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Motor network gamma oscillations in chronic
home recordings predict dyskinesia
in Parkinson’s disease

Maria Olaru,’? Stephanie Cernera,”? Amelia Hahn,? Thomas A. Wozny,"?
Juan Anso,? Coralie de Hemptinne,* Simon Little,? ®Wolf-Julian Neumann,*
Reza Abbasi-Asl®” and Philip A. Starr’?

In Parkinson’s disease, imbalances between ‘antikinetic’ and ‘prokinetic’ patterns of neuronal oscillatory activity are
related to motor dysfunction. Invasive brain recordings from the motor network have suggested that medical or sur-
gical therapy can promote a prokinetic state by inducing narrowband gamma rhythms (65-90 Hz). Excessive narrow-
band gamma in the motor cortex promotes dyskinesia in rodent models, but the relationship between narrowband
gamma and dyskinesia in humans has not been well established.

To assess this relationship, we used a sensing-enabled deep brain stimulator system, attached to both motor cortex
and basal ganglia (subthalamic or pallidal) leads, paired with wearable devices that continuously tracked motor signs
in the contralateral upper limbs. We recorded 984 h of multisite field potentials in 30 hemispheres of 16 subjects with
Parkinson’s disease (2/16 female, mean age 57 + 12 years) while at home on usual antiparkinsonian medications.
Recordings were done 2-4 weeks after implantation, prior to starting therapeutic stimulation.

Narrowband gamma was detected in the precentral gyrus, subthalamic nucleus or both structures on at least one side
of 92% of subjects with a clinical history of dyskinesia. Narrowband gamma was not detected in the globus pallidus.
Narrowband gamma spectral power in both structures co-fluctuated similarly with contralateral wearable dyskinesia
scores (mean correlation coefficient of p = 0.48 with a range of 0.12-0.82 for cortex, p = 0.53 with a range of 0.5-0.77 for
subthalamic nucleus). Stratification analysis showed the correlations were not driven by outlier values, and narrow-
band gamma could distinguish ‘on’ periods with dyskinesia from ‘on’ periods without dyskinesia. Time lag compar-
isons confirmed that gamma oscillations herald dyskinesia onset without a time lag in either structure when using
2-min epochs. A linear model incorporating the three oscillatory bands (beta, theta/alpha and narrowband gamma)
increased the predictive power of dyskinesia for several subject hemispheres. We further identified spectrally distinct
oscillations in the low gamma range (40-60 Hz) in three subjects, but the relationship of low gamma oscillations to
dyskinesia was variable.

Our findings support the hypothesis that excessive oscillatory activity at 65-90 Hz in the motor network tracks with
dyskinesia similarly across both structures, without a detectable time lag. This rhythm may serve as a promising con-
trol signal for closed-loop deep brain stimulation using either cortical or subthalamic detection.
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Introduction

Much has been learned about the physiological basis for
Parkinsonian motor signs by recording local field potentials from
deep brain stimulator leads implanted in basal ganglia nuclei.
Early work used externalized leads in subjects at rest in a periopera-
tive setting." A seminal early observation using externalized leads
was that therapeutic levodopa suppressed subthalamic nucleus
beta band (13-30 Hz) oscillatory activity while promoting gamma
band activity at 65-90 Hz, often referred to as ‘narrowband gamma’
or as ‘finely-tuned gamma’.? This led to the hypothesis that allevi-
ating bradykinesia requires rebalancing basal ganglia ‘antikinetic’
beta oscillations with ‘prokinetic’ higher frequency oscillations.
This model suggests an excess of the ‘prokinetic’ narrowband gam-
ma rhythm could lead to hyperkinetic states such as dyskinesia.
However, this link has been difficult to demonstrate with short
perioperative recordings from externalized leads.

Inrodent models of Parkinson’s disease treated chronically with
levodopa, phenomenologically identical 65-90 Hz narrowband
gamma oscillations have been recorded from the motor cortex,
where they are linked to dyskinesia.>”> Recently, narrowband gam-
ma has been observed in the motor cortex of subjects with
Parkinson’s disease in the ON-medication state with first-
generation® and second-generation’ sensing-enabled deep brain
stimulation (DBS) devices connected to subdural cortical leads. In
humans with Parkinson’s disease, Swann et al.® suggested a rela-
tionship between cortical narrowband gamma and dyskinesia in
two subjects from multiple brief recordings at home in dyskinetic
and non-dyskinetic states. However, those findings were based
on shortrecordings (30-s to 5-min duration) and subject self-ratings
for dyskinesia. The remaining questions include: (i) whether nar-
rowband gamma spectral power in the motor network scales with
the severity of dyskinesias; (ii) the temporal relationship between
variations in narrowband gamma and variations in dyskinesia;
(iii) the relative value of cortical versus basal ganglia narrowband
gamma as markers of dyskinesia; and (iv) the contribution of the
other frequencies, such as beta and theta, as covariate predictors
of dyskinesia.®

To address these questions, we utilized an investigational
second-generation sensing-enabled pulse generator capable of per-
forming four-channel recordings continuously at home.” Prior to
initiating therapeutic basal ganglia stimulation, we recorded
984 h of cortical and basal ganglia field potentials in 30 hemispheres
of 16 subjects with Parkinson’s disease, with 608 h recorded while
continuously measuring dyskinesia using wearable sensors. We
collected recordings in naturalistic settings while subjects were
awake, performing normal activities of daily living and on their
usual schedule of antiparkinsonian medications. We found fluctua-
tions in narrowband gamma spectral power in both the motor

cortex and subthalamic nucleus correlate to fluctuations in con-
tinuous metrics of dyskinesia with minimal time lag.

Materials and methods

The institutional review board approved the study protocol and we
registered the study on clinicaltrials.gov (NCT03582891) under a
physician-sponsored investigational device exemption for
Medtronic’s Summit RC+S (G180097/R003). We collected data from
16 subjects with Parkinson’s disease implanted with an investiga-
tional bidirectional neural interface, Summit RC+S (Medtronic
Inc.), designed for chronic sensing of field potentials during activ-
ities of daily living.” We attached depth leads to the device in either
the subthalamic nucleus (11 subjects) or globus pallidus (five sub-
jects) and paddle-type leads placed subdurally over precentral
and postcentral gyri.” Data from the first five subjects have been
published previously in an unrelated analysis that did not specific-
ally address dyskinesias.” We recruited participants from the
movement disorders surgery clinic at the University of California
San Francisco in accordance with the Declaration of Helsinki.
Inclusion criteria were a diagnosis of idiopathic Parkinson’s disease
by a movement disorders neurologist and standard clinical indica-
tions for subthalamic nucleus or globus pallidus deep brain
stimulation.’®! Exclusion criteria were significant cognitive im-
pairment as determined by a Montreal Cognitive Assessment score
of 20 or lower or an untreated mood disorder as evaluated by a
neuropsychologist. A movement disorders specialist evaluated
baseline motor function prior to implantation using the
Movement Disorder Society revision of the Unified Parkinson’s
Disease Rating Scale part III (UPDRS III) in the OFF- and
ON-medication states. The OFF-medication state is 12 h after with-
drawal of antiparkinsonian medication, and the ON-medication
state is 30-45 min after a supratherapeutic dose of carbidopa-
levodopa. We characterized the baseline severity of dyskinesia in
daily life using UPDRS IVa 4.1 (time spent with dyskinesia). We de-
termined whether motor signs in one hemibody were more severe
than the other using UPDRS III OFF-medication scores for rigidity,
bradykinesia and tremor in each limb.

