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No biomarker of Parkinson’s disease exists that allows clinicians to adjust chronic therapy, either medication or deep brain stimu-

lation, with real-time feedback. Consequently, clinicians rely on time-intensive, empirical, and subjective clinical assessments of

motor behaviour and adverse events to adjust therapies. Accumulating evidence suggests that hypokinetic aspects of Parkinson’s

disease and their improvement with therapy are related to pathological neural activity in the beta band (beta oscillopathy) in the

subthalamic nucleus. Additionally, effectiveness of deep brain stimulation may depend on modulation of the dorsolateral sensori-

motor region of the subthalamic nucleus, which is the primary site of this beta oscillopathy. Despite the feasibility of utilizing this

information to provide integrated, biomarker-driven precise deep brain stimulation, these measures have not been brought together

in awake freely moving individuals. We sought to directly test whether stimulation-related improvements in bradykinesia were con-

tingent on reduction of beta power and burst durations, and/or the volume of the sensorimotor subthalamic nucleus that was

modulated. We recorded synchronized local field potentials and kinematic data in 16 subthalamic nuclei of individuals with

Parkinson’s disease chronically implanted with neurostimulators during a repetitive wrist-flexion extension task, while administer-

ing randomized different intensities of high frequency stimulation. Increased intensities of deep brain stimulation improved move-

ment velocity and were associated with an intensity-dependent reduction in beta power and mean burst duration, measured during

movement. The degree of reduction in this beta oscillopathy was associated with the improvement in movement velocity.

Moreover, the reduction in beta power and beta burst durations was dependent on the theoretical degree of tissue modulated in

the sensorimotor region of the subthalamic nucleus. Finally, the degree of attenuation of both beta power and beta burst durations,

together with the degree of overlap of stimulation with the sensorimotor subthalamic nucleus significantly explained the stimula-

tion-related improvement in movement velocity. The above results provide direct evidence that subthalamic nucleus deep brain

stimulation-related improvements in bradykinesia are related to the reduction in beta oscillopathy within the sensorimotor region.

With the advent of sensing neurostimulators, this beta oscillopathy combined with lead location could be used as a marker for

real-time feedback to adjust clinical settings or to drive closed-loop deep brain stimulation in freely moving individuals with

Parkinson’s disease.
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Introduction
It is critical to be able to measure how a biomarker of a

given disease changes in response to different doses of any

therapy. For example, the efficacy of different doses of anti-

hypertensive medications can be easily ascertained by meas-

uring a patient’s blood pressure. In contrast, attempts to

optimize therapy for Parkinson’s disease have consisted of

empirical adjustments of doses of medication and/or inten-

sities of deep brain stimulation (DBS) based on a clinical as-

sessment of how such changes affect behaviour and/or

produce any adverse effects. No biomarker of the parkinson-

ian hypokinetic state is available in the chronic clinical set-

ting that is readily accessed and measured in real time to

provide critical feedback during adjustments of therapy.

DBS has enabled access to recordings of neural activity

[local field potentials (LFPs)] in deep brain structures. Such

recordings established that exaggerated neuronal oscillatory

activity and synchrony in the beta band (13–30 Hz), known

as the beta oscillopathy, may be an electrophysiological bio-

marker of the hypokinetic state in Parkinson’s disease. Beta

band power in Parkinson’s disease is attenuated in a dose-

dependent manner by both high frequency DBS and dopa-

minergic medication, and the degree of attenuation is related

to the improvement in motor behaviour (Brown et al., 2001;

Cassidy et al., 2002; Levy et al., 2002; Priori et al., 2004;

Wingeier et al., 2006; Kühn et al., 2008; Ray et al., 2008;

Bronte-Stewart et al., 2009; Giannicola et al., 2010; Eusebio

et al., 2011; Whitmer et al., 2012; Quinn et al., 2015). Beta

band oscillatory activity is dynamic and beta burst duration

may also be a biomarker of the hypokinetic state in

Parkinson’s disease. Short (4150 ms) bursts reflect normal

sensorimotor processing in non-human primates (Feingold

et al., 2015), whereas longer beta burst durations have been

correlated with motor disease severity in the resting state,

and with gait impairment and freezing of gait (FOG) in

Parkinson’s disease; improvement in gait and FOG from

DBS was associated with a reduction in mean beta band

burst durations (Tinkhauser et al., 2017; Anidi et al., 2018;

Deffains et al., 2018). This evidence suggests that real-time,

simultaneous measures of beta power and beta burst dura-

tions while adjusting doses of DBS and medication may be

key towards optimizing therapy in Parkinson’s disease.

The lack of a clinically available biomarker in Parkinson’s

disease is further hampered by the fact that DBS efficacy

relies on modulation of brain circuitry affected by

Parkinson’s disease, namely the sensorimotor network,

which requires highly accurate placement of the DBS lead in

small targets, such as the subthalamic nucleus (STN).

Clinical DBS programming has been even less precise be-

cause of the lack of clinically approved methods to visualize

the anatomic location of the lead once the patient has left

the surgical suite. It has been shown that there is a topog-

raphy of beta power within the STN with higher beta power

evident in the dorsolateral sensorimotor portion, which has

been theorized to be an effective target for DBS (Vanegas-

Arroyave et al., 2016; Horn et al., 2017a, b; Milosevic

et al., 2020). Similarly, investigations into the relationship

between lead location and clinical effectiveness of DBS have

demonstrated a correlation between modulation of the

dorsolateral sensorimotor region and improvement in car-

dinal motor symptoms of Parkinson’s disease (Butson et al.,

2011; Dembek et al., 2019).

