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Abstract

Objective: To investigate the progression of neural and motor features of

Parkinson’s disease in a longitudinal study, after washout of medication and

bilateral subthalamic nucleus deep brain stimulation (STN DBS). Methods: Par-

ticipants with clinically established Parkinson’s disease underwent bilateral

implantation of DBS leads (18 participants, 13 male) within the STN using

standard functional frameless stereotactic technique and multi-pass microelec-

trode recording. Both DBS leads were connected to an implanted investigative

sensing neurostimulator (ActivaTM PC + S, Medtronic, PLC). Resting state STN

local field potentials (LFPs) were recorded and motor disability, (the Movement

Disorder Society-Unified Parkinson’s Disease Rating Scale – motor subscale,

MDS-UPDRS III) was assessed off therapy at initial programming, and after

6 months, 1 year, and yearly out to 5 years of treatment. The primary endpoint

was measured at 3 years. At each visit, medication had been held for over 12/

24 h and DBS was turned off for at least 60 min, by which time LFP spectra

reached a steady state. Results: After 3 years of chronic DBS, there were no

increases in STN beta band dynamics (p = 0.98) but there were increases in

alpha band dynamics (p = 0.0027, 25 STNs). Similar results were observed in a

smaller cohort out to 5 years. There was no increase in the MDS-UPDRS III

score. Interpretation: These findings provide evidence that the beta oscillopathy

does not substantially progress following combined STN DBS plus medication

in moderate to advanced Parkinson’s disease.
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Introduction

Parkinson’s disease is a progressive neurological disease,

whose severity worsens even on optimal doses of medica-

tion.1–3 Recordings of local field potentials (LFPs) in the

subthalamic nucleus (STN) have revealed exaggerated

neuronal oscillations and synchrony in the beta frequency

band (13–30 Hz), known as the beta oscillopathy, which

is a marker of the pathophysiology of Parkinson’s dis-

ease.4–7 Beta power has been linked to motor impairment

and longer duration of fluctuations of beta power (bursts)

are associated with increased motor and gait disablity.7–14

Increasing beta power over time is linked to progressive

Parkinsonian pathophysiology in neural recordings from

both non-human primate and rodent models of progres-

sive Parkinsonism.15–19 Although a causal link between

beta power and PD impairment in humans is still lacking,

resting state beta power is greater in the more affected

compared to the lesser affected STN,6 and beta power has

been found to increase over time in the untreated STN in

two individuals with Parkinson’s disease, further suggest-

ing a relationship to disease progression.20

Beta power was attenuated and burst durations were

shortened during short periods of high frequency STN DBS

in a dose-dependent manner while improving motor disabil-

ity14,21,22 and for a period after STN DBS was turned off,23–

25 particularly when neurostimulation targeted the sensori-

motor portion of the STN.7,26 Meanwhile, investigation of

the long-term therapeutic efficacy of STN DBS on the beta

oscillopathy20 has been limited to the first 12 months after

the start of STN DBS.20,27,28 Initial results from these studies

suggest that the beta oscillopathy does not substantially pro-

gress during the initial 6–12 months of DBS.

Several studies have documented a lack of significant

progression of overall off therapy MDS-Unified Parkin-

son’s Disease Rating Scale part III (MDS-UPDRS III) scores

after long-term STN DBS, in contrast to the progression of

motor signs on and off long-term medical therapy.20,29–34

When examining specific symptoms, gait, balance, and

speech may continue to worsen over time,35–37 whereas tre-

mor has been shown to be arrested in early stage PD after

2 years of combined STN DBS plus medication compared

to treatment with medication alone.29,33 However, it is

unknown if the long-term stabilization of overall motor

disability following chronic STN DBS is accompanied by a

stabilization of the STN beta oscillopathy.

In this study, we tracked the dynamics of the off therapy

beta oscillopathy after 3–5 years STN DBS, using the largest

cohort of longitudinal data to date. Resting state STN LFPs

and the MDS-UPDRS III were measured off therapy (i.e.,

after withdrawal of medication and STN DBS) every

6 months out to 5 years of chronic STN DBS. We hypothe-

sized that there would be no significant progression of the

beta oscillopathy, as measured by both beta power and

burst duration, nor overall motor disability following with-

drawal of chronic STN DBS. In contrast, the beta oscillopa-

thy and motor signs would continue to progress in a

control STN, in which a DBS lead was implanted but not

turned on, and then stabilize after activation of DBS.

