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ABSTRACT: Background: Novel commercial brain‐
sense neurostimulators enable us to contextualize brain
activity with symptom and medication states in real‐life
ambulatory settings in Parkinson's disease (PD). Although
various candidate biomarkers have been proposed for
adaptive deep brain stimulation (DBS), a comprehensive
comparison of their ambulatory profiles is lacking.
Objectives: To systematically compare the ambulatory
neurophysiological dynamics and clinical properties of
three candidate biomarkers—low‐frequency, beta (β),
and finely tuned γ (FTG) activity.
Methods: We investigated 14 PD patients implanted with
the Medtronic Percept PC, who underwent up to two 4‐
week ambulatory multimodal recording periods on their
regular medication and stimulation. Subthalamic nucleus
local field potentials (LFPs) of low‐frequency, β, and FTG
activity were recorded. Additionally, objective motor
symptom states, physical activity and heart rate using
wearables, as well as medication‐intake times, sleep‐
awake times, and subjective symptom states using diaries
were co‐registered. LFP dynamics were also compared to
high‐resolution in‐hospital recordings under off/on dopa-
minergic medication and stimulation conditions.

Results: FTG reliably indexed off to on medication states in
the ambulatory setting at the group and individual levels,
and these spectral dynamics could be anticipated by high‐
resolution in‐hospital recordings. Both FTG and low‐fre-
quency correlated with wearable‐based dyskinesia scores,
whereas diary‐based dyskinesia events were only linked to
FTG. Importantly, FTG indicated on‐medication states
regardless of the presence of dyskinesia and despite poten-
tial motion and heart rate artifacts. The 24‐hour profile rev-
ealed large circadian power shifts that may overdrive
medication‐intake dynamics.
Conclusion: Despite the limitations of low‐temporal res-
olution recordings, this work provides valuable insights
into the real‐life dynamics of biomarkers. Specifically, it
highlights the utility of FTG as a primary and reliable indi-
cator of medication states for adaptive DBS. © 2025 The
Author(s). Movement Disorders published by Wiley Peri-
odicals LLC on behalf of International Parkinson and
Movement Disorder Society.
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Adaptive closed-loop DBS (aDBS) is advancing into
clinical practice1-6 and requires a thorough understand-
ing of strengths and limitations of neurophysiological
symptom biomarkers in patients’ daily lives.4,7,8

Over the past decades, neurophysiological basal
ganglia signals in patients with Parkinson’s disease
(PD) have almost exclusively been studied under con-
strained in-hospital conditions.9-17 Only recent
advancements in neurostimulator technology allow us
to track brain activity in real-life settings over longer
time periods to validate existing and discover novel bio-
markers.8,18,19 Currently, β activity (13–30 Hz) is the
best characterized neurophysiological biomarker for
PD, associated with akinetic symptoms and suppressed
by both medication and stimulation.9,12,20,21 Most
aDBS studies have successfully used β activity as a feed-
back signal.1,2,22,23 Finely tuned γ (FTG) or narrow-
band γ activity is emerging as another promising
neurophysiological biomarker in PD, characterized by
two distinct spectral phenomena: levodopa-induced
FTG typically appearing at 70–90 Hz and stimulation-
entrained FTG that emerges at half the stimulation fre-
quency (e.g., 62.5 Hz when stimulating at 125 Hz).
Both have been linked to dyskinesia. Importantly,
stimulation-entrained FTG can also be further increased
by dopaminergic medication.24-30 FTG picked up from
the cortex has already been shown to be an effective
feedback signal for adjusting DBS in real time,31

whereas subcortical FTG is less well understood.32

Moreover, although discussed less, also elevated low-
frequency activity (5–12 Hz) has been linked to high
dopaminergic states and dyskinesia.10,11,33 It can also
inform about tremor,34-38 bradykinesia,39,40 neuropsy-
chiatric symptoms,41-44 and sleep states25,45,46 and may
be useful as a biomarker for aDBS.45,47-49

This study systematically compares the neurophysiologi-
cal dynamics and clinical properties of three candidate
biomarkers—low-frequency, β, and FTG activity over multi-
ple weeks of ambulatory recordings in PD patients
implanted with commercial, sensing-enabled
neurostimulators. Using a multimodal approach with wear-
ables, symptom logs, and medication tracking, we evaluated
these biomarkers in relation to dopaminergic medication
cycles, motor fluctuations, and circadian rhythms, while
accounting for confounding factors such as cardiac and
motion artifacts. Ambulatory data were also compared to
high-resolution in-hospital assessments. The goal is to pro-
vide comprehensive insights into different biomarkers and
their role for sensing-guided treatment strategies.