The combined evidence suggests that more precise STN

DBS therapy in Parkinson’s disease would be achieved by

restoring physiological beta oscillatory activity in the sensori-

motor network, using DBS parameters that attenuate beta

burst durations and a volume of tissue modulated (VTM)

that precisely covers the sensorimotor region in the STN.

However, this has not been demonstrated in freely moving

individuals with Parkinson’s disease, as it has not been pos-

sible to simultaneously measure STN beta dynamics and

motor behaviour during different intensities of DBS, while

demonstrating to what extent VTMs at different intensities

encompassed the STN sensorimotor region.

In this study, we demonstrate for the first time the inter-

action between pathological beta dynamics, the VTM in the

STN, and quantitative measures of bradykinesia measured

at different intensities of STN DBS. We used the first gener-

ation fully implanted sensing neurostimulator (ActivaTM

PC+S, Medtronic PLC), which made it possible to record

synchronized STN neural activity and quantitative kinematic

data in freely moving individuals with Parkinson’s disease

during chronic DBS (Quinn et al., 2015; Trager et al., 2016;

Blumenfeld et al., 2017; Syrkin-Nikolau et al., 2017; Anidi

et al., 2018; Hell et al., 2018). We posited that with increas-

ing intensities of STN DBS, we would observe (i) progressive

improvements in bradykinesia; (ii) a greater reduction in

both beta power and beta burst durations during movement;
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and (iii) a greater overlap of the VTM with the sensorimotor

region of the STN. We also hypothesized that the interaction

between the amount of tissue modulated in the sensorimotor

STN and the degree of reduction of both beta power and

burst durations, would partially explain the improvement in

bradykinesia.

Materials and methods

Human subjects

Ten individuals (seven male) with clinically established
Parkinson’s disease underwent bilateral implantation of DBS
leads (model 3389, Medtronic PLC) in the sensorimotor region
of the STN using a standard functional frameless stereotactic
technique and multi-pass microelectrode recording. Dorsal and
ventral borders of each STN were determined using microelec-
trode recordings, and the base of electrode zero was placed at
the ventral border of the STN. The two leads were connected to
the implanted investigative neurostimulator [ActivaTM PC+S,
Medtronic PLC, FDA Investigational Device Exemption (IDE)
approved]. The preoperative selection criteria and surgical tech-
nique have been previously described (Brontë-Stewart et al.,
2010; Quinn et al., 2015). Subjects began experimental testing
only after being clinically optimized with chronic DBS settings
at the Initial Programming (IP) visit. All experimental testing
was done in the OFF medication state, which entailed the with-
drawal of long-acting dopamine agonists for 48 h, dopamine
agonists and controlled release carbidopa/levodopa for 24 h,
and short-acting medication for 12 h prior to the study visit. All
participants gave written consent to participate in the study,
which was approved by the Food and Drug Administration
(FDA) and the Stanford University School of Medicine
Institutional Review Board (IRB).

Experimental protocol

Titrations

Recordings were collected in the Stanford Human Motor
Control and Neuromodulation Laboratory and were performed
OFF dopaminergic medication (withdrawn according to the
same timeline as the preoperative protocol). Data were collected
at least 60 min after clinical STN DBS was turned off, which we
have demonstrated is enough time to wash out the effect of DBS
on STN LFPs (Trager et al., 2016). Subjects performed five trials
of a seated repetitive wrist flexion-extension (rWFE) task, which
we have validated as a measure of bradykinesia in Parkinson’s
disease (Koop et al., 2006, 2008; Louie et al., 2009; Blumenfeld
et al., 2017). Each trial was performed during randomized pre-
sentations of STN DBS at 0% (no DBS), 25%, 50%, 75%, and
100% of Vmax. Vmax represented the clinically equivalent DBS
intensity using a single active electrode, with which neurostimu-
lation improved bradykinesia to a similar degree to that
observed when using the clinical DBS intensity delivered
through one or multiple electrodes. Subjects were instructed to
remain seated and as still as possible with their eyes open during
a 60 s rest period, and after a ‘Go’ command, to flex and extend
the hand at the wrist joint as quickly as possible and to stop
only when instructed (Fig. 1A); the forearm was flexed so that
the elbow was angled at 90�. The movement was self-paced and

lasted 30 s. Each subject performed one round of the entire ex-
periment at the designated visit.

Data acquisition and analysis

Local field potential data acquisition

STN LFPs were recorded unilaterally from electrode contact
pair 0–2 (13 STNs) or 1–3 (three STNs) on the DBS lead
contralateral to the hand moving. LFPs were high-pass filtered
at 0.5 Hz, low-pass filtered at 100 Hz, amplified at gains set to
minimize stimulation artefact, and sampled at 422 Hz (10-bit
resolution). The programmable amplifier embedded in the
implanted neurostimulator allowed for setting gains at 250,
500, 1000, and 2000. The gain and centre frequency parameters
were chosen for each LFP recording using a standardized proto-
col that provided a robust method to avoid amplifier overload
due to stimulation to record artefact-free signals during stimula-
tion (Blumenfeld et al., 2017). Stimulation for titration experi-
ments (60 ms pulse width, 140 Hz frequency) was delivered
through electrode 1 or 2; subject-specific parameters are detailed
in Table 1. Uncompressed neural data were recorded on to the
ActivaTM PC+S system and then extracted via telemetry using
the ActivaTM PC+S tablet programmer.

Kinematic data acquisition

Movement was measured using solid-state gyroscopic wearable
sensors (sampled at 1 kHz) attached to the dorsum of each
hand (Motus Bioengineering, Inc) (Fig. 1A) and monitored by
continuous video that was synchronized to the kinematic
signals.

