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Levodopa-induced gamma oscillations in patients with Parkinson’s
disease using chronic invasive brain recording: detection,
entrainment, and functional relevance

Maria Olaru

Abstract
In Parkinson’s disease, imbalances between “antikinetic’ and “prokinetic” patterns of
neuronal oscillatory activity are thought to be related to motor dysfunction. Invasive brain
recordings from the motor network have suggested that medical or surgical therapy can
promote a prokinetic state by inducing narrowband gamma rhythms (60-90 Hz), which
are associated with dyskinesia. Here, | investigate the behavioral and statistical properties
of levodopa-induced and deep brain stimulation-entrained narrowband gamma rhythms.
Collaborating with Oxford researchers, we also model the deep brain stimulation induced
entrainment of gamma oscillations using interacting neuronal populations and patient-
specific features of the levodopa-induced gamma oscillations. Using a sensing-enabled
deep brain stimulation system, attached to both motor cortex and subthalamic or pallidal
leads, the Starr Lab recorded over 900 hours of multisite field potentials prior to initiating
deep brain stimulation, and over 600 hours during deep brain stimulation. | find that
levodopa-induced gamma oscillations are more strongly associated with dyskinesia than
deep brain stimulation-entrained gamma oscillations. Statistical comparisons revealed
that levodopa-induced gamma oscillations exhibit increased variance in peak frequency,
decreased spectral power, and higher variance in spectral power. Furthermore, | also
work with collaborators at Oxford to show that entrainment can be predicted using neural

circuit models fitted to patient data at various stimulation parameters. Put together, this
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work suggests that gamma oscillations as programming biomarkers should be leveraged
distinctly across medical and surgical interventions to mitigate dyskinesia — while
excessive levodopa-induced gamma oscillations are a marker for dyskinesia, increased
entrained gamma oscillations may be a marker of a non-pathological prokinetic
movement state. Our modeling work can subsequently be leveraged to predict the

frequency and power of entrained gamma oscillations across stimulation parameters.
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Chapter 1:

Introduction

Dyskinesia, a common side effect of Parkinson's disease treatment, severely impacts the quality
of life for many patients. Since the introduction of levodopa therapy in the 1960s, it has remained
the most effective treatment for alleviating motor symptoms [1]. However, prolonged use of
levodopa often leads to the development of dyskinesia, characterized by involuntary, erratic, and
writhing movements. The incidence of dyskinesia increases with the duration and dosage of

levodopa treatment, affecting up to 80% of patients after a few years of chronic therapy [2].

Despite therapeutic advancements with deep brain stimulation, managing dyskinesia remains a
maijor clinical challenge. The majority of patients with deep brain stimulation for Parkinson’s
disease receive stimulation at the subthalamic nucleus [3]. However, stimulation of the
subthalamic nucleus can also induce dyskinesia [4]. As the population ages, the number of
individuals affected by Parkinson's disease and its associated dyskinesia is expected to double
in the next 30 years [5], underscoring the need for more effective and sustainable treatment

strategies.

Invasive brain recordings from the motor network have suggested that medical or surgical therapy
can promote a prokinetic state by inducing narrowband gamma rhythms (60-90 Hz). Excessive
narrowband gamma in the motor cortex promotes dyskinesia in rodent models [6-8]. Recently,
narrowband gamma oscillations have also been observed in the motor cortex of subjects with
Parkinson’s disease in the on-medication state with first-generation [9] and second-generation
[10] sensing-enabled deep brain stimulation devices. In humans with Parkinson’s disease, Swann
et al. [9] suggested a relationship between cortical narrowband gamma and dyskinesia in two

subjects from multiple brief recordings at home in dyskinetic and non-dyskinetic states. However,
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those findings were based on short recordings (30-second to five-minute duration) and subject

self-ratings for dyskinesia.

Deep brain stimulation can entrain levodopa-induced gamma oscillations to one-half of the
stimulation frequency and are observed in clinically therapeutic stimulation settings, suggesting
that these oscillations may be clinically therapeutic [9,10]. However, the impact of entraining
levodopa-induced gamma oscillations on dyskinesia, and their possible mechanisms, remain an
active area of research. As sensing-enabled stimulators are becoming widely available, beta-
band desynchronization oscillatory activity, which aims to reduce the antikinetic movement state,
is increasingly used to guide stimulator programming [11]. Given that some sensing-enabled
stimulators can also detect gamma oscillations, understanding the effect of entrainment on

levodopa-induced gamma oscillations may improve programming protocols.

Once the behavioral correlates of entrained gamma oscillations are better understood,
programming protocols may benefit from optimizing stimulation parameters for the optimal
amount of entrained gamma oscillation. Currently, optimizing stimulation parameters is a
laborious and manual process that spans several months. The approach involves clinical
programming sessions followed by the patient going home and returning for iterative adjustments
[12]. Developing a model that can predict the amount of entrained gamma across stimulation
parameters could streamline this process, saving both time and costs by identifying optimal

programming protocols more efficiently.