Methods
Patients

Fourteen PD patients with STN-DBS, 12 men and
2 women, implanted with the Percept PC (Medtronic,

Minneapolis, MN, USA) and directional leads at Bern
University Hospital were included (Table 1). The aver-
age age of the participants at the time of the assess-
ment was 60 years (range: 38–70), with a mean
disease duration of 11 years (range: 6–17). The preop-
erative Movement Disorders Society—Unified
Parkinson’s Disease Rating Scale Part 3 (MDS-
UPDRS-III) score off-medication and OFF-stimulation
was on average 44 (range: 19–64). The implantation
procedure is described in the supplementary material.
All patients provided written informed consent (Swiss
ethics number: 2020-00200).

Experimental Setup
The first assessment has been conducted for an

average of 10 months (range: 3–20) after surgery.
Ambulatory recordings were performed on chronic
stimulation and under regular dopaminergic medica-
tion over periods of four consecutive weeks using the
Percept BrainSense timeline feature that allows trac-
king power averages of one preselected frequency bin
�2.5 Hz every 10 minutes. Three candidate
biomarkers including low-frequency (5–12 Hz), β
(13–30 Hz), and FTG (62.5 Hz) activity were investi-
gated (Fig. 1A). These were defined separately for the
left and right subthalamic nucleus (STN) based on
visual inspection of the resting state power spectra in
the stimulation OFF state prior to the setup of the
long-term recording (details, supplementary mate-
rial). First, the most prominent β peak in the range of
13–30 Hz of either the left or right STN was selected
and defined as biomarker 1. For the other hemisphere
(biomarker 2), we either selected a peak in the low-
frequency range between 7.81 and 12 Hz or the FTG
frequency corresponding to half the stimulation fre-
quency (62.5 Hz) (Fig. 1B). Participants were asked
to participate in a second 4-week recording period
(average 9 month interval between recording
periods), in which the STN with biomarker 2 was
switched to either the FTG or low-frequency activity,
respectively, whereas biomarker 1 remained
unchanged. Stimulation setting and medication
schedule within the same 4-week recording session
remained unchanged (Table 1). One patient (PD20)
had to self-adjust the stimulation during the record-
ing period by 0.3 mA for clinical reasons. Figure S1
illustrates the position of the active stimulation con-
tacts in the STN. In addition, most patients under-
went independent in-hospital high-resolution
recordings during the four off/on dopaminergic medi-
cation and stimulation combinations using the
BrainSense streaming mode (details, supplementary).
A sub-analysis of motion-related LFP modulation
was included from a separate protocol (details,
supplementary).
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Wearable Recordings
Using the Food and Drug Administration (FDA)-

cleared StrivePD application (Rune Labs, San Francisco,
CA, USA), acceleration and heart rate data were pas-
sively recorded using an Apple Watch (Apple Inc.,
Cupertino, CA, USA) and transmitted to the cloud plat-
form of Rune Labs (Fig. 1C). The percentage time of dys-
kinesia was determined by the Motor fluctuations
Monitor for Parkinson’s Disease (MM4PD) algorithm.50

From recording R07 (PD07) onward, we additionally
introduced the AX6 accelerometer (Axivity Ltd, UK)
with a 4-week lasting battery life in order to reduce the
recording gaps in the acceleration data (re-charging gaps
from Apple Watch). To maximize the adherence, patients
could freely choose the side to wear the wearables.

Symptom Diary and Sleep–Wake Times
Participants were instructed to document their subjec-

tive motor state in a paper-based (Fig. 1D) version of
the PD home diary,51 modified to allow a greater
degree of motor states.52 A score of 0 indicated an opti-
mal motor state, 1 to 3 indicated mild to severe dyski-
nesia, and �1 to �3 indicated mild to severe akinesia
(details, supplementary). To better track the circadian
cycles, participants also reported daily time-to-bed and
wake-up times.

Medication-Intake Events
Medication-intake events were defined around intakes

of L-dopa formulation doses (L-dopa/Benserazide,
L-dopa/Carbidopa) throughout the day. Patients were
instructed to report timing and dosage of medication
when deviating more than 30 minutes from their regular
schedule. Prolonged release L-dopa formulations, dopa-
mine agonists, or other PD medication were not consid-
ered in the analyses. The analysis window expanded up
to 120 minutes after the intake to maximize the likeli-
hood of capturing the off-to-on transition, whereas the
period from 0 to 30 minutes was considered as baseline.