We implanted all subjects with quadripolar cylindrical leads in ei-
ther the subthalamic nucleus (Medtronic 3389 lead) or globus palli-
dus (Medtronic 3387 lead), consisting of 1.5mm or 3mm
intercontact spacing, respectively, and quadripolar paddle-type
cortical leads (10 mm intercontact spacing) using methods previ-
ously described (Fig. 1A).”*? The surgeon placed cortical leads along
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A Schematic of contact placement and numbering

B Anatomic confirmation of contact placement
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Figure 1 Anatomic localization of recording contacts and data processing method. (A) A schematic of the cortical paddle and subcortical depth lead
locations (hardware shown on only one side for clarity), where each contact is labelled 14 (anterior-posterior for the cortical paddle, dorsal-caudal
for the subcortical depth lead). (B) An example of cortical (left) and subthalamic (right) leads in an individual subject (Subject 1) on a parasagittal
MRI (left) and an axial MRI at the level of the dorsal subthalamic nucleus (STN) (right). The largest arrow (red) marks the central sulcus. (C) Top: The over-
lapping bipolar recording configuration using contact pairs 1-3 and 2-4. For cortical recordings, this was the configuration used to record from Subjects
1-5. For subcortical recordings, this was the configuration used to record from subthalamic-implanted subjects. Bottom: The non-overlapping bipolar
recording configuration using contact pairs 1-2 and 3-4. For cortical recordings, this was the configuration used to record from Subjects 6-16. For sub-
cortical recordings, this was the configuration used to record from pallidal-implanted subjects. (D) Cortical contact placement across subjects repre-
sented on a template brain. (E) Location of all subcortical depth leads represented on a template brain. (F) Single subject example (Subject 4, right
hemisphere) of overlaid power spectral densities (PSDs) from the posterior (left) and anterior (right) recording configurations of the cortical paddle
(log-scaled) during everyday life at home. Each power spectral density line (grey) was derived from a 2-min recording. The average power spectra is
overlaid as the black line. The rectangle spanning 65-90 Hz (blue) denotes the signal frequencies that characterize narrowband gamma. (G) Overlaid
power spectral densities from F after removing aperiodic activity using the Fitting Oscillations and One-Over-F (FOOOF) algorithm.*® The flattened
average power spectra is overlaid as the black line. The horizontal line (black) in the rectangle is the power threshold used to detect the peak narrow-
band gamma frequency. (H) Example of overlaid power spectral densities from the caudal (left) and dorsal (right) recording configurations of the sub-
thalamic lead using the same format as in F. (I) Overlaid power spectral densities from H after removing aperiodic activity using FOOOF, similar to G.
(J) The coherence between the channel with the maximum integrated gamma score (dorsal) and the two channels (anterior and posterior) from the
remaining implant site (cortical). GPe = globus pallidus external; GPi = globus pallidus internal; NBG = narrowband gamma.
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a parasagittal trajectory such that either two or three contacts were
anterior to the central sulcus, 2-4 cm from the midline. We con-
firmed electrode localization intraoperatively using cone beam CT
(Medtronic O-arm)™* fused to preoperative MRI (Fig. 1B). For each
implanted hemisphere, we connected brain leads to a Medtronic
Summit RC+S interface (model B35300R) in the ipsilateral pectoral
area via 60 cm lead extenders (model 37087). We covered the con-
nection between the lead extender and implantable pulse gener-
ator (Summit RC+S) with medical adhesive to reduce leakage of
the ECG signal into neural recordings.™

Electrodes could then be configured into several types of bipolar
recording configurations (Fig. 1C). Precise anatomic electrode local-
ization was refined post hoc using established image analysis pipe-
lines for deep brain stimulation'® and cortical electrodes.'” Briefly,
we coregistered post-implantation high-resolution CT images using
arigid, linear affine transformation and resliced into a preoperative
T1-weighted 3 T MRL'® We verified placement by visual inspection
and, when necessary, implemented an additional brain shift correc-
tion to refine subcortical anatomy coregistration.'® Then, we loca-
lized electrodes to CT artefacts. Lastly, we applied an additional
surface projection correction® to localize cortical leads to the
MRI-rendered pial surface.’® For group analyses, we normalized
electrode locations into Montreal Neurological Institute space®®
and visualized either on the FreeSurfer average cortical surface”
(Fig. 1D) or a standardized Parkinson’s disease-specific subcortical
atlas (Fig. 1E).%

We analysed intracranial sensorimotor cortical and basal ganglia
field potentials from subjects with chronically implanted cortical
paddles and depth leads in the home environment while engaging
in activities of daily living. Recordings were completed more than
1 week after implantation, before initiating therapeutic deep brain
stimulation 1 month after implantation, and for recording durations
of at least 8 h per hemisphere. For cortical recordings in Subjects 1-5,

Table 1 Subject demographics
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we configured overlapping bipolar recording channels (contacts 1-3
and 2-4) and configured all subsequent subjects with non-
overlapping bipolar recording channels (contacts 1-2 and 3-4). For
the non-overlapping recording channels from the cortical site, the re-
cording configuration from contacts 1-2 sampled the precentral
gyrus, while the recording configuration from contacts 34 sampled
the postcentral gyrus. For depth leads, we configured subthalamic-
implanted subjects with overlapping recording channels and
pallidal-implanted subjects with non-overlapping recording chan-
nels (Fig. 1C). Subjects streamed neural data from the Summit RC+S
interface to a Microsoft Windows tablet using a custom-made graph-
ical user interface on the device’s application program made avail-
able by Medtronic Inc. (all software is compliant with the US Food
and Drug Administration code CFR 820.30 and accessible at https:/
openmind-consortium.github.io).” Subjects with bilateral implants
streamed data from both hemispheres simultaneously. Each RC+S
streamed potentials in the time domain from two channels per cor-
tical paddle at a sampling rate of 250 or 500 Hz. The device enables
up to 30 h of continuous recording prior to recharging.