The current findings raise intriguing questions about the role of narrowband gamma oscillations
as a physiological marker of dyskinesia in patients with Parkinson’s disease. Do levodopa-
induced gamma oscillations fluctuate in relation to dyskinesia, and does this relationship change
with entrainment, suggesting that entrained gamma oscillations correspond to a healthier

2



prokinetic state? If so, then can we predict the stimulation parameters that will lead to maximal
gamma entrainment at one-half of the stimulation frequency? The interplay between deep brain
stimulation, neuronal oscillatory activity, and their behavioral correlates necessitates further
investigation. Whether these insights will redefine our understanding of optimal programming or
simply add a nuanced layer to existing models, they represent a promising avenue for future
research. As sensing-enabled stimulators become more advanced, the potential to fine-tune
therapy based on real-time neural feedback could revolutionize treatment paradigms for

Parkinson’s disease.
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Chapter 2:

Levodopa-induced gamma oscillations co-fluctuate with dyskinesia

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
utilized externalized leads in subjects at rest in a perioperative setting [1]. 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” [2]. This led to the
hypothesis that alleviating bradykinesia requires rebalancing basal ganglia “antikinetic” beta
oscillations with “prokinetic” higher frequency oscillations. This model suggests an excess of the
“prokinetic” narrowband gamma rhythm could lead to hyperkinetic states such as dyskinesia.
However, this link has been difficult to demonstrate with short perioperative recordings from

externalized leads.

In rodent 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 [3-5]. Recently, narrowband gamma has been observed in
the motor cortex of subjects with Parkinson’s disease in the on-medication state with first-
generation [6] and second-generation [7] sensing-enabled deep brain stimulation (DBS) devices
connected to subdural cortical leads. In humans with Parkinson’s disease, Swann et al [6].
suggested a relationship 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 short recordings (30-second to five-minute duration) and subject self-
ratings for dyskinesia. The remaining questions include (1) whether narrowband gamma spectral
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power in the motor network scales with the severity of dyskinesias, (2) the temporal relationship
between variations in narrowband gamma and variations in dyskinesia, (3) the relative value of
cortical versus basal ganglia narrowband gamma as markers of dyskinesia, and (4) the
contribution of the other frequencies, such as beta and theta, as covariate predictors

of dyskinesia [8].

To address these questions, we utilized an investigational second-generation sensing-enabled
pulse generator capable of performing four-channel recordings continuously at home [7]. Prior to
initiating therapeutic basal ganglia stimulation, we recorded 984 hours of cortical and basal
ganglia field potentials in 30 hemispheres of 16 subjects with Parkinson’s disease, with 608 hours
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 fluctuations in
narrowband gamma spectral power in both the motor cortex and subthalamic nucleus correlate

to fluctuations in continuous metrics of dyskinesia with minimal time lag.

METHODS

Subject Selection and Assessment

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 investigational bidirectional neural interface, Summit
RC+S (Medtronic Inc., Minneapolis, MN, USA), designed for chronic sensing of field potentials
during activities of daily living [9]. We attached depth leads to the device in either the subthalamic

nucleus (11 subjects) or globus pallidus (five subjects) and paddle-type leads placed subdurally



over precentral and postcentral gyri [7]. Data from the first five subjects have been published
previously in an unrelated analysis that did not specifically address dyskinesias [7]. 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
indications for subthalamic nucleus or globus pallidus deep brain stimulation [10-11]. Exclusion
criteria were significant cognitive impairment 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 Ill in
the off- and on-medication states. The off-medication state is 12 hours after withdrawal of
antiparkinsonian medication, and the on-medication state is 30-45 minutes 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 determined whether
motor signs in one hemibody were more severe than the other using UPDRS Il off-medication

scores for rigidity, bradykinesia, and tremor in each limb.

Surgical implantation

We implanted all subjects with quadripolar cylindrical leads in either the subthalamic nucleus
(Medtronic 3389 lead) or globus pallidus (Medtronic 3387 lead), consisting of 1.5 mm or 3 mm
intercontact spacing, respectively, and quadripolar paddle-type cortical leads (10 mm intercontact
spacing) using methods previously described (Figure 2.1A) [7,12]. The surgeon placed cortical
leads along a parasagittal trajectory such that either two or three contacts were anterior to the
central sulcus, 2-4 cm from the midline. We confirmed electrode localization intraoperatively using

cone beam CT (Medtronic O-arm) [13] fused to preoperative MRI (Figure 2.1B). 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 connection between the lead extender and implantable pulse generator (Summit RC+S) with

medical adhesive to reduce leakage of the electrocardiogram signal into neural recordings [14].