Multimodal Data Processing and Analysis
LFP and Apple Watch data were synchronized using

the Rune Labs platform and then time-aligned to the
AX6-acceleration data using custom MATLAB scripts.
LFP data were screened and corrected for outliers using
a previously published method.48 Bio-signals and
paper-based diaries were resampled to match the
10-minute average power interval of the LFP timeline
series. Medication-intake times and asleep/awake times
were assigned to the temporally nearest LFP data point.
The transformation of acceleration data into physical
activity was computed based on an established algo-
rithm (see supplementary).53 The processing steps of

FIG. 1. Method figure: Ambulatory multimodal data recording. Schematic illustration of the experimental setup with the main parts of the multimodal
assessment over 4 weeks per study period. (A) Biomarker frequency selection for each hemisphere separately after running the BrainSense Setup (Signal
Check) on the Medtronic tablet. For biomarker 1, β activity is selected, whereas for biomarker 2, either low frequency or FTG activity at half the stimulation
frequency is selected, alternating if a second recording period took place. (B) Bi-hemispheric registration of STN LFP of a preselected neurophysiological
biomarker using the Percept BrainSense timeline feature of the sensing-enabled Medtronic Percept PC. An average power value is saved over every
10-minute time window. (C) Wearables were used for the collection of physical activity data, heart rate, and a dyskinesia score. (D) Paper-based diaries
were used for self-assessment of the subjective motor state (+: dyskinetic, 0: optimal, �: akinetic), medication schedule, as well as wake-up and go-
to-bed times. LFP: local field potentials; STN: subthalamic nucleus; FTG: finely tuned γ. [Color figure can be viewed at wileyonlinelibrary.com]
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the in-hospital LFPs are described in the supplementary.
To assess circadian brain signal properties, recordings
were divided into awake and asleep periods based on
the information provided in the diaries. We compared
mean LFP power and its standard deviation in the two
states, reporting the percentage change from asleep to
awake. The awake state was further divided into low
and high activity periods by a median split, and the per-
centage change was calculated. To assess dopaminergic
medication effects, LFP data were z-scored for each
intake period, and the median was calculated across all
intakes. The first and last daily intakes were compared
to in-between intakes. The relationship between bio-
markers and symptoms was based on z-scored and
concatenated awake state LFP data. For the evaluation
of objectively measured symptom scores, we correlated
the normalized LFP power and the wearables data from
each patient across all days. To account for dyskinesia’s
influence on LFP power during medication-intake win-
dows, we calculated the ratio of LFP power to dyskine-
sia scores and excluded intakes with any self-reported
positive dyskinesia scores post-intake.

Statistics
All statistical analysis was performed using

MATLAB (version R2022b; The MathWorks Inc.).
Normality of data distribution was assessed visually
using QQ-plots. To compare LFP power between
asleep/awake, low/high physical activity, and low/high
heart rate states, the percentage change was tested for
significance using the Wilcoxon signed-rank test. For
multiple comparisons, P-values were FDR (false dis-
covery rate) corrected.54 Differences across biomarkers
were assessed using the Kruskal-Wallis test. Post-hoc
analysis for this test was performed using the
multcompare function, employing Tukey’s honestly
significant difference procedure. Spearman partial cor-
relation was computed between each biomarker and
mean dyskinesia duration, as well as across bio-
markers, controlling for physical activity and heart
rate, with significance assessed using the Wilcoxon
signed-rank test and FDR-corrected P-values. The
effect of medication intakes on the biomarkers over
time was analyzed using Friedman’s test. Post-hoc
analysis was performed using Dunnett’s test, compar-
ing each time point to the median of the baseline
window.

Results

Multimodal neurobehavioral data were collected
from 14 patients over 25 to 70 days. Three patients
underwent 4-week recording periods with the β/low-
frequency configuration, 3 with the β/FTG configura-
tion, and 8 participated two 4-week recording periods

using both configurations (Fig. S2). The spectral curves
and baseline characteristics for all patients are
described in Tables S1, S2 and S3 and Figures S2–S6.