Subjects streamed neural data at home while wearing Global Kinetics
Pty Ltd. Personal KinetiGraph® (PKG®) monitors?*** on both wrists
during normal daily activities and while on their preoperative dose
of antiparkinsonian medication (Table 1). This wearable device pro-
vides continuous tremor, bradykinesia and dyskinesia scores in
2-min intervals using a three-axis accelerometer and a proprietary,
validated commercial algorithm.?® Each wearable device records
data for a maximum of 9 days before requiring an additional charge.
We removed outliers from the wearable data by excluding all values
more than 4 SD from each subject’s mean score, a standard practice
for large datasets.”® While PKG® scores have been clinically validated
with respect to UPDRS ratings,”” we performed additional validation
within our data, showing a correlation of averaged wearable dyskin-
esia scores and UPDRS IV ratings of p = 0.51 (P = 0.004; Supplementary
Fig. 2A). The relationship between averaged wearable dyskinesia
scores and UPDRS IV ratings suggests that these scores can

Pt  Symptoms UPDRS UPDRS  Levodopa Age Gender MOCA  UPDRS UPDRS UPDRS Implant Implant
(years) (OFF) v (mg) (years) tremor L tremorR  (OFF-ON) site side
1 7 49 4 1425 54 M 26 2 0 0.9 STN Bilateral
2 19 45 1 955 63 M 30 3 4 0.51 STN Bilateral
3 12 61 2 1550 28 F 27 12 9 0.73 STN Bilateral
4 4 41 1 1314 40 M 30 6 3 0.65 STN Bilateral
5 12 44 2 2100 58 M 27 0 0 0.75 STN Bilateral
6 10 39 2 1755 48 M 27 6 14 0.59 GP Bilateral
7 13 89 0 1083 64 F 27 9 11 0.53 GP Bilateral
8 7 29 2 1525 71 M 26 0 4 0.58 STN Bilateral
9 10 34 2 800 58 M 28 4 10 0.73 STN Bilateral
10 4 31 0 1580 65 M 26 7 4 0.51 GP Unilateral
11 6 35 0 570 61 M 27 7 7 0.67 STN Bilateral
12 12 32 1 920 45 M 26 3 3 0.84 STN Bilateral
13 7 49 2 2031 67 M 27 1 1 0.76 STN Bilateral
14 8 49 0 1213 51 M 27 14 3 0.61 GP Bilateral
15 13 31 1 1036 73 M 28 4 4 0.67 STN Bilateral
16 9 66 1 900 66 M 29 12 11 0.64 GP Unilateral

The Unified Parkinson’s Disease Rating Scale (UPDRS) tremor L/R ratings are derived from questions from the contralateral UPDRS III 15-17 in the OFF-medication state. The
UPDRS dyskinesia rating is from question UPDRS IVa 4.1. The UPDRS OFF-ON score is the per cent change in overall motor symptoms (UPDRS III) between clinically defined
OFF-medication and ON-medication states. The OFF-medication state is defined as 12 h after withdrawal of antiparkinsonian medication, and the ON-medication state is defined
as 3045 min after a supratherapeutic dose of carbidopa-levodopa. F =female; GP = globus pallidus; M = male; MOCA = Montreal Cognitive Assessment; OFF = OFF medication;

ON = ON medication; Pt = Subject; STN = subthalamic nucleus.
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approximate involuntary hyperkinetic movement, versus primarily
normal voluntary movement.

We first derived timestamps for field potentials and reformatted
cortical and basal ganglia field potentials from the RC+S system
using a validated open-source toolbox in MATLAB R2019b.?® For
subjects with recordings containing multiple channel configura-
tions, we processed the channel configuration with the longest re-
corded data to increase the dyskinetic fluctuations during
recordings (for subject-specific channel configurations, see
Fig. 1C, Signal Recording-Neural). Then, we downsampled the po-
tentials to 250 Hz and calculated the power spectral density for
each channel in non-overlapping 2-min intervals using the Welch
method (Python 3.8.3 SciPy package).?® We used non-overlapping
Hann windows of 256 data-points per fast Fourier transform for
the cortical (Fig. 1F) and subcortical (Fig. 1H) channels.

Power spectra from all 2-min epochs were overlaid for each channel
and processed to identify narrow band peaks within a frequency band
of interest (65-90 Hz for narrowband gamma). Given the temporal vari-
ability of peak presence and dyskinesia in this large dataset, we em-
ployed three steps to increase the signal-to-noise ratio and focus on
epochs with high oscillatory activity. First, we flattened the spectra
by removing the aperiodic component from all 2-min epochs using
the Fitting Oscillations and One-Over-F (FOOOF) algorithm.'® Second,
we defined the peak frequency oscillation as the most commonly oc-
curring frequency (within the frequency band of interest) with max-
imum spectral power (at least 2 SD above the mean at 65 Hz) across
all epochs (Supplementary Fig. 1A). A single peak frequency was used
for all data epochs from a given recording site and hemisphere but
was individualized across hemispheres, recording sites within a hemi-
sphere, and frequency bands within a recording site. Additional ana-
lyses regarding the variability of peak gamma frequency across
epochs within a subject hemisphere can be found in the intra-subject
hemisphere variability section of the Supplementary material. We
used the 65 Hz frequency as a baseline because even after removing
aperiodic activity, lower frequency activity may exhibit higher power
values. Third, we defined epochs as containing oscillatory signals if
the peak frequency power was at least 2 SD above the mean peak fre-
quency power. We included all visually detectable FOOOF peaks in
the unflattened overlaid power spectra (when identifying narrow
band peaks using the low-gamma frequency band, some FOOOF peaks
detected were broadband gamma, not narrowband peaks).

To generate summary statistics for the oscillatory signal, we de-
fined an integrated narrowband gamma score that considers not
only the power but also the temporal duration of the oscillation.
To do this, we averaged the power spectral densities for all epochs
that met the criteria for having an oscillatory peak and multiplied
this by the percentage of the recording time during which the oscil-
lation was present. For each electrode (two channels per electrode),
we defined the dominant channel as having the largest integrated
narrowband gamma score. The dominant channel was defined in-
dependently for each spectral power band. For comparisons of
spectral power to wearable scores, we used the peak frequency of
the dominant channel as determined from flattened spectra (as in
Fig. 1G and I), with the amplitude of that frequency in the unflat-
tened, log-scaled power spectra (as in Fig. 1F and H) for each subject
hemisphere, since the latter is more relevant for evaluation of these
signals in adaptive deep brain stimulation.

M. Olaru et al.

Lastly, we characterized narrowband gamma coherence using
Python’s ‘SciPy’ package®® between the recording site with the max-
imal integrated narrowband gamma score and the two channels
from the remaining recording site (Fig. 1J). Then, we determined
the dominant paired channels as those with the largest integrated
narrowband gamma score using the above methods. We also visu-
ally observed distinct low gamma spectral peaks (40-60 Hz) in three
subjects and thus employed these methods to characterize low
gamma cortical and subcortical 6oscillations.

Wearable dyskinesia and tremor scores were labelled such that high-
er scores indicated more severe motor signs. We transformed wear-
able bradykinesia scores from negative to positive values, such that
higher scores also indicated more severe motor signs. Next, we re-
moved data from periods of sleep using immobility as a surrogate
marker, defined as >2 min with a bradykinesia score >80.*

To align neural and wearable data, we set the wearable devices to com-
puter clock time as determined by the network time protocol. We used
computer clock time stamps from the neural data stream. To verify
synchronization, we compared the root-mean-square voltage of the
built-in internal accelerometer of the RC+S to the wearable accelerom-
eter across synchronized time stamps in a subset of five subjects.”