Precise anatomic electrode localization was refined post-hoc using established image analysis
pipelines for deep brain stimulation [15] and cortical electrodes [16]. Briefly, we coregistered post-
implantation high-resolution CT images using a rigid, linear affine transformation and resliced into
a preoperative T1-weighted 3T MRI [17]. We verified placement by visual inspection and, when
necessary, implemented an additional brain shift correction to refine subcortical anatomy
coregistration [18]. Then, we localized electrodes to CT artefacts. Lastly, we applied an additional
surface projection correction [19]. to localize cortical leads to the MRI-rendered pial surface [17].
For group analyses, we normalized electrode locations into Montreal Neurological Institute space
[17] and visualized either on the FreeSurfer average cortical surface [20] (Figure 2.1D) or a

standardized Parkinson’s disease-specific subcortical atlas (Figure 2.1E) [21].

Signal Recording

Neural

We analyzed 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 one week after
implantation, before initiating therapeutic deep brain stimulation one month after implantation, and
for recording durations of at least eight hours per hemisphere. For cortical recordings in subjects
1-5, 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 recording configuration from
contacts 1-2 sampled the precentral gyrus, while the recording configuration from contacts 3-4
sampled the postcentral gyrus. For depth leads, we configured subthalamic-implanted subjects
with overlapping recording channels and pallidal-implanted subjects with non-overlapping
recording channels (Figure 2.1C). Subjects streamed neural data from the Summit RC+S
interface to a Microsoft Windows tablet using a custom-made graphical user interface on the
device’s application program made available by Medtronic Inc (all software is compliant with FDA
code CFR 820.30 and accessible at https:// openmind-consortium. github. io) [7]. Subjects with
bilateral implants streamed data from both hemispheres simultaneously. Each RC+S streamed
potentials in the time domain from two channels per cortical paddle at a sampling rate of 250 or

500 Hz. The device enables up to 30 hours of continuous recording prior to recharging.

Wearable

Subjects streamed neural data at home while wearing Global Kinetics PTY LTD Personal
KinetiGraph® (PKG®) monitors [22-23] on both wrists during normal daily activities while on their
preoperative dose of antiparkinsonian medication (Table 2.1). This wearable device provides
continuous tremor, bradykinesia, and dyskinesia scores in two-minute intervals using a three-axis
accelerometer and a proprietary, validated commercial algorithm [24]. Each wearable device
records data for a maximum of nine days before requiring an additional charge. We removed
outliers from the wearable data by excluding all values more than four standard deviations from
each subject’'s mean score, a standard practice for large datasets [25]. While PKG® scores have
been clinically validated with respect to UPDRS ratings [26], we performed additional validation
within our data, showing a correlation of averaged wearable dyskinesia scores and UPDRS IV

ratings of p=0.51 (P=0.004, Supplementary Figure 2.8A). The relationship between averaged
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wearable dyskinesia scores and UPDRS IV ratings suggests that these scores can approximate

involuntary hyperkinetic movement, versus primarily normal voluntary movement.

Signal Processing

Neural

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 [27].
For subjects with recordings containing multiple channel configurations, we processed the
channel configuration with the longest recorded data to increase the dyskinetic fluctuations during
recordings (for subject-specific channel configurations, see Signal Recording — Neural, Figure
2.1C description). Then, we downsampled the potentials to 250 Hz and calculated the power
spectral density for each channel in non-overlapping two-minute intervals using the Welch method
(Python 3.8.3 SciPy package) [28]. We used non-overlapping Hann windows of 256 data points

per fast Fourier transform for the cortical (Figure 2.1F) and subcortical (Figure 2.1H) channels.

Power spectra from all two-minute 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 variability of peak presence and dyskinesia in this large dataset, we employed
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 two-minute epochs
using the Fitting Oscillations and One-Over-F (FOOOF) algorithm [29]. Second, we defined the
peak frequency oscillation as the most commonly occurring frequency (within the frequency band
of interest) with maximum spectral power (at least two standard deviations above the mean at 65
Hz) across all epochs (Supplementary Figure 2.7A). 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 hemisphere, and frequency bands within a recording site.
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Additional analyses 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 two
standard deviations above the mean peak frequency 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 defined 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
oscillation 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 independently 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 Figure 2.1G and 2.11), with the amplitude of that frequency in the
unflattened, log scaled power spectra (as in Figure 2.1F and 2.1H) for each subject hemisphere,

since the latter is more relevant for evaluation of these signals in adaptive deep brain stimulation.

Lastly, we characterized narrowband gamma coherence using Python’s SciPy package [28]
between the recording site with the maximal integrated narrowband gamma score and the two

channels from the remaining recording site (Figure 2.1J). Then, we determined the dominant
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paired channels as those with the largest integrated narrowband gamma score using the above
methods. We also visually observed distinct low gamma spectral peaks (40-60 Hz) in three
subjects and thus employed these methods to characterize low gamma cortical (Figure 2.6A-B)

and subcortical (Figure 2.6C-D) oscillations.

Wearable

Wearable dyskinesia and tremor scores were labeled such that higher scores indicated more
severe motor signs. We transformed wearable bradykinesia scores from negative to positive
values, such that higher scores also indicated more severe motor signs. Next, we removed data
from periods of sleep using immobility as a surrogate marker, defined as two or more minutes

with a bradykinesia score greater than 80 [30].