Angular velocity data were low-pass filtered in MATLAB
using two cascaded zero-phase fourth order Butterworth filters
with a 4 Hz cut-off frequency. Sampling rates for the angular
velocity, accelerometer, and video data were 1 kHz, 1 kHz, and
30 frames per second, respectively.

Synchronization of local field potential and

kinematic data

The kinematic and LFP signals were acquired concurrently,
using a data acquisition interface (Power1401) and Spike soft-
ware (version 2.7, Cambridge Electronic Design, Ltd.,
Cambridge, England). The synchronization of neural and kine-
matic recordings, using internal and external instrumentation,
respectively, was achieved by administering a few seconds of 20
Hz/1.5 V neurostimulation through either DBS lead. The signal
artefact was detected concurrently by the implanted system and
Spike software, the latter system recording the EEG stimulation
artefact using surface electrodes attached to the skin (one on the
forehead and one above the implanted neurostimulator), which
was recorded at 1 kHz. The files were then co-registered in
MATLAB during offline analysis (Quinn et al., 2015).

Data analysis

Spectrograms from LFPs were generated using a short-time
Fourier transform of a 1-s sliding Hanning window with 50%
overlap. The power spectral density (PSD) estimate was calcu-
lated using Welch’s method with the aforementioned windows
and overlap parameters. PSDs of movement state LFPs (during
30 s of rWFE) were calculated at each stimulation condition.
Grand average PSDs were also calculated by averaging move-
ment state LFPs across all STNs at each stimulation condition.
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To calculate beta power for each STN, the peak frequency in
the beta band (13–30 Hz), which was also the frequency at
which the PSD power differential between 0% and 100% stimu-
lation was largest, was identified. A 6 Hz band, defined as the
movement band, was then created and centred on this peak fre-
quency. Relative beta power in the movement band was normal-
ized by dividing these values by the mean power across the 45–
65 Hz band during the movement state, enabling comparison
among STNs (Syrkin-Nikolau et al., 2017). Grand average box
plots were also created for analysis by averaging normalized
beta power in each STN’s specific movement band at each DBS
intensity.

Beta band dynamics

Fluctuations in beta band power over time were measured using
a physiological baseline, that captures a broad distribution of
fluctuations, characterized as bursts using a method described

previously (Anderson et al., 2020). To calculate beta bursts, the
raw LFP was filtered with a zero-phase eighth order
Butterworth bandpass filter with a 6 Hz bandwidth centred
around the movement band frequency described above. The
bandpass filtered signal was squared and an amplitude envelope
of the maximum power was created by linearly connecting con-
secutive peaks of the squared LFP signal. The baseline for
thresholding was established by filtering the LFP between five
overlapping 6 Hz bands in the low gamma band (45–65 Hz),
an inert, low power band in the Parkinson spectra that was ab-
sent of peaks, and subsequently squaring and creating five
power envelopes. The median of the troughs (minima) were cal-
culated from each envelope and averaged. The baseline thresh-
old for bursts was established as four times the median power
of the troughs in order to reliably detect gamma power above
the estimated device floor of the ActivaTM PC+S neurostimulator
while still being low enough to reflect the desire for a baseline

Figure 1 Example of the effect of stimulation on behaviour and beta power. (A) Illustration of the repetitive wrist flexion-extension

(rWFE) task with the Motus gyroscope attached to the dorsum of the hand. (B) Example of angular velocity traces during the rWFE task at each

stimulation condition from a representative individual. (C) Spectrogram of STN LFPs during the rWFE task at each stimulation condition. The

colour bar represents the power in dB/Hz. (D) PSD diagrams averaged across the rWFE for each stimulation condition. Vertical red lines identify

the 6 Hz beta band of interest. Shading represents 95% confidence intervals.
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(Anidi et al., 2018; Anderson et al., 2020). Burst durations were

calculated as the interval between successive crossings of the

movement band envelope over the baseline. Burst durations

were calculated for each STN at 0%, 25%, 50%, 75%, and

100% Vmax DBS. The mean burst duration was calculated as

the mean of all bursts at each stimulation condition. The degree

of reduction of burst duration during DBS was calculated from

the per cent change between the mean burst duration at 0% (no

DBS) and mean burst duration at 25%, 50%, 75%, and 100%

Vmax DBS, respectively, for each STN.

Kinematic data analysis

Root mean square velocity (Vrms) was calculated and logarith-

mically transformed for each movement epoch to conform to

normality. Vrms at each stimulation intensity was normalized to

the subject’s maximum Vrms observed among all stimulation

conditions in order to compare the effect of stimulation on Vrms

among subjects. The degree of improvement was calculated as

the per cent change between Vrms at 0% stimulation and Vrms

at each of 25%, 50%, 75%, and 100% Vmax DBS for each

STN. Synchronized angular velocity data from the rWFE

recordings and neural data from the LFP recordings were seg-

mented using Spike software and analysed using MATLAB (ver-

sion 9.6, The MathWorks Inc. Natick, MA, USA).

Localization of DBS leads

Preoperative T1 and T2 MRI scans and postoperative CT scans

were acquired as part of the standard Stanford clinical protocol

(Brontë-Stewart et al., 2010). Location of DBS leads was deter-

mined by the Lead-DBS toolbox (Horn et al., 2019).