We used modules in Python for our statistical analyses. We measured
time series correlations using Spearman’s statistics as the default stat-
istic, as this measure is robust to outliers. For correlations across aggre-
gate/non-continuous measures, we used Pearson’s statistics in the
SciPy statistics module.? To visually compare time series data between
neural and wearable datasets of a subject hemisphere and the contra-
lateral wrist, we rescaled each signal using minimum-maximum nor-
malization from the ‘sklearn’ module®® onto a common scale.
Normalization is standard practice for variables with large differences
in scale. It does not impact statistical tests that do not rely on distance
measures between examples (such as Spearman or Pearson
statistics).?® For linear regression analysis, we used the sklearn package.
We split data into an 80/20 ratio of training and testing subsets. Using
the training subset, we trained a linear regression model and calculated
the correlation coefficient (r) between the predicted and actual depend-
ent variable from the testing subset. For cross-validation, we re-
generated the data split ratio five times across non-overlapping epochs
of the data. Then, we averaged all statistics across each split.

We corrected all P-values for multiple comparisons within each
subject hemisphere using false discovery rate correction in the
‘statsmodel’ statistics ‘multitest’ module.>> We assessed effect
size using Cohen’s d statistic with the built-in statistics module.
We compared distributions of gamma-wearable correlations across
neural sites and wearable motor signs using one-way ANOVA tests.
We assessed normality in each distribution with the Shapiro nor-
mality test from the SciPy statistics module. We used t-tests to
compare distributions that did meet the criteria for normality and
the Mann-Whitney U-test for distributions that did not. We aver-
aged the integrated gamma scores across hemispheres for clinical
measures available at the subject but not the hemibody level. To de-
termine the total hours recorded, we summed the hemisphere with
the maximal recorded configuration of each subject.

Outlier values may influence standard linear correlation techni-
ques. Thus, in addition to using Spearman’s coefficient, we used
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another stratification method, described later, to assess the relation-
ship between narrowband gamma activity and dyskinesia within in-
dividual subjects. We transformed the wearable dyskinesia
numerical output to have discrete ordinal labels.”® We binned the
dyskinesia scores from bins 0-3 in an exponential manner, such
that each consecutive bin contains half the amount of values as the
previous bin, to mimic the duration of time subjects experience dys-
kinesia theoretically. Bin 4 contains all the remaining values. The or-
dinal bin with a label of 0 corresponds to the lowest 50th percentile of
dyskinesia scores, with each consecutive label containing the re-
maining lowest 50th percentile of scores such that bin 0 contains per-
centiles 0-50; bin 1 contains percentiles 51-75; bin 2 contains
percentiles 76-87.5; bin 3 contains percentiles 87.6-93.75; and bin 4
contains percentiles 93.76-100. We compared differences in narrow-
band gamma power for each subject hemisphere across paired sets of
binned wearable dyskinesia scores (0-1, 1-2, 2-3, 3-4) with t-tests in
the SciPy statistics module.?® We excluded subjects without a clinical
history of dyskinesia using UPDRS IVa scores in data visualization for
Figs 3-5 (n=4).

Results

We implanted 30 hemispheres from 16 subjects with Parkinson’s
disease with cortical and basal ganglia leads (2/16 female, mean
age at surgery 57 + 12 years). Subject demographics are in Table 1.
Twelve subjects had a clinical history of dyskinesia (UPDRS IVa dys-
kinesia score >0), 10 of whom had implants in the subthalamic nu-
cleus. In the OFF-medication state, 15 subjects had mild to
moderate tremor scores in at least one limb (UPDRS III 15-17), and
all subjects had non-zero bradykinesia scores in all limbs (UPDRS
I1I 4-9, 14, recorded in the OFF-medication state).

We defined the presence of narrowband gamma at the hemisphere
level by inspecting each 2-min flattened power spectral density
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epoch for spectral power greater than 2 SD above the 1/f background
(see the ‘Material and methods’ section; Fig. 1G and I). Cortical nar-
rowband gamma was present in 20/30 hemispheres (13/16 subjects),
and subthalamic narrowband gamma was present in 13/22 hemi-
spheres and one or both hemispheres of 8/11 subjects (Table 2).
None of the five subjects with pallidal depth leads met the criteria
for subcortical narrowband gamma; thus all subsequent analyses of
subcortical activity used only subthalamic recordings.

We visualized the distribution of cortical and subthalamic narrow-
band gamma peak frequencies between 65 Hz and 90 Hz (Fig. 2A).
Subject hemispheres with cortical and subthalamic oscillations (n
=11) tended to have similar peak frequencies across sites, with a
median frequency peak absolute difference of 1 Hz between the
cortical and subthalamic sites (Fig. 2B).

All cortical electrode arrays spanned the precentral gyrus, with
at least one contact over the postcentral gyrus. For later subjects in
the protocol, the central sulcus was used as the midpoint of cortical
quadripolar arrays. For these subjects, we recorded cortical field po-
tentials using non-overlapping bipolar montages (Fig. 1C) to distin-
guish oscillatory activity in the precentral versus postcentral gyrus.
Narrowband gamma localized to the precentral gyrus in all 13
hemispheres with narrowband gamma and non-overlapping bipo-
lar montages.

Here, we report subject-level metrics because clinical dyskinesia
scores were available at the level of the subject but not the
hemisphere. We defined subjects as having narrowband gamma
if the signal was present in one or both hemispheres. Of the sub-
jects who met the criteria for dyskinesia preoperatively (UPDRS
IVa score >0), cortical narrowband gamma was present in
17/23 hemispheres (n=11/12 subjects) and subthalamic narrow-
band gamma was present in 13/20 hemispheres (n=28/10
subjects). Of the subjects who did not meet the clinical criteria
for dyskinesia, cortical narrowband gamma was present in
n=2/4 subjects. Subthalamic narrowband gamma was absent

Table 2 Presence and localization of narrowband gamma across study subjects

Pt Implant site UPDRS IV Left cortical Right cortical Left subcortical Right subcortical
NBG Correlation NBG Correlation NBG Correlation NBG Correlation

1 STN 4 True True True True True True True True
2 STN 1 False False True True False False True True
3 STN 2 False False False False False False False False
4 STN 1 True True True True True True True True
5 STN 2 True False True True False False True True
8 STN 2 False False True True False False False False
9 STN 2 True True True True True True True True
11 STN 0 False False True False False False False False
12 STN 1 True True False False True True False False
13 STN 2 True True True False True True True False
15 STN 1 True True False False True True True True
6 GP 2 True True True True False True False False
7 GP 0 True True True True False False False False
10 GP 0 False False NA NA False False NA NA
14 GP 0 False False False False False False False False
16 GP 1 True True NA NA False False NA NA