Time-alignment

To align neural and wearable data, we set the wearable devices to computer clock time as
determined by the network time protocol. We used computer clock timestamps 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 accelerometer across synchronized

timestamps in a subset of five subjects [7].

Statistics

We used modules in Python for our statistical analyses. We measured time series correlations
using Spearman’s statistics as the default statistic, as this measure is robust to outliers. For
correlations across aggregate/non-continuous measures, we used Pearson’s statistics in the
SciPy statistics module [28]. To visually compare time series data between neural and wearable
datasets of a subject hemisphere and the contralateral wrist, we rescaled each signal using

minimum-maximum normalization from the sklearn module [31] onto a common scale.
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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) [25]. For linear regression analysis, we used the sklearn package. We split
data into an 80/20 ratio of training and testing subsets. Utilizing the training subset, we trained a
linear regression model and calculated the correlation coefficient (r) between the predicted and
actual dependent 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 [32]. 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 normality 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 averaged the integrated
gamma scores across hemispheres for clinical measures available at the subject but not the
hemibody level. To determine the total hours recorded, we summed the hemisphere with the

maximal recorded configuration of each subject.

Ouitlier values may influence standard linear correlation techniques. Thus, in addition to using
Spearman’s coefficient, we use another stratification method, described below, to assess the
relationship between narrowband gamma activity and dyskinesia within individual subjects. We
transformed the wearable dyskinesia numerical output to have discrete ordinal labels [25]. We

binned the dyskinesia scores from bins 0-3 in an exponential manner, such that each consecutive
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bin contains half the amount of values as the previous bin, to mimic the duration of time subjects
experience dyskinesia theoretically. Bin 4 contains all the remaining values. The ordinal bin with
a label of 0 corresponds to the lowest 50th percentile of dyskinesia scores, with each consecutive
label containing the remaining lowest 50th percentile of scores such that bin 0 contains percentiles
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
narrowband 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 [28]. We excluded
subjects without a clinical history of dyskinesia using UPDRS part IVa scores in data visualization

for Figures 2.3-5 (n=4).

RESULTS

Subject characteristics

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 2.1. Twelve subjects had a clinical history of dyskinesia (UPDRS IVa dyskinesia score>0),
10 of whom had implants in the subthalamic nucleus. In the off-medication state, 15 subjects had
mild to moderate tremor scores in at least one limb (MDS-UPDRS Il 15-17), and all subjects had
non-zero bradykinesia scores in all imbs (MDS-UPDRS 111 4-9, 14, recorded in the off-medication

state).

Narrowband gamma oscillations across subjects: characteristics and relationship to the
clinical history of dyskinesia
We defined the presence of narrowband gamma at the hemisphere level by inspecting each two-

minute flattened power spectral density epoch for spectral power greater than two standard
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deviations above the 1/f background (see methods, Figure 2.1G, 2.1l). Cortical narrowband
gamma was present in 20/30 hemispheres (13/16 subjects), and subthalamic narrowband gamma
was present in 13/22 hemispheres and one or both hemispheres of 8/11 subjects (Table 2.2).
None of the five subjects with pallidal depth leads met the criteria for subcortical narrowband

gamma; thus all subsequent analyses of subcortical activity utilized only subthalamic recordings.

Frequency distribution and anatomic localization

We visualized the distribution of cortical and subthalamic narrowband gamma peak frequencies
between 65-90 Hz (Figure 2.2A). 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 (Figure 2.2B).

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 potentials using non-
overlapping bipolar montages (Figure 2.1C) to distinguish 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 bipolar montages.

Relation to clinical history of dyskinesia

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 subjects 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 narrowband gamma was present in
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13/20 hemispheres (n=8/10 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 in the subject who did not meet the clinical criteria for dyskinesia (Figure
2.2C). The observed patterns among the subjects suggest narrowband gamma oscillations in the
motor network likely occur 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 dyskinesia than in subjects
with a clinical history of dyskinesia at the cortical (=2.15, P=0.046) and subthalamic ({=3.25,
P=0.007) sites (Supplementary Figure 2.8B). These results show that narrowband gamma
differs between subjects as a function of the presence 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 plotted anatomic coordinates of cortical leads
segregated by presence or absence of narrowband gamma, and did not find a systematic

difference (Supplementary Figure 2.8C).

Spectral power of narrowband gamma oscillations correlates to wearable dyskinesia
scores

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
subjects with non-zero UPDRS dyskinesia preoperative scores. Examples of the narrowband
gamma and dyskinesia time series are shown in Figure 2.3A. Cortical narrowband gamma,
subthalamic narrowband 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 (Figure 2.3B).
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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 correlation was significant using a one-
sample t-test, with P<0.005. The distributions differed across sites (F=5.11, P=0.01, Figure 2.3C)
and were driven by differences between coherence and cortical distributions (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 (=0.73, P=0.47), indicating narrowband gamma
oscillations 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
bradykinesia scores at the cortical (Supplementary Figure 2.11) and subthalamic
(Supplementary Figure 2.12) sites. Narrowband gamma fluctuations were also anticorrelated

with tremor scores but relatively less than with bradykinesia scores.