Postoperative CT scans and preoperative T2 scans were co-regis-

tered to preoperative T1 scans, which were then normalized into

MNI space using SPM12 (Statistical Parametric Mapping 12;

Wellcome Trust Centre for Neuroimaging, UCL, London, UK)

and Advanced Normalization Tools (Avants et al., 2011). DBS

electrode localizations were then corrected for brain-shift in the

postoperative CT scan (Horn and Kühn, 2015). DBS electrodes

were then localized in template space using the PaCER

algorithm (Husch et al., 2018) and projected onto the DISTAL

Atlas to visualize overlap with the STN (Ewert et al., 2018).

Calculation of volume of tissue modulated

VTMs were modelled using the approach described by Horn

et al. (2019). Electric fields were estimated using a finite element

method model with a four-compartment tetrahedral mesh seg-

menting grey matter, white matter, electrode contacts, and insu-

lating materials. The per cent volume of overlap was then

computed for both the whole STN and the sensorimotor portion

of the STN based on the DISTAL Atlas (Ewert et al., 2018).

Statistical analysis

Statistics were computed using R (version 3.6.0, R Foundation

for Statistical Computing, University of Auckland, New

Zealand) and MATLAB. Kolmogorov-Smirnov tests and theor-

etical-sample quantile plots were used to assess the normality of

the distributions of beta power in the movement band, mean

beta burst durations, and normalized Vrms at each separate

stimulation condition (0%, 25%, 50%, 75%, 100% Vmax

DBS), as well as to check for normality of the differences be-

tween pairwise comparisons of DBS intensities (0–25%, 0–

50%, 0–75%, and 0–100% Vmax DBS) for each of the above

variables. Based on these results, repeated measures ANOVAs

followed by Mauchly’s test for sphericity were used to compare

both mean movement band power and mean beta burst dura-

tions across all STN’s at the five stimulation conditions. Paired

t-tests were used post hoc to compare the difference in beta

power and mean beta burst durations between the 0–25%, 0–

50%, 0–75%, and 0–100% Vmax DBS conditions. Because of

its non-normal distribution, a Friedman’s test for non-paramet-

ric one-way ANOVA compared normalized Vrms across all

STN’s at the five stimulation conditions. Wilcoxon signed-rank

tests were used post hoc to compare the difference in Vrms be-

tween the 0–25%, 0–50%, 0–75%, and 0–100% Vmax DBS

conditions. P-values for post hoc tests were corrected for mul-

tiple comparisons using false discovery rate. Linear mixed effects

regression models were computed to calculate the association

between per cent change in beta burst duration and power on

the per cent change in Vrms, separately. Per cent change in Vrms

was included as the dependent variable and per cent change in

either beta burst duration or beta power was used as a fixed ef-

fect with subject as a random effect to account for within-sub-

ject relationships. A similar linear mixed effects regression

model was computed with per cent change in either beta burst

duration or beta power as the dependent variable and per cent

activation of the whole STN or the sensorimotor region of the

STN as fixed effects with subject as a random effect. Finally, a

linear mixed effects model was computed with per cent change

in Vrms as the dependent variable and the interaction between

per cent change in beta burst duration and the per cent activa-

tion of the sensorimotor region of the STN as fixed effects with

subject as a random effect.

Data availability

Data will be made available on request when possible.

Table 1 STN titration parameters

Subject STN Active electrode Vmax

(V)

Centre

frequency

(Hz)

Pulse width = 60 ms

Frequency = 140 Hz

1 L 2– 1.5 23.90

1 R 1– 3.9 22.25

2 R 1– 3.6 18.13

3 L 1– 3.0 19.78

3 R 1– 2.5 20.61

4 L 1– 3.0 20.61

4 R 1– 3.7 22.25

5 R 1– 4.0 18.96

6 L 1– 3.5 20.61

7 L 1– 4.3 19.78

7 R 2– 4.8 18.96

8 L 1– 2.5 19.78

9 L 2– 2.5 28.02

9 R 1– 3.9 16.48

10 L 1– 3.0 28.85

10 R 1– 3.2 23.08
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Results
Sixteen STNs from 10 well-characterized individuals with

Parkinson’s disease were included in the analysis. The LFPs

from four STNs were excluded because of a lack of discern-

ible signal: in three STNs this was due to artefact in the beta

band during stimulation, and in the other STN this was due

to an elevated noise floor. The mean age of the participants

was 55.3 ± 9.0 years, and mean disease duration was 8.9 ±
3.1 years. Preoperative OFF and ON medication United

Parkinson’s Disease Rating Scale (UPDRS) III scores were

41.8 ± 11.6 and 18.6 ± 7.6, respectively. OFF medication

UPDRS III scores, off and on STN DBS were 39.6 ± 14.6

and 10.7 ± 7.2, respectively, at the time of the experiment

(Table 2). The visit was conducted 2.5 ± 0.6 years after the

participant’s initial programming visit.

Stimulation improved bradykinesia,
reduced beta power and shortened
beta burst durations

Figure 1 displays synchronized kinematic and neural data

when one individual with Parkinson’s disease performed the

rWFE task during the randomized presentations of STN

DBS at 0%, 25%, 50%, 75%, and 100% of Vmax.

At increasing DBS intensities, this individual exhibited pro-

gressive increases in angular velocity and frequency during

rWFE (Fig. 1B), and progressive attenuation of this individu-

al’s movement band power (Fig. 1C and D).