The presence of narrowband gamma (True or False) and significant correlations between narrowband gamma and dyskinesia (True or False) are shown across sites for all subject

hemispheres. GP = globus pallidus; NA = not applicable; NBG = narrowband gamma; Pt = Subject; STN = subthalamic nucleus.
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Figure 2 Narrowband gamma oscillations across subjects: frequency distribution and relation to clinical history of dyskinesia. (A) The distribution of
peak narrowband gamma (NBG) frequencies in cortical (orange, left-most set) and subthalamic (green, right-most set) sites. (B) A scatter plot of peak NBG
frequencies across sites in subject hemispheres where NBG was recorded at both sites. The dotted line indicates where the frequency would be the
same at both sites, serving as a visual aid for comparing the frequencies across sites. (C) Contingency tables relating clinical history of dyskinesia
with NBG for cortical (left) and subthalamic (right) electrode sites. Each data-point represents a subject, where each subject was classified as exhibiting
NBG if one or both hemispheres had NBG oscillations exceeding the detection threshold. STN = subthalamic nucleus.

in the subject who did not meet the clinical criteria for dyskin-
esia (Fig. 2C). The observed patterns among the subjects suggest
narrowband gamma oscillations in the motor network likely oc-
cur in subjects with a clinical history of dyskinesia, though this
comparison was underpowered for formal statistical analysis.
Additionally, the mean integrated gamma scores were smaller
in hemispheres of subjects without a clinical history of dyskin-
esia than in subjects with a clinical history of dyskinesia at the
cortical (t=2.15, P=0.046) and subthalamic (t=3.25, P=0.007)
sites (Supplementary Fig. 2B). These results show that narrow-
band gamma differs between subjects as a function of the pres-
ence or absence of dyskinesia. To further investigate whether
the lack of narrowband gamma in some patients with a history
of dyskinesia may be due to electrode placement, we also plot-
ted anatomic coordinates of cortical leads segregated by pres-
ence or absence of narrowband gamma, and did not find a
systematic difference (Supplementary Fig. 2C).

We examined the relationship between fluctuations in narrowband
gamma power and fluctuations in continuous dyskinesia scores
from the contralateral wearable device for each hemisphere of sub-
jects with non-zero UPDRS dyskinesia preoperative scores.
Examples of the narrowband gamma and dyskinesia time series are
shown in Fig. 3A. Cortical narrowband gamma, subthalamic narrow-
band gamma and narrowband gamma coherence between the two
sites correlated to the wearable dyskinesia signal (false discovery
rate-corrected P < 0.05)in 15/17,12/13 and 11/13 hemispheres (Fig. 3B).

Correlations between narrowband gamma oscillations and
wearable dyskinesia scores yielded mean correlation coefficients
of p=0.48 for the motor cortex, p =0.53 for the subthalamic nucleus
and p=0.31 for subthalamic-motor cortex coherence. Each correl-
ation was significant using a one-sample t-test, with P <0.005. The
distributions differed across sites (F=5.11, P=0.01; Fig. 3C) and
were driven by differences between coherence and cortical distribu-
tions (F=2.39, P =0.02) and coherence and subthalamic distributions
(F=2.83, P=0.009). However, cortical and subthalamic distributions
did not differ (t=0.73, P=0.47), indicating narrowband gamma oscil-
lations at multiple sites in the motor network have similar predictive
power for the occurrence of dyskinesia in a group-level analysis.
Narrowband gamma fluctuations were anticorrelated with bradyki-
nesia scores at the cortical (Supplementary Fig. 5) and subthalamic

(Supplementary Fig. 6) sites. Narrowband gamma fluctuations were
also anticorrelated with tremor scores but relatively less than with
bradykinesia scores.

Electrocorticography field potential recordings generally have a high-
er signal spectral power than local field potentials from subcortical
structures.'? To assess their relative spectral power in the narrow-
band gamma ranges, we compared the average peak narrowband
gamma spectral power across the 15 cortical and 12 subthalamic sites
of the subject hemispheres with correlated narrowband gamma sig-
nals and a history of clinical dyskinesia. The spectral power of the
narrowband gamma oscillations was not significantly different
across sites when comparing spectral power after normalization to
the 1/f baseline (t=1.05, P=0.30; Fig. 3D). However, spectral power
comparisons for absolute spectral power values (not normalized to
baseline 1/f) showed a greater spectral power in the cortex, consist-
ent with its generally higher 1/f baseline (Supplementary Fig. 4).

To assess whether variations in narrowband gamma oscillations
led or lagged the variations in dyskinesia scores, we compared cor-
relations at various sample lags up to +10 data-points (20 min lag
time) (Fig. 3E). For the cortical narrowband gamma lag analysis,
the median maximal correlation occurred at a sample lag of zero,
indicating simultaneity with dyskinesia scores (within the tem-
poral resolution of 2 min). For the subthalamic narrowband gamma
lag analysis, the median maximal correlation occurred at a sample
lag of —1. We assessed the significance of this apparent sample lag
by comparing the distributions of sample lags at —1 with those for
zero (simultaneous occurrence). The increased occurrence at a
sample lag of —1 compared to zero (no lag) approached significance
(*=3.0,P =0.08; Fig. 3F). This indicated that fluctuations in narrow-
band gamma oscillations occur at the same time as, or slightly pre-
cede, fluctuations in dyskinesia scores within the 2-min resolution
available in wearable scores.

Correlations can be driven by outliers, for example, when dyskin-
esia scores are in the bottom 10th percentile. Thus, a correlation


http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awae004#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awae004#supplementary-data
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Figure 3 Narrowband gamma correlates with simultaneous contralateral wearable dyskinesia scores. (A) Example of a time series of power at the peak
frequency of the cortical narrowband gamma (NBG, orange) and subthalamic NBG (green) in comparison with the dyskinesia scores from the contra-
lateral wearable devices (grey, thickest line) of Subject 4’s left hemisphere. (B) The correlations with false discovery rate-corrected P < 0.05 between the
time series NBG signal and wearable dyskinesia scores across our subject subcohort with a clinical history of dyskinesia. Green labels (top bars) re-
present correlations from subthalamic NBG, orange labels (middle bars) represent correlations from cortical NBG, and grey labels (bottom bars) represent
correlations from NBG coherence between cortical and subthalamic electrode sites. (C) Box plots of correlation coefficients across subject hemispheres
for subthalamic NBG, cortical NBG and NBG coherence across the sites, showing higher correlation for single site spectral power than for inter-site co-
herence. (D) Box plots of the average NBG spectral power (normalized to 1/f baseline) across hemispheres, showing similar spectral power at cortical
and subthalamic sites using an independent t-test. The signal spectral power also did not differ in a paired subset analysis of 10 subject hemispheres
with both cortical and subthalamic NBG (t = 1.43, P =0.19). (E) Pearson correlation lag analysis illustrates the strength and direction of the correlation of
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subjects, shown in F.
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Figure 4 Stratification analysis shows narrowband gamma-dyskinesia correlations are not driven by outliers. Data are from subjects who have nar-
rowband gamma (NBG) oscillations at the specified site, as well as a clinical history of dyskinesia. (A) Example time series of cortical NBG (orange) and
dyskinesia scores (grey), derived from Fig. 3A but with horizontal grey dotted lines that denote the thresholds used to bin the wearable dyskinesia
scores. Bins are labelled 0, 1, 2, 3 and 4. (B) Single-subject example (Subject 4, left hemisphere) showing the t-test comparison for cortical NBG between
each paired, ordinal wearable dyskinesia category. (C) The effect size using Cohen’s d between cortical NBG of each ordinal pair of dyskinesia categories
with false discovery rate-corrected P < 0.05 across subjects. (D) Example time series of subthalamic NBG (green) and dyskinesia (grey) scores derived
from Fig. 3A with the same structure as in A. (E) A single-subject example (Subject 4, left hemisphere) for subthalamic NBG, same format as in B.
(F) The effect size using Cohen’s d between subthalamic NBG of each ordinal bin with false discovery rate-corrected P <0.05 across the cohort. (G) A
single-subject example from Subject 4’s left hemisphere shows the t-test comparison of cortical NBG between the non-dyskinetic and dyskinetic states.
(H) The significance and effect size for cortical NBG between the dyskinetic and non-dyskinetic states across subjects, with significant data-points (false
discovery rate-corrected P < 0.05) denoted in green. (I) A single-subject example (Subject 4, left hemisphere) showing the t-test comparison for subtha-
lamic NBG spectral power between the non-dyskinetic and dyskinetic states. (J) The significance and effect size for subthalamic NBG between the dys-
kinetic and non-dyskinetic states across subjects, with significant data-points (false discovery rate-corrected P < 0.05) denoted in green. The asterisk
denotes a comparison with false discovery rate-corrected P < 0.05. STN = subthalamic nucleus.