Power distribution of correlated narrowband gamma signal

Electrocorticography field potential recordings generally have a higher signal spectral power than
local field potentials from subcortical structures [12]. To assess their relative spectral power in the
narrowband 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 signals 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, Figure 2.3D). However,
spectral power comparisons for absolute spectral power values (not normalized to baseline 1/f)
showed a greater spectral power in the cortex, consistent with its generally higher 1/f baseline

(Supplementary Figure 2.10).
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Time-lag comparison of narrowband gamma correlation distributions

To assess whether variations in narrowband gamma oscillations led or lagged the variations in
dyskinesia scores, we compared correlations at various sample lags up to + 10 data points (20
minutes) lag time (Figure 2.3E). 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 temporal resolution of two minutes). 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 (x?=3.0, p=0.08) (Figure 2.3F). This indicates
that fluctuations in narrowband gamma oscillations occur at the same time as, or slightly precede,

fluctuations in dyskinesia scores within the two-minute resolution available in wearable scores.

Stratification analysis shows outliers do not drive correlations

Correlations can be driven by outliers, for example, when dyskinesia scores are in the bottom
10th percentile. Thus, a correlation is insufficient to demonstrate whether narrowband gamma
fluctuates as a function of dyskinesia over a wide range of severity versus indexing mainly the
presence or absence of dyskinesia. To control for this possibility, we binned the continuous
dyskinesia scores into ordinal bins (Figure 2.4A, 2.4D, dashed horizontal lines) and compared
narrowband gamma across the paired, ordinal bins in single subjects with cortical (Figure 2.4B)
and subthalamic (Figure 2.4E) narrowband gamma oscillations. We confirmed that narrowband
gamma between paired ordinal bins of dyskinesia scores differed across subjects. Differences in
narrowband gamma comparisons across paired ordinal bins remained significant (P<0.05) with
consistent effect sizes at cortical (Figure 2.4C) and subthalamic (Figure 2.4F) sites. These
relationships indicate that gamma-band oscillations scale with dyskinesia scores over a wide

range of severity.

19



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 removed 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
(Figure 2.4G) and subthalamic (Figure 2.4l) sites. Comparisons showed dyskinetic on-states had
higher narrowband 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 (Figure 2.4H) and 4.22 and 1.12
at subthalamic (Figure 2.4J) locations. Comparisons between the binned dyskinesia categories
generated from the entire set of wearable scores (Figure 2.4C, 2.4F) and the clinical subdomain

categories (Figure 2.4G, Figure 2.4l) can be found in Supplementary Figure 2.13.

Relation of narrowband gamma to normal voluntary movement

We collected wearable dyskinesia scores across our subject cohort, regardless of whether
subjects had a history of dyskinesia. In two subjects without a clinical history of dyskinesia but
who exhibited cortical narrowband gamma (subject 7 left and subject 11 right hemispheres), the
correlation coefficients between wearable dyskinesia scores and cortical narrowband gamma
were significantly positive, with p=0.02 and p=0.16, respectively (mean integrated narrowband
gamma score of 0.036, versus 0.113 in subjects with a history of dyskinesia). This suggests that

(1) the dyskinesia monitor may generate non-zero dyskinesia scores from normal voluntary
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movement and (2) narrowband gamma may also correlate with normal movement, consistent with

its prokinetic function.

Relation of other frequencies to dyskinesia and use of multiple bands to predict
dyskinesia

Subthalamic theta (4-10 Hz) oscillations have also been implicated in the pathophysiology of
dyskinesia [8]. On the cortical level, this relationship has not been investigated, but the spectral
overlap of the subthalamic 4-10 Hz activity with the mu-rhythm (8-12 Hz) that is suppressed with
movement and is less modulated in PD may suggest an inverse relationship [33]. The majority of
subjects had theta/mu oscillations (n=10/16 subjects, cortical and subcortical site), regardless of
a clinical history of dyskinesia (n=3/4 subjects without dyskinesia, cortical and subcortical site)
(Figure 2.5A). 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 (Figure 2.5B), and found narrowband gamma
was a stronger correlate than theta at the cortical (Figure 2.5B) and subthalamic (Figure 2.5C)

sites, with P<0.05.

Since subthalamic beta oscillations (13-30 Hz) are a known off-state neural biomarker and cortical
beta oscillations are reduced by movement, we expect beta band oscillations would 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 (Figure 2.5B) subthalamic (Figure 2.5C) sites.
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This raises the possibility that incorporating beta, theta, and narrowband gamma as independent
variables in a model could increase the predictive power for dyskinesia. We therefore compared
the model'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 inclusion of additional frequencies in a linear model did not significantly improve
the predictive power for dyskinesia at the cortical (Figure 2.5D) or subthalamic (Figure 2.5E)

sites at the group level.