Materials and Methods

Human subjects

Eighteen participants (13 male) with clinically established

Parkinson’s disease (Table 1) underwent bilateral implan-

tation of DBS leads (model 3389, Medtronic, PLC, Min-

neapolis, MN, USA) in the sensorimotor region of the

subthalamic nucleus (STN) using a standard functional

frameless stereotactic technique and multi-pass microelec-

trode recording. Dorsal and ventral borders of each STN

were determined using microelectrode recording, 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, Medtro-

nic, PLC). The preoperative selection criteria and surgical

technique have been previously described.38 All experi-

mental testing was done in the off-medication state, which

entailed stopping long-acting dopamine agonists at least

48 h, dopamine agonists and controlled release carbidopa/

levodopa at least 24 h, and short acting medication at least

12 h before testing. To be eligible for analysis in this long-

term washout study, individuals implanted with the Acti-

vaTM PC + S sensing neurostimulator had to have at least

a 12-month washout data point.20 All participants gave

written consent to participate in the study, which was

approved by the Food and Drug Administration (FDA)

with an investigational device exemption (IDE) and by the

Stanford University Institutional Review Board (IRB).

Experimental protocol

Recordings were collected before the initial activation of

the DBS system at initial programming (IP), which was

1 month after implantation of the DBS leads, and off all

therapy after 6 months, and then 1, 2, 3, 4, and 5 years

after the initial programing (IP) visit. At the follow-up

visits, stimulation was turned off and seated resting state

local field potential (LFP) recordings were collected 60–
75 min later. This timing was chosen since we have previ-

ously demonstrated that the effect of DBS on the LFP is

washed out well before this time window.20 Limb or head

movement was monitored using angular velocity sensors

on the hands and feet (Motus Bioengineering, Inc., Beni-

cia, CA), a triaxial accelerometer on the forehead

(ADXL335, Analog Devices, Norewood, MA), and with
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synchronized video recordings (30 FPS) from a USB web

camera (C930e, Logitech, Lausanne, Switzerland). The

MDS-UPDRS III – motor subscale was performed by a

certified rater preoperatively (on and off medication), off

medication at IP, and then off all therapy at all follow-up

visits after DBS had been turned off for at least 60 min.

Data acquisition and analysis

LFP data acquisition

STN LFPs were recorded from electrode contact pair 0–2
or 1–3 on the DBS leads. LFPs were high-pass filtered at

0.5 Hz, low-pass filtered at 100 Hz within the device, and

sampled at 422 Hz (10-bit resolution). Uncompressed

neural data were recorded on to the ActivaTM PC + S sys-

tem and then extracted via telemetry using the ActivaTM

PC + S tablet programmer.

Data analysis

Estimated power spectral density was calculated using

Welch’s method with a 1-sec sliding Hanning window

with 50% overlap on 30 sec of resting state data. Power

was calculated across the whole alpha (8–12) and beta

band (13–30 Hz) and normalized by dividing these values

by the mean power across the 45–65 Hz band, enabling

comparison among STNs.39

Oscillatory dynamics

Fluctuations in beta band power, characterized as bursts,

were measured in reference to a physiological baseline (i.e.,

the 1/f spectrum characteristic of broadband neural activ-

ity) that captures a broad distribution of fluctuations.14 To

calculate beta bursts, the raw LFP was filtered with a zero-

phase 8th order Butterworth bandpass filter with either a

4 Hz band spanning the alpha band, a 17 Hz bandwidth

spanning the whole beta band (13–30 Hz), or 6 Hz band-

width centered around the peak beta frequency.14 The

bandpass filtered signal was squared and an amplitude

envelope of the maximum power was created by linearly

connecting consecutive peaks of the squared LFP signal.

The baseline for thresholding was established by filtering

the LFP between 45 and 65 Hz in sequential, 50% overlap-

ping bands of the bandwidth used in the analysis, then

squaring, and creating an envelope of that signal. A trough

detection algorithm identified the local minima of the

envelope, which represented the local smallest peak ampli-

tudes of the filtered squared signal. The threshold to be

Table 1. Participant demographics.

