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Sensing data and methodology from the
Adaptive DBS Algorithm for Personalized
Therapy in Parkinson’s Disease (ADAPT-
PD) clinical trial

Check for updates

Scott Stanslaski 1 , Rebekah L. S. Summers1, Lisa Tonder1, Ye Tan1, Michelle Case1, Robert S. Raike1,
Nathan Morelli1, Todd M. Herrington2, Martijn Beudel 3, Jill L. Ostrem4, Simon Little 4,
Leonardo Almeida5, Adolfo Ramirez-Zamora 6, Alfonso Fasano 7,8, Travis Hassell9, Kyle T. Mitchell10,
Elena Moro11, Michal Gostkowski12, Nagaraja Sarangmat13 & Helen Bronte-Stewart 14 On behalf of the
ADAPT-PD Investigators

Adaptive deep brain stimulation (aDBS) is an emerging advancement in DBS technology; however,
local field potential (LFP) signal rate detection sufficient for aDBS algorithms and the methods to set-
up aDBS have yet to be defined. Here we summarize sensing data and aDBS programming steps
associatedwith the ongoingAdaptiveDBSAlgorithm for Personalized Therapy in Parkinson’sDisease
(ADAPT-PD) pivotal trial (NCT04547712). Sixty-eight patients were enrolled with either subthalamic
nucleus or globus pallidus internus DBS leads connected to a Medtronic PerceptTM PC
neurostimulator. During the enrollment and screening procedures, a LFP (8–30 Hz, ≥1.2 µVp) control
signal was identifiedby clinicians in 84.8%of patients onmedication (65%bilateral signal), and in 92%
of patients off medication (78% bilateral signal). The ADAPT-PD trial sensing data indicate a high LFP
signal presence in both on and off medication states of these patients, with bilateral signal in the
majority, regardless of PD phenotype.

Deep brain stimulation (DBS) therapy for the treatment of Parkinson’s
disease (PD) is considered an evidence-based standard of care therapy1–3

that treats the cardinal motor symptoms of PD and reduces medication
induced motor complications4,5. However, there is an unmet need to
improve clinical efficacy of DBS therapy as not all people with PD actualize
the full therapeutic benefits6–8. Poor or variable patient responses to DBS
therapymay serve as an impediment towider adoption andpatient access to
DBS therapy. One reason that current DBS therapy may result in limited
effectiveness for some patients is that each patient’s symptoms are dynamic

and unique, and the options for the managing clinician to personalize DBS
therapy are limited due to inherent restrictions of continuous DBS which
does not respond to changing clinical states.

Technology advances have provided opportunities to personalize DBS
therapy with directional leads delivering stimulationwhere it is needed and
closed-loop or adaptive DBS (aDBS) algorithms delivering stimulation
when it is needed. Delivering the right amplitude or “dose” of stimulation
when it is needed, in an adaptive manner, may provide more stable symp-
tom control for patients. This is especially needed across the continuum of

1MedtronicNeuromodulation,Medtronic,Minneapolis, Minnesota, USA. 2MassachusettsGeneral Hospital, HarvardMedical School, Boston, USA. 3Department of
Neurology, Amsterdam University Medical Centers, Amsterdam, Netherlands. 4Department of Neurology, University of California San Francisco, San
Francisco, USA. 5Department of Neurology, University of Minnesota, Minneapolis, USA. 6Department of Neurology, Shands at University of Florida, University of
Florida, Gainesville, USA. 7Edmond J. Safra Program in Parkinson’s Disease, Morton and Gloria Shulman Movement Disorders Clinic, Toronto Western Hospital,
UHN, University of Toronto, Toronto, ON, Canada. 8Krembil Brain Institute, University of Toronto, Toronto, ON, Canada. 9Department of Neurology, Vanderbilt
University Medical Center, Nashville, USA. 10Duke UniversityMovement Disorders Center, Duke University, Durham, USA. 11Grenoble Alpes University, Division of
Neurology, Grenoble Institute of Neuroscience, CHU of Grenoble, Grenoble, France. 12Center for Neurological Restoration, Cleveland Clinic Foundation,
Cleveland, USA. 13Oxford University Hospitals NHS Foundation Trust, Oxford, UK. 14Department of Neurology and Neurological Sciences,
Stanford University, Stanford, USA. A list of members and their affiliations appears in the Supplementary Information.

e-mail: scott.stanslaski@medtronic.com

npj Parkinson’s Disease |          (2024) 10:174 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41531-024-00772-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41531-024-00772-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41531-024-00772-5&domain=pdf
http://orcid.org/0000-0002-3513-2391
http://orcid.org/0000-0002-3513-2391
http://orcid.org/0000-0002-3513-2391
http://orcid.org/0000-0002-3513-2391
http://orcid.org/0000-0002-3513-2391
http://orcid.org/0000-0002-2488-7051
http://orcid.org/0000-0002-2488-7051
http://orcid.org/0000-0002-2488-7051
http://orcid.org/0000-0002-2488-7051
http://orcid.org/0000-0002-2488-7051
http://orcid.org/0000-0001-6249-6230
http://orcid.org/0000-0001-6249-6230
http://orcid.org/0000-0001-6249-6230
http://orcid.org/0000-0001-6249-6230
http://orcid.org/0000-0001-6249-6230
http://orcid.org/0000-0001-9253-3899
http://orcid.org/0000-0001-9253-3899
http://orcid.org/0000-0001-9253-3899
http://orcid.org/0000-0001-9253-3899
http://orcid.org/0000-0001-9253-3899
http://orcid.org/0000-0001-5346-0180
http://orcid.org/0000-0001-5346-0180
http://orcid.org/0000-0001-5346-0180
http://orcid.org/0000-0001-5346-0180
http://orcid.org/0000-0001-5346-0180
http://orcid.org/0000-0002-1839-4541
http://orcid.org/0000-0002-1839-4541
http://orcid.org/0000-0002-1839-4541
http://orcid.org/0000-0002-1839-4541
http://orcid.org/0000-0002-1839-4541
mailto:scott.stanslaski@medtronic.com
www.nature.com/npjparkd