Across the group, increasing intensities of STN DBS dur-

ing rWFE were associated with increases in Vrms and attenu-

ation of movement band power (Fig. 2). Figure 2A shows

the grand average box plot of Vrms during rWFE, at each in-

tensity of DBS, normalized to the maximum Vrms observed

for each hand. There was a significant effect of stimulation

on Vrms, which increased as DBS intensity increased [v2(15)

= 25.05; P = 0.049]. Post hoc Wilcoxon signed-rank tests

showed significant increases between Vrms at baseline and

during the 50%, 75%, and 100% Vmax stimulation

conditions: 0% and 50% Vmax (Z = 3.10; P = 0.0038), 0%

and 75% Vmax (Z = 2.90; P = 0.0051), 0% and 100% Vmax

(Z = 3.52; P = 0.0018). There was no increase in Vrms at

25% Vmax DBS intensity (Z = 0.98; P = 0.33). Figure 2B

demonstrates the grand average PSDs across all STNs at

each intensity of DBS, during movement, and Fig. 2C shows

the corresponding grand average box plot for the power in

the movement band. The STN-specific movement band was

calculated using a 6 Hz band centred on the peak beta band

frequency, which was also the beta frequency that was most

modulated by DBS during movement; nearly all centre fre-

quencies lied between low and high beta (18–23 Hz)

(Table 1). There was a significant effect of stimulation on

movement band power: increasing stimulation intensity

reduced beta power [F(4,60) = 6.96; P = 0.016]. Post hoc

paired t-tests showed significant reductions between move-

ment band power at baseline and DBS intensity at all inten-

sities, 0% and 25% [t(15) = 2.17; P = 0.047], 0% and 50%

[t(15) = 2.44; P = 0.037], 0% and 75% [t(15) = 2.67;

P = 0.035], 0% and 100% [t(15) = 2.77; P = 0.035].

Decreased beta power and burst
durations during DBS titrations
correlated with improved
bradykinesia

Reduction in movement band burst durations was associated

with increases in Vrms (Fig. 3). Figure 3A shows the band-

pass filtered LFP in the 6 Hz movement band from an indi-

vidual with Parkinson’s disease during rWFE, and Fig. 3B

shows the envelope of the squared filtered signal and

method for identifying bursts.

There was a significant effect of DBS intensity on move-

ment band burst durations: higher DBS intensities were asso-

ciated with shorter burst durations (Fig. 3C) [F(4,60) =

7.75; P = 0.011]. Post hoc paired t-tests showed significant

reductions in burst durations during DBS at 50%, 75%, and

100% Vmax compared to no DBS (0% Vmax): 0% and 50%

[t(15) = 2.52; P = 0.031], 0% and 75% [t(15) = 2.70;

Table 2 Subject demographics

Subject Sex Age at visit Years since

diagnosis

Pre-op UPDRS

(OFF meds)

Pre-op UPDRS

(ON meds)

UPDRS at visit

(off therapy)

UPDRS at visit(on

therapy)

1b Male 56.1 8.2 24 8 35 7

2a Male 65.7 6.2 35 26 25 12

3b Male 68.7 8.2 29 16 20 3

4b Male 60.9 6.1 39 23 48 8

5a Male 45.0 7.3 58 12 56 6

6a Male 56.1 10.2 52 29 55 14

7b Male 36.2 4.0 59 22 63 28

8a Female 52.5 11.1 50 26 43 18

9b Female 53.8 14.2 34 6 15 6

10b Female 58.4 13.2 38 18 36 5

Average ± SD 55.3± 9.5 8.9 ± 3.3 41.8± 12.2 18.6 ± 8.0 39.6 ± 16.2 10.7 ± 7.6

aOne STN used.
bBoth STNs used.
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P = 0.031], 0% and 100% [t(15) = 2.99; P = 0.031]. There

was a trend between reduction in burst durations during

DBS at 25% Vmax compared to no DBS [t(15) = 2.07;

P = 0.056]. Mean movement band burst durations were

reduced from 626 ± 554 ms off DBS to 439 ± 249 ms at

25% Vmax, 293 ± 117 ms at 50% Vmax, 250 ± 112 ms at

75% Vmax, and 210 ± 5 ms at 100% Vmax. This trend is

also demonstrated in all burst durations across all

STNs (Supplementary Fig. 1). As stimulation intensity

increased, burst durations were shortened, with longer

bursts 41000 ms significantly reduced and mean burst dur-

ation of all bursts progressively decreasing from no DBS to

100% Vmax.

A linear mixed effects regression model was used to assess

the relationship between the change in Vrms and change in

movement band burst durations: decreases in movement

band burst durations were associated with increases in Vrms

(b = –0.53, t = 4.50, P5 0.001) (Fig. 3D). A linear mixed

Figure 2 DBS improved behaviour and attenuated beta power. (A) Box plots with individual data overlaid depict the Vrms during rWFE

normalized to the maximum Vrms observed for each STN. DBS improved Vrms, with significant differences from no stimulation occurring at 50%,

75%, and 100% Vmax. (B) Grand average PSDs for all STNs during rWFE at each DBS intensity. (C) Grand average box plots with individual data

overlaid depicting averaged normalized power in the movement band of each STN during rWFE at each DBS intensity. Stimulation progressively

reduced movement band power, with significant differences from no stimulation occurring at all intensities of DBS. Thick horizontal line repre-

sents the median and the open circle represents the mean. *P5 0.05, **P5 0.01.

Figure 3 DBS reduced movement band burst durations during rWFE and shorter burst durations were associated with im-

provement in bradykinesia. (A) Bandpass filtered LFP in the 6 Hz movement band during a portion of the rWFE task. (B) Envelope of the

squared movement band filtered signal in A. The red horizontal line denotes the baseline used for burst identification. Shaded grey regions repre-

sent identified bursts. (C) Box plots with individual data overlaid depicting the movement band burst durations for each stimulation intensity.