Influence of Circadian Rhythms and
Confounding Factors

We first investigated the circadian rhythmicity of the
three biomarkers (low-frequency activity, β activity,
and FTG activity) (Fig. 2A). All biomarkers showed a
significant increase in power during wakefulness com-
pared to sleep (low-frequency: 17.9%, PFDR = 0.007;
β activity: 75.7%, PFDR < 0.001; FTG: 48.5%, PFDR =
0.001, Wilcoxon signed-rank test). The increase in
β activity was significantly higher compared to the low-
frequency activity, with no significant difference
between the other biomarkers (Fig. 2B). We also com-
pared the volatility of the biomarkers expressed as their
change in standard deviation, which significantly
increased from the sleep to the awake time (low-fre-
quency: 70.8%, PFDR = 0.007; β activity: 36.2%,
PFDR = 0.001; FTG: 57.6%, PFDR = 0.001, Wilcoxon
signed-rank test), without a significant difference
between the biomarkers (Fig. 2C). The increasing trend
in power and volatility was also observed at the indi-
vidual level (Fig. S7A,B). Second, we evaluated the
impact of physical activity and heart rate activity by
dividing the awake-time LFP recordings into high and
low activity and heart rate states based on median-splits
(Fig. 2D). High physical activity states led to a power
increase in all biomarkers compared to low activity
states (low-frequency: 11.5%, PFDR = 0.005; β: 14.4%,
PFDR < 0.001; FTG: 28.4%, PFDR = 0.001, Wilcoxon
signed-rank test). FTG power increased significantly
more than low-frequency power, with no significant
differences found in the other biomarkers (Fig. 2E). In
contrast, controlled, in-hospital, high-resolution LFP
assessments show a significant motion-related β
desynchronization, whereas FTG and low-frequency
activity behave the same as in the ambulatory recording
(Fig. S8; Table S2). Periods of elevated heart rate also
led to an increase in LFP power (low-frequency: 9.8%,
PFDR = 0.007; β: 19.6%, PFDR < 0.001; FTG: 13.1%,
PFDR = 0.001; Wilcoxon signed-rank test), with no dif-
ferences between biomarkers (Fig. 2F). These findings
were also consistent and confirmed at the individual
level (Fig. S7C,D). Additionally, the different bio-
markers recorded in both hemispheres showed a signifi-
cantly positive intercorrelation in their temporal
dynamics during both asleep and awake periods
(Fig. S9A), which remains preserved after correction for
common confounding factors (Fig. S9B). Half of
patients preferred the IPG implantation in the left
instead of the recommended right-chest side. The
related ECG-artifact detection was comparable (left:
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FIG. 2. Asleep/awake LFP power difference and effects of physical activity and heart rate. (A) Two entire days of asleep and awake fluctuations in bio-
markers in different frequency bands of the left and right STN of a representative subject. (B) Shows the percentage change in the mean power of the
awake state compared to the asleep state of all subjects for the three biomarkers (low-frequency activity: orange, β activity: green, FTG: blue). A posi-
tive value indicates a power increase during the awake compared to the asleep state. (C) Shows the change in power variability between the awake
and asleep states of all subjects for the three biomarkers. A positive value indicates increased variability during awake compared to asleep. (D) Fluctua-
tions in the physical activity state and the heart rate during 1 day. The dashed line presents the median within the full recording (awake states only)
used to split the data into high and low activity and heart rate state, respectively. (E) Shows the percentage change in the mean power during high
compared to low physical activity states of all subjects for the three biomarkers. A positive value indicates increased power during high compared to
low activity state. (F) Shows the percentage change in mean power during high compared to low heart rate states of all subjects for the three bio-
markers. A positive value indicates increased power during high compared to low heart rate. LFP, local field potentials; STN, subthalamic nucleus;
FTG, finely tuned γ. [Color figure can be viewed at wileyonlinelibrary.com]
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n = 7, 62.5%, right: n = 7, 55.6%), but more promi-
nent on the left (Fig. S10).

Biomarkers Indexing Dopaminergic Medication
States

A main goal of this work was to characterize the
effects of the dopaminergic medication cycles on
the dynamics of the three candidate biomarkers
(Fig. 3A). After medication intake, FTG showed a
power increase, reaching a statistical significance
at 80 minutes and between 100 and 110 minutes
(χ2[12] = 34.99, P < 0.001, PDunnet (80, 100, 110) =
[0.007, 0.015, 0.031], Friedman test) (Fig. 3B). In con-
trast, both low-frequency and β did not show a signifi-
cant medication-related dynamic (Fig. 3B). Given the
large circadian-dependent changes in LFP power
(Fig. 2B,C), we investigated whether this affects the
dynamics of medication intakes in proximity to day-
night transitions. Thus, we split L-dopa-intakes into
three daily intake groups: first, last, and in-between
intakes. The first intake group showed an increasing
trend across all biomarkers, whereas the last intake
group showed a significant decreasing trend compared
to in-between intakes (Fig. 3C). For the further ana-
lyses, we only focused on the in-between intakes. This
resulted in an enlarged window (80–110 minutes) of
significant medication-induced FTG increase (χ2 [12]
= 50.17, P < 0.001, PDunnet (80, 90, 100, 110) =
[0.003, 0.001, 0.003, 0.007], Friedman test), whereas
the other biomarkers remained uninformative
(Fig. 3D). At the individual level, FTG activity sig-
nificantly increased in 8 of 10 patients. In contrast,
β increased in 5 of 14 patients, whereas low-frequency
showed a significant increase in 2 of 10 and a decrease
in 4 of 10 patients. The distribution of subjects with
significant power changes per 10-minute window is
shown in Figure 3D. These results were also preserved
after correcting for confounding physical activity and
heart rate (Fig. S11).