care as motor complications and fluctuations increase throughout the dis-
ease process9. Hence, the clinical goal of aDBS is to provide stable symptom
control by delivering stimulation in consort with combined medication
therapies and automating stimulation amplitude adjustments based on
changes in the individual patient’s brain state. The most promising control
signal for aDBS currently is local field potential (LFP) beta (±13–30Hz)
band oscillatory power in the globus pallidus internus (GPi) or subthalamic
nucleus (STN)10 due to its relationship with fluctuating parkinsonian
symptoms11–17, responsiveness to medication and DBS therapy18–20 and
presence in roughly 95% of patients in an off-medication state10,21. By
delivering stimulation adaptively, based on the patient’s relative beta band
power, aDBS is being designed to automatically adjust stimulation during
“on” and “off” states (reflected by relatively low and high levels of beta
power, respectively) in order to minimize medication need, improve
wearing-off motor symptoms and reduce periods of dyskinesia from
excessive therapy most importantly in STN-DBS (i.e., times of peak medi-
cation+ DBS therapy).

The building consensus is that aDBS can be feasibly and safely
implemented to deliver similar or more efficacious therapy as continuous
DBS (cDBS) to manage cardinal PD motor symptoms, reduce side effects,
while preservingneurostimulator battery longevity22–25.Overall, results from
small-sample feasibility studies of aDBSusingLFPalpha (8–13Hz) andbeta
control signals suggest that most PDmotor symptoms can be responsive to
aDBS including bradykinesia26–28, rigidity29, tremor27,30, dyskinesia28,29,31,32

and freezing of gait33.Moreover, acute aDBS inpeoplewithPDhas also been
reported to deliver less stimulation energy during times of peak levodopa
concentration compared to end of dose34 and providemore desirable effects
on speech intelligibility35 and troublesome dyskinesia32. Short-term studies
of aDBS in people with PD suggest an estimated ~48–74% reduction in
stimulation energy required to achieve effective therapy compared to
cDBS26,27,29,30,32,36; yet, there is still limited understanding of the potential
energy savings in a community setting with chronic aDBS. In the semi-
chronic studies to date, aDBS has also been well tolerated by freely-moving
patients in and out of the clinical setting29,31,37. Despite these promising early
results, there remains a lack of evidence regarding real-world and chronic
use of aDBS in larger clinical cohorts.

Technological advancements and evidence from the acute and
semi-chronic clinical studies of aDBS in PD over the past ~10 years have
garnered sufficient confidence to feasibly implement chronic, at-home
aDBS in amoderately-sized, multicenter clinical trial. Consequently, the
ADAPT-PD clinical trial was designed to demonstrate the safety and
effectiveness of chronic dual and single threshold aDBS modes (see
“Methods” for a description of aDBS modes) in the community setting,
and in all PD patient subtypes indicated for DBS. Whereas the primary
cohort received omni-directional stimulation, a second cohort received
directional stimulation which will provide the very first report of com-
bined aDBS and directional stimulation in patients. In addition, the
study data will generate a wealth of clinical and physiological data for
assessing the different potential clinical advantages of aDBS in the
domains of neurostimulation side effects, energy savings, PD motor
symptom control, sleep quality, speech intelligibility, and quality of life.
The results of the ADAPT-PD pivotal trial are also anticipated to sup-
port regulatory submissions for aDBS, which could be a significant
advancement towards truly personalized treatment for people with PD
treated with DBS therapy. Furthermore, this study is a critical step
toward advancing closed-loop neuromodulation as a clinical approach
for treating patients with other neurological and psychiatric disorders.
The purpose of the present work is to disseminate the methods by which
aDBS was programmed by clinicians during the ADAPT-PD trial and
provide sensing data supporting the feasibility of recording LFP signals
in a diverse cohort of people with PD.

Results
The ADAPT-PD trial included 10 centers in the United States, Europe, and
Canada enrolling participants sinceDecember 2020. Sixty-eight peoplewith

PDandbilateralDBS (51 STNand17GPi)were enrolled in theADAPT-PD
PrimaryCohort (Table 1). Data from theDirectional Cohort is not included
in the present report. A total of 15 participants exited the study during the
Enrollment Phase due to screen failure (n = 11), withdrawal by the parti-
cipant (n = 3), clinician decision (n = 1).

LFP detection rate and characteristics
Table 2 summarizes the peak detection rate and frequency distribution
by clinicians in the on and off medication state. Peak detection by
clinicians occurred in 91.5% of participants off medication, and 84.8%
on medication. Frequency of the peak LFP had the largest shift from
medication on to off state in the alpha band (21.2% on medication, 31%
off medication (Table 2 and Fig. 1a). Figure 1a illustrates the range of
frequencies identified by clinicians in the on and off medication state,
with the average LFP peak in the low beta range (off Meds: 17.5 ± 5.9 Hz;
on Meds: 18.1 ± 5.5 Hz). The average LFP peak amplitude was 1.96 ±
1.3 µVp off medication (Fig. 1a). Of the 11 (16%) patients that did not
have an LFP peak meeting inclusion criteria, six (9%) had signal artifact,
four (6%) had an LFP peak power that was either too low or outside of
the 8–30 Hz window, and one (1%) did not have any LFP data collected
as they exited the study for other reasons.

Table 1 | Patient demographics and DBS characteristics

Variable Mean (SD) or N (%)

Age (years) (n = 66) 62.2 (8.4)

Sex (n = 68) 20 (29.4%) Females

Disease duration (years) (n = 64) 13.5 (6.8)

MDS-UPDRS-III (OFF Stim/off
Med) (n = 58)

45.7 (14.9)

Clinical Subtype Akinetic Rigid: 38 (65.5%)

Tremor Dominant: 13 (22.4%)

Mixed: 7 (12.1%)

Lead Type by subject (n = 68) Legacy: 54 (79.4%)

SenSightTM: 14 (20.6%)

DBS Target by subject (n = 68) Bilateral—STN: 51 (75%)

Bilateral—GPi: 17 (25%)

Note: All SenSight electrodes programmed in ring mode for patients in the Primary Cohort.
Demographics calculated fromdata at enrollmentwith somemissing data for age, disease duration,
and MDS-UPDRS.