Participant Age Sex

Disease

duration

at IP

Pre-Op

UPDRS III

(off meds)

Pre-Op

UPDRS III

(on meds)

IP MDS-

UPDRS III

(off therapy)

1-year MDS-

UPDRS III

(ON DBS,

off meds) IP LEDD (mg)

1-year

LEDD (mg)

3-year

LEDD (mg)

1 52.8 M 4.9 24 8 20 5 1314 100 0

2 62.5 M 4.0 35 26 36 11 400 550 75

3 65.7 M 7.2 29 16 38 12 500 500 125

4 58.1 M 7.3 39 23 43 19 1923 650 650

5 42.2 M 7.5 58 12 51 9 1200 550 200

6 53.5 M 7.6 52 29 61 17 2405 850 550

7a 72.2 M 9.9 47 23 45 29 750 400 275

8b 58.6 F 11.0 33 6 42 18 1000 225 175

9 34.3 M 8.1 59 22 70 35 950 250 0

10c 57.3 M 6.1 62 23 56 19 1075 750 –

11 67.6 F 7.1 44 25 12 2 825 500 200

12 50.6 F 11.2 50 26 51 14 920 660 0

13c 61.9 M 17.3 42 24 44 8 1200 150 –

14 52.0 F 12.5 34 6 22 6 650 1980 707

15 66.1 M 8.6 51 10 33 16 875 100 350

16 56.8 F 13.6 38 18 35 8 1125 550 350

17c 55.0 M 12.3 18 4 21 2 917 100 –

18c 50.1 M 11.2 38 31 48 17 375 100 –

Average

� SD

56.5 � 8.9 9.3 � 3.4 41.8 � 11.8 18.4 � 8.4 40.4 � 15.2 13.7 � 8.5 1022.4 � 486.7 498.1 � 430.9 261.1 � 227.1

LEDD, levodopa equivalent daily dose; IP, initial programming.
aIndicates participant had a broken right hand and could not perform complete UPRDS at 3-year follow-up.
bParticipant did not perform the gait task of the UPRDS at 3-year follow-up.
cIndicates that the participant did not perform the 3-year follow-up.
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used as the baseline to identify alpha or beta band bursts

was established as 4 times the median power of the troughs

of the LFP, as described previously.14 Burst durations were

calculated as the interval between successive crossings of

the envelope of the band of interest over the baseline. Burst

peak power was calculated as the maximum excursion of

the power envelope during a burst. In one STN, the alpha

band envelope power was elevated in the 3-year follow-up

visit and failed to drop below the threshold for defining

bursts and consequently no burst was detected. This STN

was excluded from the analysis.

Localization of DBS leads

Preoperative T1 and T2 MRI scans and postoperative CT

scans were acquired as part of the standard clinical proto-

col.38 Location of DBS leads was determined by the Lead-

DBS toolbox.40 Postoperative CT scans and preoperative

T1 and T2 scans were co-registered, which were then nor-

malized into MNI space using SPM12 (Statistical Para-

metric Mapping 12; Wellcome Trust Centre for

Neuroimaging, UCL, London, UK) and Advanced Nor-

malization Tools.41 DBS electrode localizations were then

corrected for brain-shift in the postoperative CT scan.40

DBS electrodes were then localized in template space

using the PaCER algorithm42 and projected onto the DIS-

TAL Atlas to visualize overlap with the STN.43

Calculation of volume of tissue activated

Volumes of tissue activated (VTA) were modeled using

the approach described by Horn and colleagues.40 Electric

fields were estimated using a finite element model with a

four-compartment tetrahedral mesh segmenting gray mat-

ter, white matter, electrode contacts, and insulating mate-

rials. The percent volume of overlap was then computed

for both the whole STN and the sensorimotor portion of

the STN based on the DISTAL Atlas.43 Additionally, the

overlapping VTA that was common across all STNs (left

and right separately) was calculated.

Data acquisition and analysis

Statistics were computed using MATLAB (version 9.9,

The MathWorks Inc. Natick, MA). Paired t-tests were

used to assess changes in power, burst duration, and burst

peak power, as well as in the MDS-UPDRS III from IP to

the 3-year timepoint. Spearman correlations were used to

assess any correlation between percent change in MDS-

UPDRS III and the percent change of each of the neural

metrics with each STN treated independently. Significance

was set at p < 0.05.