However, within individual subject hemispheres, there were two cortical and four subthalamic
recording sites for which predictive 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 understanding the regression results, we generated scatterplots of beta
versus gamma peak frequency power for each two-minute epoch with dyskinesia severity
represented by color intensity (Figure 2.5 F-G). In an example subject hemisphere for which beta
band activity provided additional predictive power (Figure 2.5F), one can see that for a constant
level of prokinetic gamma (dotted line), the spectral power of beta influences the occurrence of
dyskinesia. The distributions of spectral power for beta and gamma oscillations are also provided
(Figure 2.5 F-G) to show that these distributions can be either relatively continuous (gamma) or
binary (beta) in nature, behaving as either “dimmer” switches or “binary on/off’ switches,

respectively.

A distinct 40-60 Hz oscillation in some subjects
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 dyskinesia scores using the
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same methods as for narrowband gamma (Supplementary Table 2.3, Figure 2.6). These
oscillations occurred in the cortex, subthalamic nucleus, or both sites in some subjects with a
clinical history of dyskinesia (Figure 2.6G). Low gamma oscillations differed from classical
narrowband gamma oscillations not only in their frequency distribution (Figure 2.6E), spectral
peak width (Figure 2.6 A-D), and variation in peak frequency across sites (Figure 2.6F), 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 (Figure 2.6H, I). The sample lag
between dyskinesia and oscillatory activity was not distinguishable from zero (no lag)

(Figure 2.6J, K).
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DISCUSSION

We investigated the relationship between narrowband gamma oscillations and dyskinesia in
subjects with Parkinson’s disease using a sensing-enabled neurostimulator in conjunction with a
wearable monitor providing continuous dyskinesia scores. We analyzed 984 hours of neural
recordings from both sensorimotor cortex and basal ganglia nuclei in 16 individuals during normal
daily activities on their usual dose of dopaminergic medications prior to initiating therapeutic
stimulation. Both subthalamic and cortical narrowband 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.

The physiologic role of narrowband gamma oscillations

Narrowband oscillatory activity in the 40-90 Hz range is a ubiquitous feature of healthy cortical
function. It has been studied extensively in rodents and nonhuman primates, though mainly in
networks unrelated to motor function [34]. 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 [35].

Narrowband gamma in the motor cortex has not been directly observed outside of disease states
or disease models. Nevertheless, a potential role of motor network gamma oscillations in normal
movement should be considered. The small, but significant, correlation between 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, narrowband gamma signals in these subjects
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indicate subclinical dyskinesia. Alternatively, the dyskinesia monitor may score some patterns of
normal voluntary movement as dyskinesias. If so, narrowband 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 oscillations with the velocity of normal movement during cued movement

tasks [36-37].

It is 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 [38]. They are related to local cortical activation and likely reflect

asynchronous underlying spiking activity rather than a narrowband oscillatory rhythm [39].

Models of dyskinesia genesis

The primary clinically effective therapies for Parkinson’s disease, including dopaminergic
medication [2], deep brain stimulation [6], and pallidal thermolesion [40], all induce narrowband
gamma oscillations and reduce beta oscillations at various nodes of the motor network. 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 [6, 40]. However, in some subjects (Figure 2.5F), beta activity
can also influence dyskinesia severity independently of gamma band activity, supporting a model
in which the balance between prokinetic and antikinetic frequencies is important in dyskinesia

genesis.
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Whether narrowband gamma oscillations cause dyskinesia or are simply a physiological correlate
is not yet clear. Many experiments have investigated narrowband gamma oscillations in the 6-
hydroxydopamine-treated rodent model of Parkinson’s disease [3-5], where experimental
interventions to probe causality are more readily performed than in humans. In this model, the
induction 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 oscillations by administration of
topical dopamine antagonists also immediately eradicated dyskinesia, suggesting a causal
relationship. 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 [41-42]. 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 manipulated 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 phenomena.
Interventions that reduce activity in the internal globus pallidus, such as reversible or irreversible
lesioning, suppress rather than exacerbate dyskinesia [43]. A mechanistic neural model of
dyskinesia that accounts for physiological and surgical observations across species has yet to

be developed.
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Gamma oscillations at other frequencies are functionally distinct

The existing literature on narrowband gamma in Parkinson’s disease in animal models of
parkinsonism has focused on oscillatory rhythms in the 65-90 Hz range. Gamma oscillations at
other frequencies 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
attributes may delineate the two current motor subtypes of Parkinson's disease, tremor dominant
versus postural instability with gait disorder subtypes [44-45]. These oscillations increase during
voluntary movements and with dopaminergic medication, indicating 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, unlike 65-90 Hz narrowband gamma

oscillations.

Furthermore, our study reveals 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 do not show functional or temporal co-occurrence with 65-90 Hz narrowband
gamma oscillations. While the spectral power of 65-90 Hz narrowband gamma correlates with
dyskinesia (Figure 2.3B), the spectral power of cortical low gamma anticorrelates to dyskinesia
(Figure 2.6G). The greater bandwidth of the low gamma power spectral density peak may also

hint at a different underlying physiologic mechanism.