Table 2 | Characteristics Clinician-Identified LFP peaks

On medication Off medication

Peak detection

Participants (N) 66 59

Peak detected 56 (84.8%) 54 (91.5%)

Bilateral peaks 43 (65.2%) 46 (78.0%)

Unilateral peak 13 (19.7%) 8 (13.6%)

No peaks 10 (15.2%) 5 (8.5%)

Frequency band of peaks

Hemispheres (N) 99 100

Alpha 21 (21.2%) 31 (31.0%)

Low-beta 41 (41.4%) 34 (34.0%)

High-beta 37 (37.4%) 35 (35.0%)

Data from the signal check event during Enrollment Visit (onmedication visit) and LFPScreening (off
medication). Signals combined between subthalamic nucleus and globus pallidus internus. The on
medication Enrollment visit had 2missing datasets (N = 66), and nine subjects exited the study prior
to the off medication LFP Screening visit (N = 59).
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STN and GPi LFP detection
An LFP peak meeting inclusion criteria occurred in 84% (57/68) of parti-
cipants, corresponding to 40 patients with STNDBS (78% of STN patients)
and 17 patients with GPi DBS (100% of GPi patients). Including all hemi-
spheres with a detectable peak, STN peaks were distributed among alpha
(15.3% on medication, 19.7% off medication), low-beta (43.1% on medi-
cation, 43.7% off medication), and high-beta (41.7% on medication, 36.6%
off medication) range. GPi peaks were distributed among alpha (37% on
medication, 58.6%offmedication), low-beta (37%onmedication, 10.3%off
medication), and high-beta (25.9% on medication, 31% off medication).

Automated algorithm LFP detection
Onmedication, LFPdatawere available for off-line analysis in 63participants
(126 nuclei total). The off-line automated peak detection algorithm identified
71 (56.3%) peaks in 45 patients (71.4%) with similar peak detection between
STN andGPi (53/94, 56.4%) peaks in the STN and 18/32, 56.3% peaks in the
GPi) (Fig. 2). Thepeaksweremost commonly detected in thehigh-beta range
for both STN and GPi. Although the low-beta peaks were slightly less
common, the power of the grand average peak was greatest among the three
bands at a frequency of 18.6 ± 6.05Hz with a range of 9.8–29.3Hz.

Adaptive DBS technical performance in and out of clinic
An example from one STN participant’s aDBS performance is presented
(Fig. 3). In-clinic BrainSense Streaming (Fig. 3a, b) was used to confirm the

adaptationof stimulationduring task-performance. Thedifference in therapy
delivery is observable in this view: the single threshold mode adjusted sti-
mulation amplitude over 250ms between the upper and lower stimulation
limits set by the clinician, whereas the dual threshold mode adjusted stimu-
lation amplitudes more slowly (increasing amplitude over 2.5min and
decreasing amplitude over 5min) and each adjustment was incremental
rather than ramping fullyupanddownbetween the stimulation limits, as seen
for single threshold. The BrainSense Timeline views (Fig. 3c, d) demonstrate
examples of a 24-h interval of LFP activity (in 10min averaged bins, yellow
data points) and changes in stimulation amplitude (pink), bilaterally, during
single (Fig. 3c) and dual (Fig. 3d) threshold aDBS. A clear circadian rhythm
can be observed in this view, where averaged alpha-beta band power was
lowerovernight.Correspondingly,DBSamplitudewas lowerduring thenight
compared to during the day when alpha-beta power tended to be higher, as
well as the general behavior of the two aDBSmodes to differ in the variability
of the stimulation amplitude delivered both at night and during the day (e.g.,
more stable stimulation amplitude delivered with dual threshold mode at
night). A daily average of the percent time that LFP power was below,
between, or above threshold is shown in Fig. 3e, f, and was available for
clinicians to assess a day-by-day breakdown of LFP power behavior.

Discussion
TheADAPT-PDclinical trialwasdesigned tomeet evidenceneeds as apivotal
trial of aDBS for people with PD while still being the first moderate-sized

Fig. 1 | Clinician-identified local field potential
(LFP) characteristics. a Peak LFP frequency on and
off medication. b Peak LFP amplitude off medica-
tion. Signals combined between subthalamic
nucleus and globus pallidus internus. Data included
all hemispheres from subjects with unilateral or
bilateral LFP signal meeting study eligibility criteria.

Fig. 2 | Automated algorithm-identified peaks in 71 nuclei and 45 patients onmedication. a STN, (N = 53) and bGPi, (N = 18) peaks. Themedian and interquartile range
power spectral density (PSD) are shown. PSDs are categorized by frequency: alpha (dark blue), low-beta (red) and high-beta (teal) bands plotted together.

https://doi.org/10.1038/s41531-024-00772-5 Article

npj Parkinson’s Disease |          (2024) 10:174 3

www.nature.com/npjparkd


clinical study using aDBS out of clinic, and in combination with directional
leads, intended to deliver DBS both when and where it is needed most. The
motivation for this single-blind, randomized crossover clinical trial designwas
to lay the foundation for aDBS use in a real-world clinical environment with
the prioritization of developing evidence for safety and effectiveness that will
be an integral step towards making aDBS commercially available.