Results

The primary outcomes were the change in beta band

power and the MDS-UPDRS III from IP to 3 years of

continuous high frequency STN DBS. Eighteen individuals

(33 STNs) completed the 1-year evaluation, 14 individuals

(25 STNs) completed the 2-year evaluation, 14 individuals

(25 STNs) completed the 3-year evaluation, 9 individuals

(16 STNs) completed the 4-year evaluation, and four indi-

viduals (6 STNs) completed the 5-year evaluation. Decre-

ment in enrollment at later visits was primarily from lack

of re-implantation of the experimental neurostimulator

(PC + S) or from late enrollment in the study. The mean

age of the participants was 56.5 � 8.9 years, and mean

disease duration at IP was 9.3 � 3.4 years (Table 1).

DBS lead location accurately targets the
sensorimotor STN

Figure 1 demonstrates that the DBS lead locations for all

subjects were well placed in the STN, and that the shared

Figure 1. Lead location and shared

volumes of tissue modulated (VTAs). (A)

Lead location for all 18 participants within

the subthalamic nucleus (blue). (B)

Depiction of the VTAs (yellow) at the 3-

year timepoint that are shared across all

participants.
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VTA of the participants included in the 3-year analysis

overlapped the dorsolateral (sensorimotor) region of the

STN (average overlap � standard deviation: 61.6% �
17.5%, range: 26.8%–99.9%).

STN DBS improved motor disability and
resulted in reduction of medication

Table 1 demonstrates that there were significant reduc-

tions in the MDS-UPDRS III on compared to off medica-

tion preoperatively, and ON DBS at the 1-year timepoint

compared to off medication preoperatively: preoperative

off and on medication MDS-UPDRS III scores were

41.8 � 11.8 and 18.4 � 8.4, (t(17) = 8.87, p = 8.67–8)
and 13.7 � 8.5, off medication, ON DBS after 1 year of

DBS (t(17) = 11.51, p = 1.89–9). For those with data out

to 3 years, the levodopa equivalent daily dose (LEDD)

decreased 75.4% from 1059.8 � 539.3 mg at IP to

261.2 � 235.7 mg at 3 years (p = 3.28e-5), with all but

one participant showing reduced LEDD. Three/fourteen

(21%) participants had not been taking any dopaminergic

medication for at least 9 months at the 3-year timepoint.

Off therapy beta band power was
unchanged while alpha band power
increased after 3 years of DBS

Figure 2 displays the grand average resting state power

spectral density, measured off therapy, at up to seven

timepoints out to 5 years after the IP visit. Visual obser-

vation suggested that there was no increase in beta band

power over time after up to 5 years of STN DBS, whereas

alpha band power increased, Figure 2A–E. This was quan-
tified between the IP and the 3-year timepoint in 25

STNs, where there was no change in beta power (t

(24) = 0.027, p = 0.98) and a significant increase in alpha

power (t(24) = 3.35, p = 0.0027), Figure 2F. The lack of

change in beta band power and increase in alpha band

power was observed in both akinetic rigid phenotype

patients and in tremor dominant patients.

Oscillatory dynamics were quantified by burst duration

and normalized burst peak power. Alpha band burst dura-

tions were significantly longer off therapy after 3 years of

STN DBS, compared to IP, Figure 3A (t(23) = 3.53,

p = 0.0018). However, there was no difference in mean

burst duration in the beta band, either for a 6 Hz narrow-

band centered around the beta peak (t(23) = 0.01,

p = 0.99), or for the whole 13–30 Hz beta band (t

(23) = 0.45, p = 0.65). Similarly, alpha peak power was sig-

nificantly greater at the 3-year timepoint, Figure 3B (t

(23) = 2.85, p = 0.009). Meanwhile, there was no change in

beta peak power for either the narrowband (t(23) = 1.13,

p = 0.27) or whole beta band (t(23) = 1.28, p = 0.21).

Off therapy overall motor disability did not
progress after 3 years of STN DBS

Fourteen individuals were assessed at both IP and the 3-year

timepoint with 12 individuals able to complete the full

MDS-UPDRS III at follow-up (one had a broken right hand

and one could not perform the gait task) to assess whether

motor signs changed over time, off all therapy. Off therapy

motor disability, assessed by the total MDS-UPDRS III

score, did not worsen after washout of 3 years of continu-

ous STN DBS plus medication compared to the initial pro-

gramming (IP) off therapy scores (IP: 39.3 � 17.0; 3-years:

39.8 � 21.4) after washout of medication and before activa-

tion of DBS (t(11) = 0.11, p = 0.92).