High-Resolution In-Hospital Recording to
Inform Ambulatory LFP Dynamics

Here we aim to link the independently performed
high-resolution in-hospital recordings with the low-
resolution ambulatory recordings. Figure 4A illus-
trates the spectral curve dynamics of the cohort’s
in-hospital high-resolution recording in the four
medication/stimulation conditions (time-frequency
spectrograms are reported in Fig. S12). Of practical
relevance in this context is the LFP dynamics fol-
lowing medication response while ON-stimulation
captured in the ambulatory and in-hospital setting.
We observed 40% of patients who decreased and
60% who increased their low-frequency activity,
whereas 38% of patients decreased and 62% of

patients increased their β activity from off to on
medication state. FTG showed a more consistent
increase in 80% and decrease in 20% of patients
(Fig. 4B), which indeed is most evident at half the
stimulation frequency 62.5 Hz (Fig. S13). Note,
repeating the same assessment, but with stimulation
switched OFF, we see a significant power decrease
in β activity. The same was true for the effect of
stimulation while in the OFF-medication state
(Fig. S14 and Table S3). The match for presence
and direction of the LFP-response to medication
between in-hospital and ambulatory settings was
highest for FTG (89%), followed by β (67%) and
low-frequency activity (40%) (Fig. 4C), whereas the
magnitude of the response per se was not related
(Fig. S13).

Ambulatory Biomarkers Indexing Symptom
States

Finally, we investigated whether the biomarkers can
index the motor symptom state or dyskinesia in the
ambulatory setting. This revealed a positive significant
correlation between the wearable-based dyskinesia
score and FTG as well as low-frequency activity at the
group level (low-frequency: ρ = 0.07, PFDR = 0.003;
FTG: ρ = 0.06, PFDR = 0.003, Wilcoxon signed-rank
test) (Fig. 5A). For this analysis, we have corrected both
LFP activity and dyskinesia score for physical activity
and heart rate, given the strong correlation (Fig. S15).
At the subject level, a significant correlation was evi-
dent for FTG (6 of 11 patients with a significantly posi-
tive correlation), followed by β activity (5 of 13 with a
significantly positive and 2 of 13 patients with a
signficantly negative correlation) and low-frequency
activity (2 of 10 patients with a significantly positive
correlation). The self-reported motor states were sum-
marized into negative (�1, akinesia), neutral (0, bal-
anced), and positive (+1, dyskinesia) to increase the
robustness (Fig. S16). Here, we found that FTG activity
was higher during periods of subjective dyskinetic states
compared to subjective optimal states and significantly
higher (χ2[12] = 13.83, P < 0.001, PTukey < 0.001,
Kruskal-Wallis test) than during akinetic states
(Fig. 5B). No significant relationship was found for the
other biomarkers (Fig. 5B). Finally, we re-tested
the ability of the biomarkers to index medication states
correcting for the influence of both, objectively mea-
sured and self-reported dyskinesia. This confirmed the
significant increase of FTG 80–90 minute post-intake
(χ2[12] = 32.82, P = 0.001, PDunnet (80, 90) = [0.03,
0.02], Friedman’s test), whereas no significant dynamic
was revealed for the other biomarkers (Fig. 5C). These
findings were also consistent at the individual level
(Fig. S15).
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FIG. 3. Legend on next page.
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Discussion

This work highlights the dynamics of three neuro-
physiological candidate symptom biomarkers (low fre-
quency, β, and FTG activity) in PD patients implanted
with a sensing-enabled neurostimulator over 25 to
70 days in real-life settings. We investigated the rela-
tionship to dopaminergic medication cycles, motor fluc-
tuations, and circadian rhythmicity. Although subjects
were on therapeutic stimulation and regular medication,
FTG was the only biomarker that consistently fluctuated
with the medication cycle. The presence of this dynamic
could be anticipated from in-hospital high-resolution
recordings. Both FTG and low-frequency activity corre-
lated with the presence of dyskinesia. Importantly, FTG
also indicated the ON-medication state regardless of the
presence of dyskinesia. All biomarkers exhibited a strong
circadian rhythmicity, as well as a power increase during
periods of high movement and heart rate activity. Even
after correcting for these confounding factors, FTG
activity remained informative. This systematic neuro-
behavioral biomarker evaluation provides valuable
insights into their long-term properties relevant for
evolving sensing-guided therapies.