Enrollment data from the ADAPT-PD trial indicate that an LFP signal
sufficient for aDBS programmingwas present in 84% of patients, regardless
of PD clinical subtype, with similar detection rates between STN and GPi,
and that medication had a relatively small impact on LFP detection rates
(6.7% higher detection rate off medication). Consequently, detection of an
LFP signalmay be sufficient for aDBS programming in the largemajority of
patients without necessitatingmedicationwithdrawal. One limitation to the
reported LFP detection rate is that some study physicians pre-screened
participants for LFP peak presence, leading to a potentially inflated LFP
detection rate. However, the estimate of peak detection (~84%) is closely
aligned with existing literature suggesting a detection rate of 78–95% in the
off-medication state10,21,38,39. In addition, the majority of patients enrolled
hadMedtronic 3389/3387 legacy leads. It is expected that it will be easier to
detect LFP peaks in patients implanted with SenSight leads, which were

designed for sensing LFP signals and suffer less contamination from
external noise such as ECG artifact. Peaks chosen by clinicians in the
ADAPT-PD trial were distributed among alpha (8–12Hz), low-beta
(13–20Hz), and high-beta (20–30Hz) bands, themajority of whichwere in
the beta band in both the STN and GPi. There was a wide variation among
peak power from 1.2 µVp (the lowest acceptable power to run aDBS) to
almost 9 µVp. An interesting observation in the distribution of LFPs is that
alpha peaks occurred in the alpha range at a higher frequency in the GPi
(59%) compared to the STN (20%) when off medication. This finding
warrants continued study to understand what clinical significance this
differential distribution of low-frequency LFP signals may have.

Two modes or algorithms for aDBS are used in the ADAPT-PD trial,
both of which have been shown previously to provide efficacious therapy in
smaller, single-center studies27,30. The Single Threshold mode was designed
to adapt stimulation amplitude rapidly between lower and upper stimula-
tion limits in 250ms. If LFP power remains above the LFP threshold, single
threshold DBS intensity remains at the upper limit and if power remains
below the LFP threshold, single threshold DBS intensity remains at the
lower stimulation limit. This results in a trapezoidal pattern of aDBS
ramping (Fig. 3a). In the original single threshold study by Little et al., it had

Fig. 3 | Example of LFP signal visualization during aDBS delivery. BrainSense
streaming feature enables visualization of stimulation amplitude adjustment during
LFP signal fluctuation above or below LFP thresholds for single threshold (t = 20 s)
(a) and dual threshold (t = 5min) (b) mode aDBS; BrainSense Timeline feature
demonstrating a 24-h interval of LFP signal fluctuation (yellow) and aDBS

stimulation amplitude (pink) for single threshold (c) and dual threshold (d) mode
aDBS. Note the LFP suppression during night hours. Chronic LFP chart illustrating
timewithin threshold for single threshold (e) anddual threshold (f)mode aDBS. Last
day of data in panels (e) and (f) only contain partial data from 53% and 46% of the
day, respectively. Data extracted from a single participant in the ADAPT-PD trial.
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been shown that aDBS effective stimulation was associated with active sti-
mulation at the high level less than 50% of the time in the medication off
state. In addition, patient perception of aDBS (through e.g., paresthesia) was
related to the rate of rampingupordownofDBSamplitude27. These features
are carefully monitored during the ADAPT-PD aDBS Setup and Adjust-
mentPhase.One technical differencebetween the current study andoriginal
adaptive studies is the hemispheric use of bilateral single threshold36. In the
ADAPT-PD study, the LFP signal crossing the threshold in one hemisphere
results in bilateral control of stimulation amplitude, with the lower stimu-
lation limit set to the lowest constant amplitude at which symptoms are
controlled per clinician determination. Another difference between the
seminal single threshold literature and the ADAPT-PD trial is that single
threshold aDBS was enabled early after implant in Little et al., and after
stable chronic cDBS in the ADAPT-PD trial.

Dual threshold aDBS adjusts DBS amplitude more incrementally
based on LFP power: if LFP power is above the upper LFP threshold,
stimulation amplitude is increased; if LFP power is in between the upper
and lower thresholds then stimulation amplitude remains constant; and if
LFP power is below the lower LFP threshold then stimulation amplitude
decreases. This results in smaller amplitudes of adjustment, each of which
did not span the range of the aDBS amplitude window (Fig. 3b). In the
ADAPT-PD trial the rates of increasing and decreasing of stimulation
amplitude in the dual threshold mode are much slower than in the single
threshold mode (2.5 min up and 5min down for dual threshold compared
to 250ms up or down for single threshold). The timescales of the single and
dual threshold adjustments in Fig. 3a, b are different to reflect the rapid and
slow adaptions, respectively. In prior studies, aDBS in both modes was
allowed to decrease stimulation amplitude to zero27,30 but this was shown in
at least one study to occasionally result in sub-therapeutic therapy, resulting
in a return of PD symptoms30. Consequently, in the ADAPT-PD study, the
lower stimulation limit is individually chosen as that at which therewas still
acceptable therapeutic improvement.

The twomodeswere chosen in theADAPT-PDtrial to allowflexibility
in programming to meet patient needs. For the single threshold mode, a
rapid rate of increase of stimulation amplitude was theorized to suppress
long beta burst durations, which have been linked to symptomatic states
and modulates how often adaptive stimulation ramps stimulation accord-
ing to medication state36,40,41; in contrast, the dual threshold mode was
theorized to adjust stimulation along the timescale ofmedication influences
on beta band power15,17, where beta band power decreases with the onset of
medication and increases as medication wears off. The theory of slowly
adapting aDBS was that it would allow beta band power to remain within a
certain therapeutic window defined by the therapeutic window of DBS
amplitude rather than wider fluctuations with traditional cDBS plus med-
ication. In dual threshold the onset time requirements are less. The onset
duration is programmable by the clinician tomeet patient needs in a range
of 1.2–2 s. The design drivers in setting onset for this algorithm was to
ensure no false detection of stimulation changes and return to sensing with
this slowly adapting algorithm. The differing performance of the two aDBS
modes provide patients and clinicians with flexibility to personalize aDBS
therapy to patient neurophysiology and clinical need. For instance, if a
patient was experiencing uncomfortable motor fluctuations on cDBS plus
medication, the physician may want to start with a trial of dual threshold
aDBS. Whereas if a patient was experiencing good control in cDBS, but
experiences challenges with narrow therapeutic window of reduced efficacy
at top level of stimulation due to side effects (e.g., speech), single threshold
could be leveraged by the physician36. Another potential use for dual or
single threshold could be with slow unilateral fluctuations where only one
hemisphere’s LFP power could be used to smooth those fluctuations.