There were no significant correlations between percent

change in UPDRS scores and the percent change in beta

power (q = �0.09, p = 0.69), beta burst duration

(q = 0.23, p = 0.32), or beta peak power (q = 0.05,

p = 0.83). Similarly, there was no significant correlation

with percent change in alpha power (q = 0.01, p = 0.98),

alpha burst duration (q = 0.19, p = 0.40), or alpha peak

power (q = 0.20, p = 0.38).

Progression of beta in the untreated side

One participant chose to have bilateral DBS lead implan-

tation, but initially only activated unilateral DBS for the

more affected hemibody. The less affected side was turned

on 30 months later based on a clinical decision due to

the progression of symptoms. Figure 4 details the off-

therapy measurements of beta band power (Figure 4A),

beta band mean burst duration (Figure 4B), and the

MDS-UPDRS III lateralized scores of tremor, rigidity, and

bradykinesia (Figure 4C) of the more and less affected

hemibodies. There was progressive attenuation of beta

band power and shortening of mean beta burst durations

in the more affected (treated) STN, after washout of ther-

apy out to 5 years. In the less affected STN, beta band

power and mean burst duration began to increase after

2 years of no DBS therapy. After STN DBS was turned

on at 30 months, beta burst durations stabilized, Fig-

ure 4B. Meanwhile, the less affected hemibody lateralized

MDS-UPDRS III scores continued to increase at the 36-

and 42-month timepoint, but then stabilized, Figure 4C.

Discussion

This longitudinal study, recording both STN neural activ-

ity and clinical motor disability, demonstrated that there

was no increase (i.e., worsening) in STN beta band

power, mean beta band burst duration, peak beta burst

power, or the MDS-UPDRS III motor score after a wash-

out of both STN DBS and medication after 3 years. In
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contrast to the stabilization of beta band dynamics off

therapy over time, there was a significant increase in

alpha band power, mean alpha band burst duration, and

peak alpha burst power. The stabilization of beta and

increase in alpha band dynamics were also evident after 4

and 5 years of DBS in a smaller cohort. In a control STN

the beta oscillopathy increased with no DBS therapy and

then stabilized after activation of STN DBS.

Lack of progression of beta oscillopathy
following chronic STN DBS

In animal models of Parkinsonism, it has been demon-

strated that increasing beta band power and longer beta

bursts are markers of progressive Parkinsonian patho-

physiology.15–19 There have been repeated demonstrations

of the short-term effect of therapy (both DBS and medi-

cation) on the beta oscillopathy.7,11,44 The only longitudi-

nal studies to date tracking beta power have been limited

to the first year post-DBS and have each shown either a

reduction or stability of beta over that time. Our results

build on this by examining LFP data out to 3 years, along

with observational support out to 5 years in a more lim-

ited cohort and finding no progression of the beta oscil-

lopathy. This result was consistent for both akinetic rigid

and tremor-dominant subtypes. Although the lack of

change in beta oscillopathy is not proof of stabilization, it

does provide good evidence that beta is not significantly

progressing for those receiving chronic STN DBS. We do

not believe that the lack of significant progression of beta

was due to the variable nature of LFP data, as alpha

dynamics did show a consistent change over time, and

the lack of beta change was consistent at each timepoint

over 5 years. Additionally, in one control STN that was

not initially turned on, we did see the beta oscillopathy

start to progress after 2 years with medication as the sole

treatment, which then stabilized following activation of

DBS. However, as an N of 1, that result is only anecdotal.

In contrast to the lack of change in beta band dynamics,

we observed an increase in alpha band power and prolonga-

tion of alpha band burst durations after washout of 3 years

of STN DBS. We do not believe that this was due to emer-

gence of tremor over time as these findings appeared similar

in both tremor-dominant and akinetic-rigid subtypes. Unlike

beta, the role of alpha within the STN is not well character-

ized. Topographic analysis of oscillatory activity within the

STN has demonstrated that alpha peaks may reside more

ventromedially within the STN compared to the dorsolateral

location of beta oscillations, which may correspond with

projections toward premotor and prefrontal areas.45 Addi-

tionally, cortical alpha oscillations have been shown to play a

significant role in attentional-processing.46 It is possible,

therefore, that the observed changes in alpha may represent

cognitive or attention-related changes over the course of the

disease. These are typically less well addressed by STN DBS

compared to traditional motor symptoms.