Biomarkers Indexing Medication Cycles and
Symptom States

The era of aDBS is just beginning, and the ability to
study neurophysiological biomarkers in patients’ home
environments marks a significant milestone. The pri-
mary goal of aDBS is to achieve an optimal balance
between stimulation and medication effects for
improved and personalized symptom control. We there-
fore selected three candidate biomarkers with prior evi-
dence of being indicative of dopaminergic medication
effects and symptom states and compared them in a
real-life setting.4 Starting with the medication states, we
observed that FTG was the only biomarker to consis-
tently exhibit dynamic fluctuations corresponding to
the dopaminergic medication cycle, being low around
the time of L-dopa-intake and increasing thereafter.55

Notably, the dynamic response of FTG activity to

medication was observed at group and subject levels
and its presence, not its magnitude, can be anticipated
from in-hospital high-resolution recordings. Impor-
tantly, although FTG entrained at half-stimulation fre-
quency does not always show a visually prominent
peak, subtle, yet distinct changes from adjacent fre-
quencies can be present. This finding overall expands
previous similar results showing the presence of cortical
FTG after medication intake using an investigational
device.31 In contrast, low-frequency and β dynamics did
not index medication states at the group level, although
some subject-specific indicative trends were observed.
FTG and low-frequency activity both positively corre-
lated with wearable-based dyskinesia measures,
whereas patient-reported OFF/ON motor states were
only linked to FTG activity. It is important to empha-
size that the term FTG often subsumes two phenomena.
Olaru et al recently linked narrowband gamma activity
at higher frequencies (65–80 Hz) to dyskinesia in the
absence of chronic stimulation.27 In the present study,
patients were examined ON stimulation, and the corre-
lation coefficients between dyskinesia and FTG mea-
sured at 62.5 Hz (half the stimulation frequency) were
of lower magnitude. We suggest that FTG during
chronic DBS, presumably entrained by stimulation, pri-
marily indexes on medication states, regardless of the
presence of dyskinesia. Thus, FTG might represent a
continuum, which initially can constitute a physiologi-
cal interaction with the pro-kinetic motor network,56 to
then eventually index dyskinesia in case the stimulation
or dopaminergic drive increases. This raises the
question whether FTG may differentiate the balanced
ON-medication state from a dyskinetic state. Although
it may seem surprising that β activity did not index
medication or symptom states, contrasting with previ-
ous findings,9,10,12,57,58 our findings should be inter-
preted in the context of ongoing continuous stimulation
already suppressing pathological β activity and limiting
its modulation along with medication as shown in the
in-hospital assessment. In the context of adaptive DBS,
this would be different as therapeutic suppression of β
activity would indicate the neurostimulator to decrease
stimulation allowing β activity to dynamically evolve