Thismanuscript has detailed theADAPT-PDprotocol, inwhich people
withPDexperienced real-world aDBS therapy for anextendedperiodof time.
It has shown that LFP peaks with an adequate power to trackON aDBSwere
identifiable in the majority of patients both off and on medication and
spanned the 8–30Hz frequency range, with the majority in the beta band.
Two different modes of aDBS were used with different timescales of aDBS

amplitude adjustment that reflect different therapeutic goals and allow flex-
ibility in the choice of aDBS for individual patients in the pursuit of perso-
nalizedneuromodulation.Knowledgegained fromthe results of theADAPT-
PD trial will advance the understanding of: (1) safety of chronic aDBS out of
clinic, (2) aDBS programming workflow and feasibility, (3) clinical advan-
tages of aDBS compared to cDBS, (4) patient preference and experience, (5)
which patientsmay benefit themost fromaDBS, and (6) effects of combining
directional and adaptive stimulation for the first time. These results will
provide the groundwork to clinically implement aDBS for PDandpotentially
support applications in othermovement and neurological disorders thatmay
also benefit from adaptive stimulation23,42.

Methods
The ADAPT-PD trial is a global, multicenter, prospective, single-blind,
randomized crossover clinical investigation evaluating the safety and
effectiveness of aDBS for PD. The study includes two cohorts, one without
directional stimulation (Primary Cohort) and one with directional stimu-
lation (Directional Stimulation Cohort). The study consists of four phases
following enrollment: cDBS Baseline, aDBS Setup and Adjustment, aDBS
Evaluation, and Long-term Follow-up (Fig. 4). Following aDBS Setup and
Adjustment, an Evaluation Phase (Fig. 4, blue section) is completed. The
Evaluation phase includes a randomized crossover to aDBS single or dual
threshold mode for participants that had an acceptable response to both
aDBSmodes (see “Methods” formode description). If only one aDBSmode
is acceptable, then only that mode is evaluated in the Evaluation Phase. An
optional Extended Access Phase is offered to participants who wish to
continue receiving aDBS therapy after Long-termFollow-Up.TheADAPT-
PD trial is registered on ClinicalTrials.gov (NCT04547712).

Population
Individuals eligible for enrollment have stable STN or GPi DBS therapy and
medication for idiopathic PDwith a previously implanted commercial DBS
system capable of sensing LFPs (Medtronic, Percept™ PC). Participants
enrolled in either the Primary Cohort (Medtronic legacy or Medtronic
SenSightTM leads with omni-directional stimulation) or Directional Cohort
using SenSight leads capable of delivering directional stimulation (see Sup-
plemental Table 1, inclusion criteria for more information). Further inclu-
sion criteria include responsiveness toDBS in the opinion of the investigator
basedon each investigator’s standardof care in theirDBSpractice (including
but not limited toMDS-UPDRS score improvements on DBS). In addition,
configuration to monopolar or dual monopolar stimulation with a peak
alpha-beta frequency (8–30Hz)with amplitude≥1.2 µVpdetected on either
left and/or right DBS leads while OFF stimulation/off medication (see Sup.
Table 1 for full eligibility criteria). Participants complete screening for sui-
cidality with the Columbia-Suicide Severity Rating Scale. Patients with
unapproved hardware in the brain or significant signal artifact on all 6
bipolar sensing pathways are excluded (seeGoyal et al, Fig. 1d for example of
sensing pathways43). Artifacts are detected by software on the clinician tablet
designed to identify movement and ECG (Electrocardiogram) artifacts if
they occur. The study was approved by the Institutional Review Board or
Ethics Committee of each participating center and conformed to the
Declaration of Helsinki, Good Clinical Practice Guidelines, and ISO 14155,
2020. All participants provide written informed consent. An independent
DataMonitoringCommittee advisesMedtronic regarding the safety of study
subjects and the validity and scientific merit of the study.

Study endpoints and outcomes
The primary endpoint of the ADAPT-PD clinical trial evaluates the pro-
portion of subjects where aDBS and cDBS have similar “On” time without
troublesomedyskinesia. “On” time is calculated from theParkinson’sDisease
Home Diary (PD Home Diary) during a two-week window (3-day diary)
prior to the cDBS Baseline visit and the aDBS Evaluation visits (single and/or
dual mode). The secondary endpoint is the total electrical energy delivered
(TEED) calculated by established criteria44. Additional outcomes include: the
Movement Disorders Society - Unified Parkinson’s Disease Rating Scale
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(MDS-UPDRS, part II, III, IV), Voice Handicap Scale (VHI), European
Quality of Life – 5Dimensions, version 5 L (EQ-5D-5L), Parkinson’s Disease
Questionnaire (PDQ-39), Parkinson’s Disease Sleep Scale 2 (PDSS-2),
Medtronic-developed aDBS Global Impression of Change (GIC) and
objective movement data collected via a wearable watch over 6 days during
each DBS Evaluation Phase (PKG, Global Kinetics). The PKGwatch is worn
by the patient for 6 days during the 2-week interval leading up to an Eva-
luation visit. Patient preference and satisfaction for DBSmode (cDBS, aDBS
single, aDBS dual) is collected via a Medtronic-developed questionnaire. All
outcomes are collected during cDBS Baseline Phase and aDBS Evaluation
Phase (for each mode programmed). Safety assessments are performed to
characterize stimulation-related adverse events during the aDBS Evaluation
and the cDBS Baseline Phases. Adverse events and device deficiencies are
monitored throughout the study. Participants are instructed topause aDBS at
any time (enabling their previously established cDBS settings) if they feel that
aDBS is not working well for them, and to notify the clinician for adjustment
and completion of an appropriate adverse event documentation.