is insufficient to demonstrate whether narrowband gamma fluc-
tuates as a function of dyskinesia over a wide range of severity ver-
sus indexing mainly the presence or absence of dyskinesia. To
control for this possibility, we binned the continuous dyskinesia
scores into ordinal bins (Fig. 4A and D, dashed horizontal lines)
and compared narrowband gamma across the paired, ordinal
bins in single subjects with cortical (Fig. 4B) and subthalamic
(Fig. 4E) narrowband gamma oscillations. We confirmed that nar-
rowband gamma between paired ordinal bins of dyskinesia scores
differed across subjects. Differences in narrowband gamma com-
parisons across paired ordinal bins remained significant (P < 0.05)
with consistent effect sizes at cortical (Fig. 4C) and subthalamic
(Fig. 4F) sites. These relationships indicated that gamma-band os-
cillations scale with dyskinesia scores over a wide range of
severity.

In the absence of neurostimulation, dyskinesias can only occur
during ON-medication states, so assessing whether narrowband
gamma is more predictive of the dyskinetic state compared to the
ON-medication state without dyskinesia is important. First, we re-
moved all data collected during OFF-medication states, which we
defined as the top 70th percentile of bradykinesia scores within
subjects. Then, we stratified narrowband gamma oscillations
from the remaining ON-medication state data into three categories:
non-dyskinetic (bottom 30th percentile dyskinesia scores within
subjects), dyskinetic (top 30th percentile) and transitional (middle
40th percentile) at both cortical (Fig. 4G) and subthalamic (Fig. 41)

sites. Comparisons showed dyskinetic ON-states had higher nar-
rowband gamma spectral power than non-dyskinetic ON-states
in 11/17 and 10/13 subject hemispheres at cortical and subthalamic
sites, respectively, with P < 0.05. Average t-statistics and Cohen’s d
values were 3.77 and 1.14 at cortical (Fig. 4H) and 4.22 and 1.12 at
subthalamic (Fig. 4J) locations, respectively. Comparisons between
the binned dyskinesia categories generated from the entire set of
wearable scores (Fig. 4C and F) and the clinical subdomain categor-
ies (Fig. 4G and I) can be found in Supplementary Fig. 7.

We collected wearable dyskinesia scores across our subject co-
hort, regardless of whether subjects had a history of dyskinesia.
In two subjects without a clinical history of dyskinesia but who ex-
hibited cortical narrowband gamma (Subject 7 left- and Subject 11
right-hemisphere), the correlation coefficients between wearable
dyskinesia scores and cortical narrowband gamma were signifi-
cantly positive, with p =0.02 and p = 0.16, respectively (mean inte-
grated narrowband gamma score of 0.036 versus 0.113 in subjects
with a history of dyskinesia). This suggested that (i) the dyskinesia
monitor may generate non-zero dyskinesia scores from normal
voluntary movement; and (ii) narrowband gamma may also cor-
relate with normal movement, consistent with its prokinetic
function.
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Figure5 Other neural correlates of dyskinesia. (A) Contingency tables relatinga clinical history of dyskinesia with the presence of theta for cortical (top)
and subthalamic (bottom) electrode sites, using the same format as Fig. 2C. (B and C) For neural correlates of dyskinesia, the magnitude of the absolute
correlations of dyskinesia to theta, beta and narrowband gamma (NBG) at the cortical site (B) and subthalamic site (C), where anticorrelated are denoted
with a red asterisk. The distributions of correlations were compared using an independent t-test with P < 0.05 (green asterisk). (D and E) The ability to
predict dyskinesia scores using linear regression models with various sets of predictors: NBG alone, the combination of NBG and beta, or the combin-
ation of all three rhythms, at the cortical site (D) and subthalamic site (E). The green and magenta dots in E denote data-points corresponding to sub-
jects analysed in greater detail in the subsequent panels. (F and G) Single-subject examples of beta-gamma-dyskinesia interactions in the right
subthalamic nucleus of Subject 15 (green labelled data-point in E), for which including beta as an independent predictor increased predictive power
by 37% (F) and the left hemisphere of Subject 4 (magenta-labelled data-point in E), for which including beta did not add predictive power (G). Top
left: Plot illustrates how dyskinesia scores (coloured data-points) fluctuate at a constant gamma power as a function of beta power (for example,
note how dyskinesia intensity varies along the horizontal dotted line). Top right: Plot shows how peak beta (magenta) and gamma (green) are distributed
across the time series. Bottom: Plot shows how beta (magenta) and gamma (green) fluctuate throughout the time series.

Relation of other frequencies to dyskinesia and use of subjects without dyskinesia, cortical and subcortical site)
multiple bands to predict dyskinesia (Fig. 5A). We processed these theta peaks using the same methods
as for narrowband gamma but with 4 Hz as the baseline spectral
power and the use of flattened spectra to remove noise artifact in
lower frequency bands. Then, we compared the absolute values
of theta-dyskinesia and gamma-dyskinesia correlations (Fig. 5B),

Subthalamic theta (4-10 Hz) oscillations have also been implicated
in the pathophysiology of dyskinesia.? On the cortical level, this re-
lationship has not been investigated, but the spectral overlap of the

subthalamic 4-10 Hz activity with the mu-rhythm (8-12 Hz) that is and found narrowband gamma was a stronger correlate than theta
suppressed with movement and is less modulated in Parkinson’s at the cortical (Fig. 5B) and subthalamic (Fig. 5C) sites, with P <0.05.
disease may suggest an inverse relationship.** The majority of sub- Since subthalamic beta oscillations (13-30 Hz) are a known
jects had theta/mu oscillations (n = 10/16 subjects, cortical and sub- OFF-state neural biomarker and cortical beta oscillations are re-

cortical site), regardless of a clinical history of dyskinesia (n=3/4 duced by movement, we expected beta band oscillations would



2048 | BRAIN 2024: 147; 2038-2052

anticorrelate with dyskinesia scores. Therefore, we examined the
absolute value of correlations between beta oscillations (using
13 Hz as the baseline spectral power and using flattened spectra)
and dyskinesia. We found the absolute correlations of narrowband
gamma oscillations and dyskinesia scores were comparable at the
cortical and (Fig. 5B) subthalamic (Fig. 5C) sites.