Chronic STN DBS slowed expected overall
motor progression off therapy in treated
Parkinson’s disease

The progression of motor signs in the drug na€ıve state

has been hard to measure in the era of levodopa therapy

due to the long duration effect of dopaminergic
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medication, which has been reported to persist in

advanced Parkinson’s disease.2,47,48 However, the drug

na€ıve state is not the expected motor state of Parkinson’s

disease, except in very early stages of disease, as demon-

strated in the Parkinson’s Progression Markers Initiative

(PPMI) cohort. Of the 423 people with Parkinson’s

recruited in the drug na€ıve state (disease duration: 0.4–
35.8 months) almost 50% had started levodopa therapy

after 2 years, which increased to 83% at 5 years.2 There-

fore, in order to assess the expected motor progression,

the only comparison that can be made between the

cohort in this paper and treated people with Parkinson’s

disease is in the off-medication state. After withdrawal of

medication, the MDS-UPDRS III score increased by an

average of 8.8 points in the PPMI cohort.3 Over several

cohorts there appears to be an annual ~2.4 point increase

in the MDS-UPDRS III score after withdrawal of medica-

tion2,47 and even on optimal doses of medication, motor

severity worsens over time.1–3,47

In contrast, the off medication/OFF DBS MDS-UPDRS

III score in this study did not change after 3 years (IP:

39.3 � 17.0, 3 years: 39.8 � 21.4). There was a significant

(75.4%) reduction in medication (LEDD) and three/four-

teen participants had stopped medication for several

months prior to their 3-year evaluation. This argues

against a contribution of the long duration effect of

dopaminergic medication as the overall lower dose of

medication and fewer participants on medication would

predict an even greater increase in the MDS-UPDRS III

after 3 years. Other factors arguing for an expected pro-

gression of motor signs greater than that observed include

a longer disease duration (9.3 + 3.4 years) at baseline

than the PPMI cohort and that medication was with-

drawn for a longer time. The lack of progression of off

therapy overall MDS-UPDRS III scores after chronic

long-term STN DBS has also been documented in previ-

ous studies,20,30–32,34 although it is important to note that

certain symptoms such as axial signs may continue to

worsen.35–37

Implications for closed-loop DBS

The stability of beta power and burst duration out to

5 years post DBS implantation is a critical observation for

the potential feasibility of using beta as a control variable

for closed-loop DBS. Up until this point, it has not been

known whether beta could reliably be used as a long-term

biomarker due to a lack of in-human subject data in chron-

ically implanted patients. The fact that beta remained stable

out to 5 years in this cohort should assuage concerns over

potential loss of signal quality over time.
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Limitations

MDS-UPDRS III and neural recordings were made 60–
75 min after DBS was turned off and at least 12 h after

withdrawal of short acting dopaminergic medication and

24–48 h after long-acting dopaminergic medication.

Although tremor and rigidity have been shown to return to

baseline within 60 min of turning off DBS, the return of

axial, and bradykinetic symptoms have been shown to take

2–4 h.49 Similarly, the action of medications may take

weeks to fully washout.50 However, the participants were

on much less medication at the 3-year timepoint which

would bias the results toward less of a long duration medi-

cation effect at 3 years compared to that at IP and would

therefore lead to a greater expected increase in MDS-

UPDRS III score. Meanwhile, we can be confident that the

recorded washout LFPs are stable as we have previously

demonstrated that there was no difference in beta power

and the power spectral density spectrum between the 14-

sec and the 60-min timepoint after turning off STN DBS.20

The lack of a control group means that we cannot rule

out that the stabilization of the beta oscillopathy does not

represent a normal plateau in Parkinson’s disease. How-

ever, the observed worsening of the beta oscillopathy in

the case example of the untreated STN, alongside obser-

vations of worsening in non-human primate and rodent

models of progressive Parkinsonism,16,18 provide evidence

that the observed stabilization in the STN DBS cohort

may be connected to treatment. However, no correlation

was seen between change in UPDRS and change in beta

oscillopathy. More objective measurements of behavior in

the future may allow for higher fidelity tracking of differ-

ent symptom progression over time and allow us to better

characterize any link to the beta oscillopathy or other

neural features.

The results of this study demonstrate that the underly-

ing, off therapy beta oscillopathy and overall motor dis-

ability of people with moderate to advanced Parkinson’s

disease did not substantially increase following 3–5 years

of STN DBS, whereas alpha band power increased. These

results are interesting in relation to evidence that the STN

beta oscillopathy is a marker of progressive Parkinsonian

pathophysiology.
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