Device description
The commercially approved Medtronic Percept™ PCDBS device is capable
of simultaneously delivering electrical stimulation therapy and recording

LFP activity through the sameDBS leads implanted into the brain43,45,46. The
Percept BrainSense™ Survey feature presents power spectral density plots
from 30 s differential recordings across the DBS lead ring and segmented
contacts. The BrainSense Signal Test reports the largest signal peak that is
>1.1 µVp from the alpha, beta, or gamma frequency range across the three
differential ring levels. BrainSense Streaming featuredisplaysLFPpower in a
selected 5 Hz-wide frequency band around the chosen peak frequency in
real time during stimulation parameter changes. During streaming, broad-
band (0–100Hz) time domain data is captured for off-line analysis but not
displayed on the programming tablet interface. The BrainSense Timeline
feature allows a 5 Hz-wide frequency band of interest to be recorded
chronically outside of the clinic and stored as 10min averages for up to
60 days. The Event Capture feature allows a patient to trigger a 30 s power
spectrum recording (0–100Hz) during up to four unique clinically defined
events (e.g., during periods of dyskinesia).

The Percept device also contains an investigational latent bidirectional
functionality that can be unlocked with software for delivering LFP-
controlled aDBS algorithms. With the aDBS functionality activated, the
Percept device can operate as a Physiological Closed-Loop Controlled
(PCLC) device per guidance from the United States Food and Drug
Administration47 (Fig. 5). In thePerceptPCaDBSsystem, theActuator is the

Fig. 5 | Adaptive DBS as a Physiological Closed-Loop Control (PCLC) technol-
ogy. Adapted from Technical Considerations for Medical Devices with Physiologic
Closed-Loop Control Technology - Final Guidance for Industry and Food andDrug
Administration Staff47. In the ADAPT-PD trial, the Percept device PCLC operates
with the LFP power thresholds serving as the system Set Points. The LFP thresholds

are the inputs to the Comparator block, which continuously evaluates Feedback
variable levels (i.e., LFP signal of interest power) in comparison to the LFP thresh-
olds. The Error signal (LFP control signal above, between, or below threshold)
triggers the Controller (aDBS algorithm) output signal to command the Actuator
(Percept Simulation Engine) to adjust stimulation when appropriate.

Fig. 4 | ADAPT-PD trial visit schedule. The study schedule is formed by four
general phases: the cDBS Baseline (orange), aDBS Setup and Adjustment (green),
aDBS Evaluation (blue), and Long-term Follow-up (gold). Extended Access after

Long-term Follow-Up was optional (gray). Participants exited the study due to
signal artifact, inadequate LFP signal, or if no aDBS modes were found to be
acceptable/tolerated.
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stimulation engine which controls the stimulation amplitude delivered to
the patient. In addition, another inputDisturbance signal to the Plant exists.
For aDBS these Disturbance sources could be but are not limited to medi-
cation ormovement artifact and can impact the patient and the Physiologic
variable (LFP signal of interest). The LFP signal of interest is a time domain
signal sampled at 250Hz by the Sensor block45. The Feedback variable (LFP
Power integrated over a 5 Hz band) is delivered back to the Comparator to
complete the PCLC loop. The output of the Comparator is an assessment of
whether the LFP power is above, below, or between thresholds. The Con-
troller (aDBS algorithm) processes the comparator output and sends the
Control signal to the stimulation engine. The stimulation engine then
controls the stimulation amplitude delivered to the patient when the LFP
Power migrates beyond the Set Point (LFP thresholds). The ADAPT-PD
trial evaluates two aDBS modes: single and dual-threshold aDBS. For both
modes, the upper and lower stimulation limits correspond tominimumand
maximum safe stimulation amplitudes that provide adequate therapy and
are below the amplitude that results in stimulation induced adverse effects,
respectively. Stimulation limits are determined by the clinician in a patient-
specific manner. The LFP brain signal is first sensed and processed by the
Sensorblock(Percept SenseChip)45, and theFeedbackvariable (e.g., patient-
specificLFPpower) is fedback to theComparator,which calculates anError
Signal relative to the Set Point and when appropriate, sends stimulation
commands to the Controller to complete the PCLC loop. Another potential
input to the Percept Actuator is a Disturbance signal, which may include
movement or cardiac artifacts that can inappropriately impact the Error
signal. Movement and cardiac artifacts are filtered by the Percept system
using signal averaging and onset timers to minimize improper adaptation.
In addition, slow adapting ramp rates for the dual threshold algorithm
further filter movement artifacts. Finally, artifact detection algorithms are
run during the aDBS Setup phase and stimulation titration with LFP
streaming performed to insure the LFP control signal is properly responsive
to stimulation.

Single threshold mode
The single threshold algorithm uses fast (sub-second) rates of increasing or
decreasing stimulation amplitudes (ramp rates) in response to whether
alpha-beta power is above or below a single LFPpower threshold. The single
threshold algorithmwas designed to provide amethod for rapid adaptation
that may in theory modulate stimulation amplitude up during high
amplitude and long duration beta bursts (>500ms) associated with low
medication states and/or increased PD motor symptoms40. The single
threshold algorithm directs the neurostimulator to increase stimulation
amplitude to the upper stimulation limit when LFP band power exceeds the
threshold and to decrease stimulation amplitude toward the lower stimu-
lation limit when the LFP power falls below the threshold (Fig. 6a). The LFP
band power is calculated by the Percept PC device by taking the fast Fourier
transform of the time series data and averaging it every 100ms. The time

above or below thresholdneeds to exceedanonset duration before changing
stimulation. The onset duration is programmable by the clinician to meet
patient needs in a range 200–500ms. The onset time range is intended to
ensure the detection is fast enough to identify long duration alpha-beta
signals >500ms and to avoid false detecting stimulation changes (alongwith
the blanking duration default 550ms following stimulation changes). LFP
power with amplitudes above the LFP threshold for longer than the onset
duration trigger stimulation amplitude changes with proper control of the
detection blanking time, stimulation ramp time and detection onset times.
For single threshold mode in a bilaterally implanted patient, if the LFP
power crosses the LFP threshold within one hemisphere, a change in sti-
mulation is directed to both hemispheres. This was a design decision made
for the implantable Percept system to avoid blanking the opposite hemi-
sphere and under stimulating when detection occurred in 1 hemisphere. In
addition, for single threshold mode, if only one hemisphere has a sufficient
LFP signal, aDBS is configured only in that hemisphere, while leaving cDBS
on in the hemisphere with an inadequate signal to program aDBS.