This raised the possibility that incorporating beta, theta and nar-
rowband gamma as independent variables in a model could increase
the predictive power for dyskinesia. We therefore compared the mod-
el’s predictive power (r) across linear regression models with either
narrowband gamma alone, the combination of narrowband gamma
and beta or the combination of all three rhythms as predictors. The in-
clusion of additional frequencies in a linear model did not significant-
ly improve the predictive power for dyskinesia at the cortical (Fig. 5D)
or subthalamic (Fig. SE) sites at the group level.

However, within individual subject hemispheres, there were
two cortical and four subthalamic recording sites for which predict-
ive power for dyskinesia scores increased by more than 5% when
adding beta and gamma as independent variables, versus solely
gamma, to the linear regression model. As a visual aid to under-
standing the regression results, we generated scatter plots of beta
versus gamma peak frequency power for each 2-min epoch, with
dyskinesia severity represented by colour intensity (Fig. 5F and G).
In an example subject hemisphere for which beta band activity pro-
vided additional predictive power (Fig. 5F), one can see that for a
constant level of prokinetic gamma (dotted line), the spectral power
of beta influenced the occurrence of dyskinesia. The distributions
of spectral power for beta and gamma oscillations are also provided
(Fig. 5F and G) to show that these distributions can be either rela-
tively continuous (gamma) or binary (beta) in nature, behaving as
either ‘dimmer’ switches or ‘binary on/off’ switches, respectively.

We noticed a distinct oscillation at 40-60 Hz, with a relatively broad
spectral peak, in three subjects. We describe these as ‘low gamma
oscillations’ to distinguish them from the more classic narrowband
65-90 Hz oscillations and quantify their correlations with dyskin-
esia scores using the same methods as for narrowband gamma
(Fig. 6 and Supplementary Table 1). These oscillations occurred in
the cortex, subthalamic nucleus or both sites in some subjects
with a clinical history of dyskinesia (Fig. 6G). Low gamma oscilla-
tions differed from classical narrowband gamma oscillations not
only in their frequency distribution (Fig. 6E), spectral peak width
(Fig. 6A-D) and variation in peak frequency across sites (Fig. 6F)
but also in their relationship to dyskinesia scores. In contrast to
the positive correlations between subthalamic low gamma power
and contralateral dyskinesia scores, cortical low gamma spectral
power was anticorrelated with contralateral dyskinesia scores
(Fig. 6H and I). The sample lag between dyskinesia and oscillatory
activity was not distinguishable from zero (no lag) (Fig. 6] and K).

Discussion

We investigated the relationship between narrowband gamma os-
cillations and dyskinesia in subjects with Parkinson’s disease using
a sensing-enabled neurostimulator in conjunction with a wearable
monitor providing continuous dyskinesia scores. We analysed 984 h
of neural recordings from both sensorimotor cortex and basal gan-
glia nuclei in 16 individuals during normal daily activities on their
usual dose of dopaminergic medications prior to initiating thera-
peutic stimulation. Both subthalamic and cortical narrowband
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gamma as well as intersite coherence correlated with dyskinesia
scores with a minimal time lag. However, in individual cases, one
site often exhibited a greater prediction accuracy than the other.

Narrowband oscillatory activity in the 40-90 Hz range is a ubiquitous
feature of healthy cortical function. It has been studied extensively
inrodents and nonhuman primates, though mainly in networks un-
related to motor function.?® This activity is thought to arise from
rhythmic interactions between excitatory neurons and inhibitory
interneurons. Gamma band oscillations dominate in the second
and third layers of the neocortex and are thought to reflect ‘bottom-
up’ sensory input. Throughout the neocortex, gamma oscillations
anticorrelate with alpha/beta oscillations, which dominate in layers
five and six and are thought to reflect ‘top-down’ cognitive control.*

Narrowband gamma in the motor cortex has not been directly ob-
served outside of disease states or disease models. Nevertheless, a
potential role of motor network gamma oscillations in normal move-
ment should be considered. The small, but significant, correlation be-
tween peak gamma spectral power and dyskinesia scores in our two
subjects without a clinical history of dyskinesia can be interpreted in
several ways. It is possible that the continuous dyskinesia monitors
are more sensitive than the UPDRS assessment, and thus, narrow-
band gamma signals in these subjects indicate subclinical dyskin-
esia. Alternatively, the dyskinesia monitor may score some
patterns of normal voluntary movement as dyskinesias. If so, nar-
rowband gamma oscillations may be tracking voluntary movement
in patients without a clinical history of dyskinesia. Consistent with
this, prior studies in Parkinson’s disease patients in the
ON-medication state show scaling of subthalamic gamma oscilla-
tions with the velocity of normal movement during cued movement
tasks.**%

Itis important to distinguish narrowband gamma, an oscillatory
rhythm, from broadband gamma activity (sometimes referred to as
‘high gamma’). Movement-related broadband gamma increases are
often apparent at 50-200 Hz frequencies in the sensorimotor cortex
during movement initiation.?® They are related to local cortical ac-
tivation and likely reflect asynchronous underlying spiking activity
rather than a narrowband oscillatory rhythm.**

The primary clinically effective therapies for Parkinson’s disease,
including dopaminergic medication,” deep brain stimulation,®
and pallidal thermolesion,*° all induce narrowband gamma oscilla-
tions and reduce beta oscillations at various nodes of the motor net-
work. These observations have led to the hypothesis that in the
context of Parkinson’s disease, gamma and beta oscillations serve
as ‘prokinetic’ and ‘antikinetic’ rhythms, respectively, and that
therapeutic interventions rebalance their relative contributions to
provide a more normokinetic state. Our results generally support
the hypothesis that an ‘excess’ of narrowband gamma oscillations
creates a hyperkinetic movement state®*° However, in some sub-
jects (Fig. 5F), beta activity can also influence dyskinesia severity in-
dependently of gamma band activity, supporting a model in which
the balance between prokinetic and antikinetic frequencies is im-
portant in dyskinesia genesis.