Narrowband gamma as a marker for closed-loop deep brain stimulation

Adaptive deep brain stimulation relies on neural signals to infer the subject's clinical state and
auto-adjust stimulation parameters to meet changing brain needs [46]. A prospective closed-loop
marker requires 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 [47-48], and
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the entrainment of gamma rhythms by therapeutic neurostimulation at a stable and predictable
frequency (subharmonics of stimulation frequency) is an advantage for the use of this signal [49].
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 either 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, theta oscillations in the subthalamic nucleus have been shown to
correlate to dyskinesia [50]. We replicated this finding but found that, unlike narrowband gamma,
the relationship of theta band activity to dyskinesia relationship is not present in the motor cortex.
Further, theta-alpha oscillations may be strongly affected by off-period tremor [51], limiting their

utility as a control signal in adaptive deep brain stimulation.

Limitations

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 number 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, dyskinetic motor signs on the
contralateral side may influence the lateralized dyskinesia scores. The proprietary algorithm
generating the dyskinesia scores used is not personalised to each subject [52] and is susceptible
to false positives, as voluntary movement elicits a non-zero dyskinesia score. A similar gyroscope-

based heuristic algorithm to classify tremor results in a false positive rate of 10% when tested on
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healthy controls [53]. Future studies may benefit from personalised dyskinesia monitors that

include lower as well as upper extremities for precise assessment.

Within the detection threshold employed here, we did not always 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 particularly important consideration
for cortical recording since the precentral gyrus is both large and functionally heterogeneous [54].
Even within the motor territories of basal ganglia nuclei, electrophysiologic markers of motor signs
in PD are known to differ in adjacent subregions [44, 55-57]. Further, 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 is not present in the
pallidum. Prior findings of strong narrowband gamma coherence between pallidum and
subthalamic nucleus in the on-medication state suggest that a larger sample of pallidal recordings

might allow the detection of pallidal narrowband gamma [2, 37].
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Fig. 2.1: 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 labeled 1-4 (anterior-posterior for the cortical
paddle, dorsal-caudal for the subcortical depth lead). B) An example of cortical (left column) and
subthalamic (right column) leads in an individual subject (subject 1) on a parasagittal MRI (left
column) and on an axial MRI at the level of the dorsal subthalamic nucleus (right column). The
red arrow marks the central sulcus. C) Top, the overlapping bipolar recording configuration using
contact pairs 1-3 and 2-4. For cortical recordings, this is the configuration used to record from
subjects 1-5. For subcortical recordings, this is 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 is the configuration used to record from subjects 6-
16. For subcortical recordings, this is the configuration used to record from pallidal-implanted
subjects. (Figure caption continued on the next page)
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(Figure caption continued from the previous page) D) Cortical contact placement across subjects
represented on a template brain. Each contact is labeled by color. 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 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) is derived from a two-minute recording length. The average
power spectra is overlaid as the black line. The blue rectangle spanning 65-90 Hz denotes the
signal frequencies that characterize narrowband gamma. G) Overlaid power spectral densities
from panel F after removing aperiodic activity using FOOOF.= The flattened average power
spectra is overlaid as the black line. The black horizontal line is the power threshold used to detect
the peak narrowband gamma frequency. H) Example of overlaid power spectral densities from
the caudal (left) and dorsal (right) recording configurations of the subthalamic lead using the same
format as panel F. I) Overlaid power spectral densities from panel H after removing aperiodic
activity using FOOOF, similar to panel 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, STN = subthalamic nucleus, NBG
= narrowband gamma.
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A Distribution of peak NBG B Peak NBG across anatomical sites C NBG-dyskinesia contingency tables

Cortical NBG vs dyskinesia Subthalamic NBG vs dyskinesia
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Fig. 2.2: Narrowband gamma oscillations across subjects: frequency distribution
and relation to clinical history of dyskinesia.

A) The distribution of peak narrowband gamma frequencies in cortical (orange) and subthalamic
(green) sites. B) A scatterplot of peak narrowband gamma frequencies across sites in subject
hemispheres where narrowband gamma 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
narrowband gamma for cortical (left) and subthalamic (right) electrode sites. Each data point
represents a subject, where each subject was classified as exhibiting narrowband gamma if one
or both hemispheres had narrowband gamma oscillations exceeding the detection threshold.
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A Single-subject NBG dyskinesia timeseries

AR

Cortical NBG
g 1:0:— —— STN NBG
§ 0.8— —— Wearable dyskinesia
- 0.6—
(]
N 04— ‘h{
£
£ 02- : m‘i( M |
2 0.0—Mlﬁ‘k“l“”'n Ly 3 oA W 1L o ! et LJ o A )l)lj\’w" ,&
00:00 04:10 08:20 12:30 16:40 20:50 25:00 29:10
Time (HH:MM)