DBS progressively reduced movement band mean burst duration, with significant differences occurring at 50%, 75%, and 100% Vmax. (D) There

was a significant correlation between the % change in movement band burst duration and % change in Vrms as calculated by the linear mixed

model (P5 0.001). Thick horizontal line represents the median and the open circle represents the mean. *P5 0.05.
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effects regression model was also used to assess the relation-

ship between change in Vrms and movement band power,

from which decreases in movement band power were also

associated with increases in Vrms (b = –0.48, t = 4.19,

P50.001, data not shown). Table 3 summarizes specific

results from the models. Taken together, a greater reduction

in both movement band power and burst durations were

associated with improvement in bradykinesia.

Reductions in beta burst duration
were associated with increased
overlap of the VTM with the
sensorimotor STN

There were inverse correlations between the reduction in

both movement band power and burst duration and the de-

gree of overlap of the volume of brain tissue modulated

(VTM) with the entire STN as well as with the sensorimotor

region of the STN (Fig. 4).

The top panel of Fig. 4 demonstrates that across the

group, DBS electrode leads were placed in the sensorimotor

STN (light blue). The middle panel shows a schematic of the

STN (in yellow), sensorimotor STN (light blue), and the

VTMs around the DBS lead at increasing DBS intensities

from one individual. At 0% DBS the VTM was zero, as no

tissue was modulated; at 25% Vmax there was a small VTM

within sensorimotor STN (highlighted in red); at 50% and

75% Vmax the VTMs (blue and green, respectively) over-

lapped a greater volume of sensorimotor STN, and at 100%

Vmax the VTM overlapped almost the entire sensorimotor

STN. Linear mixed effects regression models were used to

assess the relationships between per cent change in either

movement band power or burst duration and per cent

change in VTM overlap with the entire STN or sensorimotor

region of the STN (Fig. 4A and B). Activation of a greater

percentage of the STN was associated with a greater reduc-

tion in movement band power (b = –0.43, t = 6.93,

P50.001). However, activation of a greater percentage of

specifically the sensorimotor portion of the STN was even

more strongly related to reduction in movement band power

(b = –0.49, t = 9.08, P50.001). Similarly, activation of a

greater percentage of the STN was associated with greater

reduction in movement band burst durations (Fig. 4A) (b =

–0.42, t = 7.92, P50.001). However, again, activation of

the sensorimotor STN was even more strongly related to re-

duction in movement band burst duration (Fig. 4B) (b = –

0.47, t = 10.35, P5 0.001). Table 3 summarizes specific

results from the models.

Degree of overlap of VTM with the
sensorimotor STN and change in
beta burst duration predict
improvement in bradykinesia

A linear mixed effects regression model was used to test the

interaction between the degree of overlap of the VTM with

the sensorimotor STN and the change in movement band

burst durations, on bradykinesia. There was a significant

interaction between per cent VTM overlap with the sensori-

motor STN and per cent change in movement band burst

durations that was related to the per cent change in Vrms (b
= –0.18, t = 2.19, P50.05). This association is visualized

by the heat map in Fig. 5, which increased from dark blue,

corresponding to small increases in Vrms, through green to

yellow, corresponding to larger increases in Vrms. A greater

percentage of VTM overlap with the sensorimotor STN and

a greater reduction in movement band burst durations were

associated with greater per cent increase in Vrms. A similar

relationship was found between per cent change in Vrms and

the interaction between the per cent VTM overlap with the

sensorimotor STN and movement band power

(Supplementary Fig. 2) (b = –0.25, t = 2.72, P5 0.01).

Table 3 summarizes the results of these models.

Discussion
The results of this study demonstrate for the first time the re-

lationship between a biomarker of Parkinson’s disease,

namely STN beta (movement band) power and burst dura-

tions, the location of the field of neuromodulation, and

motor behaviour. This was achieved using synchronized

Table 3 Linear mixed models summary

Dependent variable Predictor B (95%CI) b (95%CI) t-value P-value

% Change in Vrms % Change in beta burst duration –0.49 (–0.71 to –0.27) –0.53 (–0.77 to –0.30) 4.50 3.02 � 10–5

% Change in Vrms % Change in beta power –0.37 (–0.54 to –0.19) –0.48 (–0.70 to –0.25) 4.19 9.07 � 10–5

% Change in beta burst duration % STN modulation –1.00 (–1.25 to –0.75) –0.42 (–0.53 to –0.32) 7.92 5.40 � 10–11

% Change in beta burst duration % sensorimotor STN modulation –0.51 (–0.61 to –0.41) –0.47 (–0.56 to –0.38) 10.35 3.87 � 10–15

% Change in beta power % STN modulation –1.24 (–1.60 to –0.88) –0.43 (–0.56 to –0.31) 6.93 2.87 � 10–9

% Change in beta power % sensorimotor STN modulation –0.65 (–0.79 to –0.50) –0.49 (–0.60 to –0.38) 9.08 5.33 � 10–13

% Change in Vrms (% Change in beta burst duration) �
(% sensorimotor STN modulation)

–0.00547 (–0.01 to –0.00048) –0.18 (–0.33 to –0.015) 2.19 0.032

% Change in Vrms (% Change in beta power) �
(% sensorimotor STN modulation)