FIG. 3. Impact of dopaminergic medication intakes on LFP power dynamics. (A) Asleep and awake fluctuation in FTG power in the STN of a representative
subject within 1 day. Vertical lines represent the times of medication intakes. (B) Illustrates median power dynamic of the single subjects (gray line) and
the group median in bold from 30 minutes before to 120 minutes after the medication intake for the three biomarkers (low-frequency activity: orange, β
activity: green, FTG: blue). The turquois shaded area indicates significant power changes compared to the baseline window (yellow shaded area, 0 to
+30 minutes after medication intake). (C) Presents the median power dynamics at the first and last medication intakes of the day by contrasting them
against the medication intakes in-between the first and the last daily intakes. The shaded area illustrates the standard error of the group median. Signifi-
cant time points are denoted with an asterisk. Before the intake and during the baseline period β activity: PFDR (�30, �20, �10, 0, 10, 30) = [0.03, 0.007,
0.005, 0.003, 0.008, 0.039]; FTG: PFDR (�30, �20, �10, 0, 10, 20) = [0.01, 0.01, 0.01, 0.01, 0.01 0.04], whereas post-baseline β activity: PFDR (80, 90,
100, 110, 120) = [0.034, 0.005, 0.012, 0.003, 0.003]; FTG: PFDR (80, 90, 100, 110, 120) = [0.022, 0.01, 0.02, 0.013, 0.022], (Wilcoxon signed-rank test). (D)
Illustrates median power dynamic of the single subjects (gray line) and the group median in bold from 30 minutes before to 120 minutes after the medica-
tion intake for the three biomarkers when only considering the medication intakes in-between the first and the last intakes of the day. The turquois shaded
area indicates significant power changes compared to the baseline window. The bars below show the percentage of subjects showing a significant power
change compared to baseline for each 10-minute window. Turquois indicates a significant power increase, whereas red indicates a significant power
decrease. LFP, local field potential; STN, subthalamic nucleus; FTG, finely tuned γ. [Color figure can be viewed at wileyonlinelibrary.com]
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FIG. 4. Medication response in hospital and ambulatory recordings. (A) Group average spectra of the high-resolution LFP rest recordings (BrainSense
Streaming mode) in the four medication/stimulation conditions. off medication/OFF stimulation (blue), off medication/ON stimulation (orange), on medi-
cation/OFF stimulation (yellow), and on medication/ON stimulation (violet). Medication alone preferentially reduces β band activity (most evident in 13–
20 Hz), increases low-frequency activity (5–12 Hz), and induces FTG within 70–90 Hz. Stimulation alone reduces the β activity (13–30 Hz), increases
low-frequency activity (5–12 Hz), and induces FTG at half the stimulation frequency (62.5 Hz, red curve). Combining stimulation and medication further
amplifies stimulation-entrained FTG at 62.5 Hz (violet curve). (B) Illustrates the difference in LFP power for the three selected biomarker frequencies
(low-frequency activity: orange, β activity: green, FTG: blue) between the medication on and off states (ON stimulation) measured in the hospital. Each
dot represents a single subject. A positive value indicates a power increase from the off to the on medication state (turquois), whereas a negative value
indicates a decrease (red). The pie chart shows the fraction of patients with an increase and decrease in the respective color. (C) Shows the effect of
medication intake on the LFP power dynamic for the three selected biomarker frequencies in the ambulatory recording when considering only intakes
between the first and last intakes of the day (Fig. 3C). On the right, the boxplot illustrates the difference between the mean power in the effect window
(+80 to +110 minutes) and the baseline window (0 to +30 minutes). A positive value indicates a power increase in the effect window after medication
intake, whereas a negative value indicates a decrease. Each line and dot represent a subject, and its color (red, turquois) is based on the result in (B).
The gray line indicates the patient who did not participate in the in-hospital high-resolution recording. The bars present the percentage of patients
(black) having the same trend in medication response in the hospital and in the ambulatory setting for the three biomarkers. LFP: local field potentials.
FTG: finely tuned γ. [Color figure can be viewed at wileyonlinelibrary.com]
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according to the respective control policy with its
related stimulation amplitude configuration.1,2,23,59

Circadian Rhythmicity
The extended observational periods enable the assess-

ment of longer temporal patterns, such as circadian
rhythms.8,25 All biomarkers, including low-frequency
activity, display similar and intercorrelated circadian
dynamics, with high power and volatility during wake-
fulness and reduced power at night. These dynamics
may likely reflect intrinsic properties of the brain at dif-
ferent consciousness states, as these findings are pre-
served after controlling for artifacts from physical
activity and heart rate, which expands on previous find-
ings on this matter.45,47,48 A critical observation for
future aDBS designs is the substantial magnitude of
power transitions between wakefulness and sleep that
may mask the biomarker’s medication-response dynam-
ics during the first and last medication intakes of the

day. New dimensions of differentiated diurnal and noc-
turnal treatment modalities will likely be reached once
devices allow for ambulatory high-resolution recordings
that may allow us to differentiate sleep states and
potentially sleep-related disorders from basal ganglia
signals.60-62

Symptom Biomarker Susceptibility to
Confounding Factors

Another relevant biomarker property to be evaluated
is their susceptibility to confounding factors such as
artifacts, considering the systems are miniaturized and
implanted.48,49,63 Our head-to-head comparison
showed that all three biomarkers are similarly affected
by heart rate activity as a direct consequence of the car-
diac electrical field, which was more prominent for left-
side-implanted neurostimulators.64 Similarly, increased
motion activity leads to confounding artifacts likely
caused by associated hardware movement, also present