Dual threshold mode
The dual threshold aDBS algorithm operates with relatively slower ramp
rates and provides a method to adapt stimulation on a slow minute-to-
minute timescale that may optimally adjust to medication wash-in timing
and mitigate motor fluctuations and dyskinesias30. The dual threshold
algorithm directs the neurostimulator to increase stimulation amplitude
when the power of the LFP reaches above the upper threshold, and to
decrease stimulation amplitude when the power of the LFP drops below the
lower threshold, but to hold the stimulation amplitude when the power of
the LFP remains between the thresholds (Fig. 6b). For dual thresholdmode,
if only onehemisphere has a sufficient LFP signal, aDBS could be configured
to control stimulation amplitude in bothhemispheres using the single viable
LFP signal.

Study phases and visits
At the initial Enrollment visit (Fig. 4, gray diamond), consent, baseline
demographic, medical, and device information are collected. Patients arrive
ON cDBS/onmedication at this visit. Stimulationwas turnedOFF and after
~15min the LFP signals are acquired using the Percept device BrainSenseTM

SignalTest (Fig. 7) to confirmat least one sensingpathwaywithout artifact is
detected, indicating the patient has a viable LFP signal for adaptive DBS
setup. The clinician documents the peak frequency and amplitude observed
and an LFP file is saved to the device for analysis.

The cDBS Baseline Phase (Fig. 4, orange square) begins with an LFP
screening via BrainSenseTM Signal Test (Fig. 7) 1–45 days after enrollment.
At the LFP screening, the participant arrives off medication and ON cDBS.
The cDBS is then turned OFF for 15min, after which the MDS-UPDRS III
and LFP signals are collected OFF stimulation/off medication via Brain-
Sense signal test. If the algorithm identifies apotential artifact, the clinician is

Fig. 6 | Adaptive deep brain stimulation algorithmic modes. Single threshold
mode (a) adapts stimulation amplitude up or down with a fast ramp (100’s of
milliseconds) when the LFP control signal (i.e., LFP power) is above or below a pre-

established threshold limit. Dual threshold mode (b) adapts stimulation with a slow
ramp (min) when the LFP power of the control signal is above or below pre-
established thresholds.
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then permitted to visually inspect the power spectral density plot and
manually identify a potential LFP peak within the 8–30Hz range with
adequate signal strength. Patients with artifact on all channels precluding
visualizationof anLFP signal are exited fromthe study.Only subjectswith at
least onehemispherewith adequate signal to programaDBSmoved forward
with the study (i.e., LFP peak frequency in the alpha-beta range (8–30Hz)
and peak powerwas≥1.2 µVp). The cDBSBaseline Phase is then completed
over a 30-day period during which the subjects are monitored on their pre-
study clinical cDBS settings with passive sensing turned on (BrainSense

Timeline andEventCapture). The cDBSBaseline visit, performed at the end
of this 30-day period, consists of collecting all outcomes (see section Study
Endpoints and Outcomes).

At the aDBS Setup visit (1–2days; Fig. 4, green square), participants are
evaluated offmedication and the investigational aDBS feature is unlocked to
program aDBS using an investigational programming tablet. BrainSense
Signal Test and Survey (Fig. 7) is used to review the 8–30Hz LFP frequency
range, whereby a 5 Hz band around the largest identified peak is initially
chosen as the aDBS control signal for each brain hemisphere where

Fig. 7 | Example LFPpeak detected by thePerceptBrainSense Signal Test.Example power spectral density plot (PSD) shows 16.6 HzLFPbeta signal with 2.32 µVp thatwas
used as the aDBS control signal for the Right STN of a study participant.

Table 3 | Adaptive DBS programming steps

Programming step Dual threshold mode Single threshold mode

1. Determine upper stimulation
limit off Medication

DBS stimulation set to the highest safe constant amplitude at which symptoms are controlled and stimulation-related side effects are
minimized per clinician determination.

1. 2. Determine lower
stimulation limit on
Medication

DBS stimulation set to the lowest constant amplitude at which symptoms are controlled per clinician determination.

3. Determine upper LFP
threshold off Medication

DBS stimulation is set to the lower stimulation limit. The average
LFP level over a 30 s epoch is set as the upper LFP threshold.

DBS stimulation is set to 0mA. The average LFP level over a 30 s
epoch is recorded as the upper LFP threshold.

4. Determine lower LFP
threshold off Medication

DBS stimulation is set to the upper stimulation limit. The average
LFP level over a 30 s epoch is set as the lower LFP threshold.

Next stimulation is set to the upper stimulation limit. Another 30 s
average LFP is calculated as the lower LFP threshold. Finally, the
single threshold mode default is set at 75% of the way between
upper threshold and lower threshold.

5. Optimize Ramp Time Default ramp time of 2.5min upwards and 5min downwards.
Ramp timeoptimizationwas completed using a5-min test interval
with repeated wrist flexion and voluntary movements to trigger
LFP modulation and simultaneous DBS modulation.
Ramp time was allowed to range from 1 to 10min upwards, and 1
to 10min downwards per clinician determination.

Default ramp time of 250ms. Ramp time optimization was
completed using a 5-min test interval with repeated wrist flexion
and voluntary movements to trigger LFP modulation and
simultaneous aDBS modulation.

6. Confirm aDBS performance
after medication wash-in

The lower stimulation limit was adjusted to provide acceptable
therapy without symptom breakthrough. aDBS performance was
confirmed with a clinical examination per standard of care clinical
assessment and the MDS-UPDRS part III.