Whether narrowband gamma oscillations cause dyskinesia or
are simply a physiological correlate is not yet clear. Many experi-
ments have investigated narrowband gamma oscillations in the
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Figure 6 Low gamma processing method, frequency distribution, relation to clinical dyskinesia and correlation with contralateral dyskinesia scores.
(A) Single-subject example (Subject 13, right hemisphere) of overlaid power spectral densities from the posterior (left) and anterior (right) recording config-
urations of the cortical paddle (log-scaled) during everyday life at home. Each power spectral density line (grey) is derived from a 2-min recording. The aver-
age power spectra is overlaid as the thick black line. The purple rectangle spanning 40-60 Hz denotes the signal frequencies that characterize low gamma.
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6-hydroxydopamine-treated rodent model of Parkinson’s dis-
ease,>® where experimental interventions to probe causality
are more readily performed than in humans. In this model, the in-
duction of dyskinesia by administration of levodopa or dopamine
agonists was associated with the simultaneous emergence
of pathological gamma-band oscillations in the cortico-basal
ganglia-thalamic circuitry. The suppression of cortical gamma os-
cillations by administration of topical dopamine antagonists also
immediately eradicated dyskinesia, suggesting a causal relation-
ship. Nevertheless, the mechanistic link between the dopamine-
depleted, levodopa-treated state and the emergence of abnormal
‘prokinetic’ oscillations has not been established.

Other physiological models for the generation of dyskinesia have
also been proposed. Mouse optogenetic studies suggest a model that
attributes dyskinesia to abnormal firing rates of specific populations
of neurons in the basal ganglia, particularly within the striatum.*"*?
In this model, dyskinesia is thought to originate from the excessive
activation of a subpopulation of D1-positive, direct pathway striatal
neurons. A strength of the neuronal firing rate model is that it offers
a specific cellular basis for dyskinesia, which can be directly manipu-
lated using optogenetics. However, when applied to humans, models
based on abnormal firing rates in the basal ganglia-thalamocortical
circuit have difficulty accounting for some important clinical phe-
nomena. Interventions that reduce activity in the internal globus pal-
lidus, such as reversible or irreversible lesioning, suppress rather
than exacerbate dyskinesia.*> A mechanistic neural model of dyskin-
esia that accounts for physiological and surgical observations across
species has yet to be developed.

The existing literature on narrowband gamma in Parkinson’s dis-
ease in animal models of parkinsonism has focused on oscillatory
rhythms in the 65-90 Hz range. Gamma oscillations at other fre-
quencies are likely functionally distinct in the motor network.
High-frequency oscillations at 250-350 Hz have been described
in both the subthalamic nucleus and globus pallidus. Their attri-
butes may delineate the two current motor subtypes of
Parkinson’s disease, tremor dominant versus postural instability
with gait disorder subtypes.**** These oscillations increase during
voluntary movements and with dopaminergic medication, indi-
cating their potential role in normal basal ganglia function.
However, these high-frequency signals, particularly in the globus
pallidus, are more pronounced in a dopamine-depleted state, un-
like 65-90 Hz narrowband gamma oscillations.

Furthermore, our study revealed the presence, in some subjects,
of distinct oscillations in the gamma band at lower frequencies
(40-60 Hz) than the classical narrowband gamma range. These
low gamma rhythms did not show functional or temporal co-
occurrence with 65-90 Hz narrowband gamma oscillations. While
the spectral power of 65-90 Hz narrowband gamma correlated
with dyskinesia (Fig. 3B), the spectral power of cortical low gamma
anticorrelated with dyskinesia (Fig. 6G). The greater bandwidth of
the low gamma power spectral density peak may also hint at a dif-
ferent underlying physiologic mechanism.

Adaptive deep brain stimulation relies on neural signals to infer the
subject’s clinical state and auto-adjust stimulation parameters to
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meet changing brain needs.*® A prospective closed-loop marker re-
quires that signals be sensitive and specific to the pathological state
and time-locked to motor signs. The use of narrowband gamma as a
control signal for adaptive deep brain stimulation with existing
sensing-enabled neurostimulators has been demonstrated,**®
and the entrainment of gamma rhythms by therapeutic neurosti-
mulation at a stable and predictable frequency (subharmonics of
stimulation frequency) is an advantage for the use of this signal.*
The present work supports the utility of narrowband gamma as a
control signal for adaptive deep brain stimulation by showing
that this rhythm correlates to symptom fluctuations across varying
spectral power of dyskinesia with minimal temporal lag. Either the
subthalamic nucleus or the motor cortex may serve as the site for
signal detection since narrowband gamma spectral power at ei-
ther site are roughly equal predictors of dyskinesia in a cross-
subjects analysis. However, adaptive deep brain stimulation in
Parkinson’s disease may require sensing neural signals ‘during’
active stimulation, and stimulation artefacts will likely interfere
with subthalamic sensing more than cortical sensing. Of note, the-
ta oscillations in the subthalamic nucleus have been shown to cor-
relate to dyskinesia.>® We replicated this finding, but found that,
unlike narrowband gamma, the relationship of theta band activity
to dyskinesia was not present in the motor cortex. Furthermore,
theta-alpha oscillations may be strongly affected by OFF-period
tremor,>" limiting their utility as a control signal in adaptive
deep brain stimulation.

Although the analysis of the relationship between dyskinesia
scores and gamma oscillations had high statistical power within
subjects due to the long duration of recordings, the cross-subject
correlations were underpowered due to the relatively small num-
ber of subjects, as is typical of invasive human studies. Subjects
wore wearables on the wrist; therefore, the sensor captured upper
body dyskinesia rather than leg dyskinesia. Additionally, dyski-
netic motor signs on the contralateral side may influence the later-
alized dyskinesia scores. The proprietary algorithm generating the
dyskinesia scores used was not personalized to each subject®® and
was susceptible to false positives, as voluntary movement elicits a
non-zero dyskinesia score. A similar gyroscope-based heuristic al-
gorithm to classify tremor resulted in a false positive rate of 10%
when tested on healthy controls.®® Future studies may benefit
from personalized dyskinesia monitors that include lower as well
as upper extremities for precise assessment.

Within the detection threshold employed here, we did not al-
ways detect narrowband gamma at cortical and subcortical sites
in dyskinetic subjects. This may be due to limited spatial sampling
using single quadripolar lead arrays at each site, which is a par-
ticularly important consideration for cortical recording since the
precentral gyrus is both large and functionally heterogeneous.>*
Even within the motor territories of basal ganglia nuclei, electro-
physiologic markers of motor signs in Parkinson’s disease are
known to differ in adjacent subregions.****>” Furthermore, we
did not detect pallidal narrowband gamma—possibly because
we were underpowered in our sample size, did not sample the
relevant regions of the pallidum or because narrowband gamma
was not present in the pallidum. Prior findings of strong narrow-
band gamma coherence between pallidum and subthalamic nu-
cleus in the ON-medication state suggest that a larger sample of
pallidal recordings might allow the detection of pallidal narrow-
band gamma.>*’
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Conclusions

Narrowband gamma spectral power in the motor network (i) scales
with the severity of dyskinesias; (ii) heralds dyskinesia onset with-
out a time lag; and (iii) correlates equally with dyskinesia at both
cortical and subthalamic sites. Including additional oscillatory fre-
quencies as covariates in a predictive model of dyskinesia can in-
crease prediction accuracy in a subset of subjects.
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