–0.00637 (–0.011 to –0.0017) –0.25 (–0.43 to –0.066) 2.72 0.0084

B = unstandardized beta coefficient; b = standardized beta coefficient.
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subthalamic neural and kinematic recordings during a rWFE

task from freely moving individuals with Parkinson’s dis-

ease, who were implanted with a first generation sensing

neurostimulator (ActivaTM PC+S, Medtronic PLC) and who

had been receiving continuous high frequency DBS for a

mean of 2.5 ± 0.6 years. Randomized incremental increases

of STN DBS intensity during movement resulted in improve-

ment in bradykinesia. This improvement was accompanied

by a progressive reduction in movement band burst duration

as well as in movement band power. The degree of reduc-

tion in movement band burst durations and power could be

partially explained by the volume of tissue modulated in the

STN, particularly in the sensorimotor region. Finally, the

amount of tissue modulated in the sensorimotor STN, to-

gether with the degree of attenuation of both movement

band burst duration and power, significantly predicted the

Figure 4 Change in beta power and burst duration was dependent on theoretical amount of tissue modulated in entire STN

and sensorimotor STN. Top: DBS lead placement targeting sensorimotor STN (light blue) for all STN leads. Middle: Example of the VTM in

one STN at 0%, 25% (red), 50% (blue), 75% (green), and 100% (magenta) Vmax overlaid on the STN. The whole STN is depicted in yellow and the

sensorimotor region is highlighted in light blue. Bottom: (A) Relationship between % change in movement band power and % modulation of

the STN. (B) Relationship between the % change in movement band burst duration and % modulation of the sensorimotor portion of the STN.

The % modulation of both the STN as a whole and of the sensorimotor region of the STN significantly predicted the change in burst duration,

P5 0.001, with the stronger relationship observed for the sensorimotor portion of the STN.
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improvement in bradykinesia. These results highlight the

critical role that pathologically prolonged beta bursts and

elevated beta power in the sensorimotor STN play in motor

impairment in Parkinson’s disease and point towards a dir-

ect mechanism of STN DBS for improving behaviour, by

attenuating pathological sensorimotor beta oscillations and

restoring neural activity towards a more physiological state

of lower power and shorter oscillations.

Lead location in and VTM of the
sensorimotor STN relate to
improvement of the beta
oscillopathy and bradykinesia

In the current study, a greater VTM in the sensorimotor

STN was associated with reduced movement band power,

shortened movement band burst durations, and improved

motor outcome. This is the first demonstration that place-

ment of the DBS lead in, and modulation of the sensori-

motor STN in individuals with Parkinson’s disease was

related to attenuation of movement band power and burst

durations during movement that were associated with

improvements in bradykinesia.

The efficacy of STN DBS depends on modulation of the

sensorimotor network, which requires highly accurate place-

ment of the DBS lead in small targets, such as the dorsolat-

eral STN. Advances in neuroimaging have enabled

visualization of DBS lead location in relation to sensori-

motor circuitry. The Human Brain Connectome project has

led to standardized anatomical atlases of brain circuitry

(Sporns et al., 2005; Horn et al., 2014; Fornito and

Bullmore, 2015; Horn and Blankenburg, 2016; Fox, 2018).

DBS connectomic modelling has incorporated such anatomic

atlases with higher resolution MRI and models of the VTMs

at different DBS intensities to predict that the maximum

therapeutic benefit of motor symptoms in Parkinson’s dis-

ease is associated with modulation of the dorsolateral STN,

which coincides with the functionally defined sensorimotor

region (Herzog et al., 2004; Butson and McIntyre, 2005;

Butson et al., 2011; Chaturvedi et al., 2012; Caire et al.,

2013; Haynes and Haber, 2013; Akram et al., 2017, Horn

et al., 2017a; Bot et al., 2018; Ewert et al., 2018; Dembek

et al., 2019). The beta oscillopathy also has a dorsoventral

gradient of power in the STN, and recently it has been dem-

onstrated that delivering neurostimulation to the DBS elec-

trode closest to the site of maximal resting state beta power

in the STN produced the best patient outcomes (Ince et al.,

2010; Yoshida et al., 2010; Zaidel et al., 2010; De Solages

et al., 2011; Connolly et al., 2015; Milosevic et al., 2020).

Here, we provide direct evidence for the interaction be-

tween lead placement, VTM of the STN sensorimotor re-

gion, the beta oscillopathy during movement, and the

efficacy of STN DBS, which has only been theorized up to

now. This evidence highlights the critical need to implement

knowledge of lead location and/or VTMs into the standard

DBS programming protocols to facilitate physician’s choice

of stimulation contact and amplitude.

DBS efficacy for improving
bradykinesia was related to the
modulation of the beta oscillopathy
during movement

This is the first study to demonstrate that randomized incre-

mental increases of STN DBS intensity during a repetitive

movement task were accompanied by a dose-dependent

(based on voltage) attenuation in movement band power

and reduction in movement band burst duration, and fur-

thermore that these reductions partially predicted dose-de-

pendent improvements in bradykinesia. Rather than

focusing on the low and high beta sub-bands to track this

dose dependence, we focused on an STN-specific movement

band, a 6 Hz band around the most elevated peak in the

beta band during movement. The current electrophysiologic-

al results suggest that the effect of therapeutic DBS is to re-

turn the system closer to a physiological state. Increases in

DBS intensity reduced beta power and shifted the spectral

profile towards that resembling a 1/f curve as would be

expected for non-oscillatory neural activity (He, 2014).