A lower stimulation limit was adjusted to provide acceptable
therapywithout symptombreakthrough. The single thresholdwas
adjusted to achieve therapeutic stimulation “On” time without
paresthesia. aDBS performance was confirmed with a clinical
examination per a standard of care clinical assessment and the
MDS-UPDRS part III.

aDBS adaptive deep brain stimulation, LFP local field potential, MDS-UPDRSMovement Disorder Society Unified Parkinson’s Disease Rating Scale.
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applicable. The aDBS program for each participant is set up by the study
clinician separately for the single threshold and dual thresholdmodes using
a defined programming workflow (Table 3). Initially safe and efficacious
upper and lower stimulation limits (respectively) are determined based on a
clinical assessment of therapeutic efficacy and lack of adverse effect, which
are thenused in combination to set the aDBS algorithmLFP thresholds. The
BrainSense Streaming feature (Fig. 3a, b) is then used to evaluate the clinical
andLFP signal impacts of stimulation amplitude adjustments between these
limits and using the chosen threshold(s). A similar procedure is performed
when the participant is onmedication, usually the following day. Following
the aDBS Setup and during the aDBS Adjustment Phases, the BrainSense
Timeline (Fig. 3c, d) is utilized to record, monitor, and visualize the aDBS
LFP control signal to ensure that the Percept device is properly triggering
stimulation amplitude adjustments when the LFP power crosses the LFP
thresholds.

The purpose of the aDBS Adjustment Phase is to personalize and
optimize aDBSwith a combination of in-clinic and at-home use. This phase
can last up to 2 months, during which the clinician assesses each partici-
pant’s response to aDBS while adjusting and optimizing stimulation
amplitude ramping and limits and the LFP thresholds during unscheduled
clinical visits. Adjustments are determined by the clinician using in-clinic
assessments as well as BrainSense Timeline (Fig. 3c, d) and estimated time
below (Fig. 3e) or between (Fig. 3f) thresholds depending on which mode
aDBS is being adjusted. During this phase, the participants remain blinded
to the aDBSmode being adjusted. At the completion of this phase, clinician
and participant satisfaction with the aDBS settings are assessed, and none,
one or bothmodes are determined to be acceptable using amodifiedGlobal
Impression of Change score of ≤8 as a threshold for moving on to the
Randomization and/or Evaluation Phase.

Participants determined to have an acceptable response to both aDBS
modes are randomized to a crossover period for two 30-day aDBS Eva-
luation periods (Fig. 4, blue rectangles), whereas those with only one
acceptable aDBS mode complete a single 30-day Evaluation period. Any
participant who does not have an acceptable response to either aDBSmode
exits the study. All Evaluation Phase endpoints and outcome measures are
collected with the participant on their programmed aDBS settings. Parti-
cipants remain blind to the mode chosen.

After completion of the aDBS Evaluation Phase, participants who
prefer cDBS exit the study. Participants who prefer aDBS enter a Long-term
Follow-up Phase programmed on their preferred aDBS mode for
~10 months, during which four scheduled visits are completed. Following
completion of the Long-term Follow-up Phase, optional extended access to
aDBS are provided with follow-up visits every 6 months.

Statistical methods
The purpose of the ADAPT-PD trial is to demonstrate the safety and
effectiveness of aDBS in patients with PD. The primary endpoint selected is
a performance goal demonstrating that aDBS is effective in the majority of
the study participants during the Evaluation Phase. The performance goal is
that >50% of the study participants have similar “On” time without trou-
blesome dyskinesia between cDBS and aDBS. The sample size was calcu-
lated using a binomial distribution for a one-sided exact test
(alpha = 0.0125), alternative hypothesis of 85%, resulting in a minimum of
36 subjects to achieve at least 90%power to reject a performance goal of 50%.
Single Threshold mode and Dual Threshold mode will be evaluated sepa-
rately using a Bonferroni corrected alpha (0.0125) for the respective
hypothesis (0.025/2). SAS® version 9.4 was used for all statistical analyses.

Primary and secondary objectiveswill be analyzed using the intention-
to-treat (ITT) principle in the Full Analysis Set (FAS): participants who
initiate the aDBS Evaluation Phase for each subject that was randomized
and the programmed treatment assignment for those subjects that are only
configured to one aDBS mode (dual or single threshold). The performance
goal threshold for the primary objective is determined from the standard
deviation of the difference between aDBS and cDBS and set at the hours of
“On” time without troublesome dyskinesia for aDBS is no worse than one

standard deviation less than cDBS. Missing data will be addressed using
multiple imputation. The secondary objective evaluates the difference in
TEED between aDBS and cDBS for each mode for subjects in the FAS.
Carry-over effects during the Evaluation Phase for the primary and sec-
ondary outcome will be evaluated.

Demographics and patient characteristics will be calculated with
summary statistics in the Primary Cohort only. PD subtype is calculated
using the OFF stimulation/off medication MDS-UPDRS part III score
collected at the LFP screening and scoring criteria will be adapted from
previously established methods48. LFP data will be analyzed for the
Enrollment (onmedication) and LFP Screening (off medication) visits with
summary statistics. Statistical results will be calculated with SAS software
(version 9.4 or higher). The LFP frequency band categorization is alpha
(8–12), low-beta (13–20), and high-beta (21–30).

Data availability
A minimal dataset will be available from the corresponding author upon
reasonable request. The study sponsor (Medtronic) will evaluate on a case-
by-case basis whether there is an opportunity to share clinical trial data with
qualified scientific or medical researchers, consistent with the associated
informed consent and applicable laws and regulations. Individual partici-
pant data will not be shared and secondary use will not be permitted due to
global data privacy law restrictions.

Code availability
All data analysis leveraged for this study by the Percept PC implantable
Neuro-stimulator system to collect, analyze and process the data can be
accessed in the Medtronic manuals located here: https://manuals.
medtronic.com/manuals/. Figure 1 was created with GraphPad Prism 9.
Figure 2 was created with Python 3.11.
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