have also been designed for
sensing and improvements in design of electromechanical
insulation and tissue-electrode interfaces may partially
offset the challenges of smaller electrode contacts. Never-
theless, a full integration of directional contacts for sens-
ing or stimulation in aDBS may require additional
strategies for artifact rejection because of the differences
in biophysical properties that will be dependent on shape
and size of the contact surface. In the future, optimiza-
tion of DBS lead technology for sensing as well as head
mounted pulse generators, will enable key improvements
to increase the technical feasibility of aDBS as a new
standard of care. Moreover, future discussions on the
optimal aDBS set-up design need to include the spatial
separation of the sensing and stimulation site. As such,
ECoG based cortical sensing of the feedback signal
would enable an unrestricted choice of subcortical stimu-
lation contacts conferring advantages regarding signal
quality and stimulation flexibility.36

Practical Management of Adaptive
DBS: From Individualized

Optimization to an Automatized
Clinical Tool

Adaptive DBS may become a powerful, but complex
precision medicine tool to control the heterogeneously
weighted symptom profile of a given patient. For the
upcoming years, it is expected that, in contrast to con-
ventional DBS, more time and effort will be required to
probe and understand the nuances and clinical effects
of aDBS. Iterative clinical algorithms for setting-up
aDBS need to evolve and clinicians, scientists, and
industry partners have to work in conjunction to estab-
lish a sustainable and comprehensive user-interface.
Figure 3 suggests procedural steps that may be consid-
ered for future aDBS programming algorithms. Nota-
bly, this is a starting point and further protocol
adjustments are expected with improving knowledge
and technical advancement of adaptive therapies. The
clinical-electrophysiological interrogation of the patient
will be the backbone for configuring aDBS, and this
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needs to be simplified for non-specialist users. In previ-
ous aDBS trials, the selection of the aDBS feedback sig-
nal was mainly based on the patient’s resting state
spectral profile (eg, selection of the individual beta peak).
However, future aDBS set-up pipelines should be more
refined and may take advantage of spectral characteristics
obtained during various states (eg, movement, on–off
medication, ON–OFF continuous stimulation) (Fig. 3).
Moreover, it is often neglected that biomarkers can also
be affected by changes attributable to circadian and
potentially other biorhythms in individual patients. The
combination of signals obtained during a clinical session
combined with home monitoring may, therefore, help to
determine the relevant circadian biomarker profile and its
temporal dynamics during day and night.1,21,67,81 We

expect configuration to likely initially be limited to the
selection of single biomarkers, but with the extension of
software and hardware capabilities, a combination of
multiple biomarkers combined with machine learning
may significantly extend the clinical utility of aDBS.75

Beyond the selection of feedback biomarkers, the parame-
trization of the aDBS control policy as well as potential
technical limitations (eg, ECG, stimulation artifacts) need
to be considered.76 In the future, we will face patient-
specific situations, in which aDBS cannot be performed
(unilaterally or bilaterally), because of artifacts or the lack
of reliable feedback signals to optimally control DBS bet-
ter than is achievable with continuous DBS. Both clini-
cians and patients should be informed about this
possibility for the sake of expectation management.

FIG. 3. Practical approach to set up adaptive deep brain stimulation (DBS). The implementation of adaptive deep brain stimulation (aDBS) for a given
patient requires a step-wise procedure. This involves the assessment of the individual clinical and spectral characteristics for the identification of
symptom-specific biomarkers. In principle and depending on the target biomarker, this assessment can be informative if conducted during different
clinical conditions as well as OFF and ON continuous stimulation. Special consideration should be given to signal artifacts that could potentially inter-
fere with a control system. Overall, the question should be answered, whether aDBS is feasible to be applied unilaterally and/or bilaterally. There are
different control policies that can be selected (also see Figs. 1 and 2) and the clinical and electrophysiological response during continuous DBS may
inform the fine tuning of aDBS-specific stimulation parameter boundaries. As with conventional DBS, aDBS parameters need to be reassessed and
tuned over time. [Color figure can be viewed at wileyonlinelibrary.com]
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Therefore, an aDBS feasibility assessment should be part
of the clinical pipeline. Additionally, there will be more
than one control-policy available, which may be selected
according to the patients’ main symptom and biomarker
profiles. Each control-policy comes with a set of different
stimulation parameters that need to be tuned according to
the neurophysiological target biomarker dynamics. Hence,
the parameter space of a fast control policy (eg, to trun-
cate beta bursts) may differ from policies to control neu-
rophysiological manifestations at slower time scales. In
principle, the commercially available sensing-enabled
neurostimulators should have capabilities that span the
parameter space to allow for different interaction with
neurophysiological brain biomarkers at different time
scales. The configuration of the optimal aDBS parameters
for an individual patient may include the assessment of
clinical and spectral characteristics without stimulation, as
well as different levels of continuous stimulation to deter-
mine parameter boundaries. Moreover, the selection of
the control policy and parameters must be evaluated and
selected in the light of potentially limiting artifacts.78

Finally, chronic recordings and electrophysiological read-
outs as part of regular follow-ups together with objective
clinical assessments should help to optimally tune aDBS
control policies over time.21,30,82

How to Evaluate the Clinical Effect

Adaptive DBS may become a clinical precision medi-
cine tool for targeting individual neurophysiological
manifestations and symptoms.21 To achieve this aim,
know-how and technological improvements will require
knowledge sharing within the community, derived from
iterative adjustment procedures on individual patients
and case series in addition to sparser group level stud-
ies. This needs to be considered in the context of appro-
priate trial designs, especially if clinical differences are
subtle, patient-specific, and difficult to observe in the
clinic setting. In essence, conducting multiple n-of-1
studies and results-oriented frameworks to evaluate
patients’ clinical response in this context might be
key.83,84 In addition, objective symptom assessment
using wearable technologies, monitoring in controlled
study environments as well as long-term home record-
ings are potentially valuable to evaluate and tune these
next generation therapies.1,85-87

Closed-Loop DBS: Starting Simple
and Thoughtful

Given the remarkable knowledge gain on electrophys-
iological symptom biomarkers, it seems intuitive that
adaptive bidirectional neuromodulation could address
individual symptom fluctuations more accurately than
continuous DBS. In brief, the current translational state

of aDBS entails (1) a number of small sized, but prom-
ising clinical pilot studies; (2) first commercial release of
closed-loop DBS capable neurostimulators; and (3) first
ongoing feasibility and safety trials for aDBS in
PD. Looking further ahead, the development of clini-
cally sustainable aDBS systems will bring new chal-
lenges, with many of them being technical in nature,
including artifact free interaction with brain activity. In
the future, some of these challenges could be addressed
by pairing additional external devices wirelessly with
the DBS implants to support physiological and behav-
ioral tracking and increase the precision of the patient-
tailored control strategies.1,88 In the long term for
chronic treatment, an all-in-one implanted system is
preferable over putting additional hardware burden to
the patient. With this article we hope to inspire the dis-
cussion in the community to address strategies for han-
dling the growing degrees of freedom of the parameter
space required to calibrate adaptive stimulation
according to heterogeneous symptom profiles. The now
widely available access to brain signals in chronically
implanted patients through the new neurostimulators
will push and change the architecture of this research
field. We hope to encourage the involved researchers to
emphasize open-science practices, to make code, and
data available and empower new multicenter research
consortia to work together with patients in the clinics
to systematically investigate the various facets of aDBS
and to establish robust control strategies that can be
adopted into clinical practice. Exciting, but also chal-
lenging times are ahead of us and a previously men-
tioned statement in this context89 can only be
reemphasized: “first walking, then running.”
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