FIG. 5. Biomarkers indexing symptom states. (A) Shows the correlation between the dyskinesia score and the LFP power at the three selected bio-
marker frequencies (low-frequency: orange, β: green, FTG: blue) in the awake state within each subject. To correct for the influence of physical activity
as well as for heart rate, partial correlation was applied. On the right, the bar plot indicates for each biomarker the percentage of subjects that had a
significant correlation value. The color indicates whether a significant positive (turquois) or negative (red) correlation was observed. (B) Illustrates the
mean LFP power of the three selected biomarker frequencies at the time points when the motor symptom state was marked in the symptom diaries.
“0” represents an optimal motor state, whereas “�” indicates an akinetic state and “+” a dyskinetic state. (C) Illustrates the median ratio between the
LFP power for the three biomarkers and the dyskinesia score when excluding the subgroup of intake windows with at least one self-reported positive
dyskinesia score post-intake. Single subjects are reported in light gray and the group median in bold from 30 minutes before to 120 minutes after the
medication intake. The turquois shaded area indicates significant changes in the ratio compared to the baseline window (yellow shaded area, 0 to
+30 minutes after medication intake). LFP: local field potentials; FTG: finely tuned γ. [Color figure can be viewed at wileyonlinelibrary.com]
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in all three biomarkers, which may for instance mask
motion-related β synchronization. Interestingly, there
might be a cause-effect dilemma for FTG as it can both
increase due to motion artifacts and be biologically
enhanced by voluntary motion and dyskinesia, as well
as changing arousal states, making it challenging to fur-
ther differentiate at the current state.

Clinical Implications and Sensing-Guided DBS
There are numerous ways how these candidate bio-

markers could be embedded in aDBS algorithms.65

Approaches evaluated in humans so far include
suppressing pathological subcortical β activity,
implemented through either single- or dual-threshold
control at sub-second scales, or as slower proportional
control at a 50 s time constant.1,22,66 A distinct and
successful approach utilizes cortical FTG processed
over a �20–30 s time constant, which when elevated
indexes stimulation to be reduced.5,31 The feasibility of
using subcortical low-frequency activity has been
shown for dystonia, not yet for PD.67 Based on the pre-
sent results, we can derive the strongest conclusion in
favor of using subcortical FTG as biomarker indexing
on-medication states and therefore helping to balance
stimulation based on medication fluctuations in an
aDBS scenario. Yet, this control loop may be indepen-
dent of the presence of dyskinesia, which is not in con-
flict with previous results from Olaru et al,27 as the
presence of FTG as suggested above represents a
continuum.
Although these results are insightful, they also add to

the complexity of parametrizing aDBS and the risk of
overwhelming the present clinical routines. Hence effec-
tive approaches to quickly and accurately select bio-
markers are needed. Both in-hospital and ambulatory
assessment may contribute to such a clinical-
neurophysiological interrogation strategy.4,68 The
intrinsic property of stimulation-entrained FTG, having
its strongest signal-to-noise ratio at half the stimulation
frequency, facilitates the biomarker selection. Yet,
future studies could characterize the granularity of FTG
dynamics in relationship to dyskinesia. In contrast,
selecting the optimal biomarker frequency within the
broader and functionally more heterogeneous low-
frequency and β activity range may require a more
refined approach with assessments at different medica-
tion doses and stimulation-intensity levels.68 It also
remains to understand whether the combined use of dif-
ferent biomarkers for both hemispheres can be addi-
tionally informative.

Limitations

Brain-sense signal recordings were continuous, but
data from wearables and diaries may have been

interrupted due to participants’ compliance or technical
limitations, that we aimed to compensate by a collec-
tion of representative data over multiple weeks. Inter-
pretation of the data should overall be under
consideration of the current technological limitation of
low temporal resolution and restriction to a narrow
spectral band of the ambulatory brain-sensing, that
limits the interpretation on transient spectral state
changes, and individual dynamics, and may be affected
by broad band effects. It should be stressed that the
experimental design performed exclusively under thera-
peutic stimulation may have favored the FTG proper-
ties. Furthermore, we did not always select the
hemisphere with the most pronounced FTG for the
ambulatory recording. A protocol conducted OFF or
with subtherapeutic stimulation could have better
evidenced the β dynamics related to medication and
symptom states.

Conclusions and Outlook

This study presents a first head-to-head comparison
of candidate biomarkers for aDBS using commercially
available neurostimulator and DBS leads showing that
FTG is the most powerful biomarker to index medica-
tion cycles at the group and individual levels. Yet, the
field is at the beginning, and in the future, large-sample
size and high-resolution ambulatory recordings will
shed more light into more granular biomarker proper-
ties to advance the design and practical implementation
of aDBS.
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