Physiological beta burst durations in the sensorimotor net-

work of the healthy non-human primate brain are 4150 ms

(Murthy and Fetz, 1992, 1996; Pfurtscheller et al., 1996;

Leventhal et al., 2012; Feingold et al., 2015). In the present

study, the group mean movement band burst duration was

626 ± 554 ms off DBS, which decreased to 210 ± 5 ms

Figure 5 Change in movement band burst duration inter-

acted with the amount of overlap of the VTM with the sen-

sorimotor STN to predict the increase in Vrms. The heat

map represents the 3D interaction among changes in movement

band burst duration, % overlap of the VTM with the sensorimotor

STN, and % increase in Vrms. Greater reduction in movement band

burst duration and greater overlap of the VTM with the sensori-

motor STN were associated with larger increases in the % change

in Vrms, P5 0.05. Colour bar represents the % change in Vrms.
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during STN DBS at Vmax. This supports the hypothesis that

the effect of high frequency STN DBS during movement in

individuals with Parkinson’s disease is to progressively re-

store STN sensorimotor beta oscillations towards a more

physiological duration, and this was associated with restor-

ing impaired movement towards a healthier state. These

results solidify the role of beta oscillopathy as an effective

biomarker of the hypokinetic state in Parkinson’s disease.

The advent of sensing neurostimulators means that this is a

feasibly attainable clinical biomarker to use as a tool for

tracking changes to therapy.

Implications for closed-loop DBS

The results of this study support the feasibility of using beta

power or beta burst duration during movement as the con-

trol variable in neural closed-loop DBS. In contrast to con-

ventional delivery of open-loop neurostimulation, closed-

loop DBS is delivered in a feedback-responsive manner, con-

trolled by dynamic control policy algorithms, based on neur-

al or behavioural biomarkers of the disease state. Previous

demonstrations of the inverse relationship between resting

state beta band power and DBS intensity supported the dual

threshold control policy algorithm we developed in the first

demonstration of the feasibility of closed-loop STN DBS for

bradykinesia and tremor in Parkinson’s disease, using a fully

implanted sensing neurostimulator (Whitmer et al., 2012;

Velisar et al., 2019). We have also demonstrated efficacy of

closed-loop DBS using the dual threshold control policy al-

gorithm driven by movement state subject-specific sub-bands

of beta power to improve bradykinesia (Afzal et al., 2019).

The current study highlights the fact that both movement

band power and burst durations are relevant and useful con-

trol variables, as we have demonstrated that voltage-depend-

ent reduction in both movement band power and mean

movement band burst duration was correlated with im-

provement in bradykinesia. DBS intensity titrations can be

used to identify the upper and lower beta band power and/

or mean burst duration thresholds during movement to iden-

tify the patient-specific therapeutic range in which DBS in-

tensity can change to modulate the biomarker of the

hypokinetic state.

Previous studies used resting state beta band power as a

biomarker for closed-loop DBS experiments and most were

performed in the acute state using externalized leads and sys-

tems (Eusebio et al., 2011; Little et al., 2013, 2016a, b;

Rosa et al., 2015, 2017; Pi~na-Fuentes et al., 2017, 2019;

Arlotti et al., 2018). There were concerns that beta power

would be eliminated during movement, which would render

beta control policy algorithms ineffective in improving be-

haviour (Johnson et al., 2016; Little and Brown, 2020).

However, this and previous studies have shown that STN

LFP beta band power does not disappear and can still be

tracked during ongoing movement in Parkinson’s disease

(Quinn et al., 2015; Blumenfeld et al., 2017; Steiner et al.,

2017; Syrkin-Nikolau et al., 2017; Anidi et al., 2018; Afzal

et al., 2019). Movement band burst durations mirrored

movement band power in their association with impaired

movement and inverse association with DBS intensity. This

coupled with next generation sensing neurostimulator tech-

nology that allows for development of control policy algo-

rithms based on beta burst duration (SummitTM RC+S

system, Medtronic PLC) supports movement band burst

duration driven closed-loop DBS in freely moving

Parkinson’s disease subjects.

Limitations

One limitation of the current study is that the calculated

VTMs are theoretical models of stimulation-induced modu-

lation of STN. However, such models can provide an esti-

mation of the interaction between different neurostimulation

intensities and volumes of tissue modulated, depending on

lead location. Another limitation is that the current study

focused on the beta band due to its role in the pathophysi-

ology in Parkinson’s disease. There is evidence that the

gamma band (Özkurt et al., 2011; Swann et al., 2016), beta-

gamma phase amplitude coupling (De Hemptinne et al.,

2015; van Wijk et al., 2016; Shreve et al., 2017), and STN-

cortical interactions (Shimamoto et al., 2013) may also play

a role in the mechanism of DBS. The ActivaTM PC+S was

not able to record frequencies in the gamma range during

stimulation. We also did not attempt to explore the inter-

action between beta power and burst duration on either

Vrms or VTMs due to the high correlation between the two

metrics. Finally, the overall sample size was similar to previ-

ous studies but still limited by the number of neurostimula-

tors allocated to centres involved in the ActivaTM PC+S

project.

Conclusion
The results of the current study revealed heretofore theorized

mechanisms of STN DBS by elucidating the interaction be-

tween physiology (beta oscillations), anatomy (lead loca-

tion), and behaviour (kinematics), through the use of

synchronized neural and kinematic recordings during move-

ment in chronically implanted individuals with Parkinson’s

disease. Specifically, the current study demonstrated that the

improvement of bradykinesia during STN DBS depended on

the reduction of beta power and beta burst durations during

movement, and the degree of modulation of the sensori-

motor region of the STN. In addition to the mechanistic

insights for STN DBS in Parkinson’s disease, these results

highlight the feasibility of using beta power and burst dura-

tions during movement for closed-loop STN DBS, as these

features are still measurable during movement, and during

high frequency STN DBS, and their modulation was related

to improvement in bradykinesia in a dose-dependent manner

through DBS leads accurately placed in sensorimotor STN.
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