B NBG-dyskinesia correlations

ptl left—
pt4 left—
ptl5 right—
pt9 right—
pt4 right—
ptl right—
pt5 right—
pt9 left—
ptl5 left—
ptl2 left—
pt2 right—
ptl3 left—
pt5 left—
ptl6 left—
pt6 right—
pt8 right —
ptl3 right

Cortical
wm STN
== Coherence
= Non-significant

o= -

| | | |
0.00 0.25 0.50 0.75
Spearman’s p

E NBG-dyskinesia lag time

C Comparison of NBG-dyskinesia correlations

Subthalamic— ® .

oo

cue

Cortical—

’

| | | | | |
-02 00 02 04 06 038
Spearman’s p

Coherence— ¢-ee——o oo 00*

L
an it

D Average NBG spectral power across patients

S
S -

| | | |
0.0 0.5 1.0 15
Average NBG spectral power

F NBG-dyskinesia maximum lag time

0.6— -« STN Count of lags with maximum correlations
A Cortical .
Q 0.5— [ .f\.. 3
2 - Ny 50
S 04— AL ) S £
: R £
§ 03— = '{/ﬁ & N .‘!“ o
% N ' £
02— &
| | | | | | | | | = >
20 -15 -10 -5 0 5 10 15 20 cortical STN

Wearable dyskinesia lag time (minutes) Location

Fig. 2.3: 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
(orange) and subthalamic narrowband gamma (green) in comparison to the dyskinesia scores
from the contralateral wearable devices (grey) of subject 4’s left hemisphere. B) The correlations
with false discovery rate-corrected P<0.05 between the time series narrowband gamma signal
and wearable dyskinesia scores across our subject subcohort with a clinical history of dyskinesia.
(Figure caption continued on the next page)
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(Figure caption continued from the previous page) Green labels represent correlations from
subthalamic narrowband gamma, orange labels represent correlations from cortical narrowband
gamma, and grey labels represent correlations from narrowband gamma coherence between
cortical and subthalamic electrode sites. C) Boxplots of correlation coefficients across subject
hemispheres for subthalamic narrowband gamma, cortical narrowband gamma, and narrowband
gamma coherence across the sites, showing higher correlation for single site spectral power than
for intersite coherence. D) Boxplots of the average narrowband gamma 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 narrowband
gamma (=1.43, P=0.19). E) Pearson correlation lag analysis illustrates the strength and direction
of the correlation of each lag value. The maximum correlation showed an apparent negative lag
of one sample (gamma leading dyskinesia by two minutes) for subthalamic nucleus (green line),
but this did not meet statistical significance across subjects by chi-square testing of categorical
sample lags across subjects, shown in panel F.

NBG = narrowband gamma, STN = subthalamic nucleus, FDR = false discovery rate
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A Single-subject cortical NBG-dyskinesia timeseries B Single-subject cortical NBG C Cortical NBG effect size
across groups across groups
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Fig. 2.4: Stratification analysis shows narrowband gamma-dyskinesia correlations
are not driven by outliers.

Data are from subjects who have narrowband gamma oscillations at the specified site, as well as
a clinical history of dyskinesia. A) Example time series of cortical narrowband gamma (orange)
and dyskinesia scores (grey), derived from Figure 2.3A but with horizontal grey dotted lines that
denote the thresholds used to bin the wearable dyskinesia scores. Bins are labelled 0, 1, 2, 3, 4.
B) Single-subject example (subject 4, left hemisphere) showing the t-test comparison for cortical
narrowband gamma between each paired, ordinal wearable dyskinesia category. C) The effect
size using Cohen’s d between cortical narrowband gamma of each ordinal pair of dyskinesia
categories with false discovery rate-corrected P<0.05 across subjects. D) Example time series of
subthalamic narrowband gamma (green) and dyskinesia scores (grey) derived from Figure 2.3A
with the same structure as Figure 2.4A. E) A single-subject example (subject 4, left hemisphere)
for subthalamic narrowband gamma, same format as Figure 2.4B. F) The effect size using
Cohen’s d between subthalamic narrowband gamma 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 narrowband gamma between the non-dyskinetic and
dyskinetic states. H) The significance and effect size for cortical narrowband gamma between the
dyskinetic and non-dyskinetic states across subjects, with significant data points (false discovery
rate-corrected P<0.05) denoted in green. |) A single-subject example (subject 4, left hemisphere)
showing the t-test comparison for subthalamic narrowband gamma spectral power between the
non-dyskinetic and dyskinetic states. J) The significance and effect size for subthalamic
narrowband gamma between the dyskinetic 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, NBG =
narrowband gamma, STN = subthalamic nucleus
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A Theta-dyskinesia contingency tables B Cortical neural oscillatory correlates C Subthalamic neural oscillatory correlates of
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Fig. 2.5: Other neural correlates of dyskinesia.

A) Contingency tables relating a clinical history of dyskinesia with the presence of theta for cortical
(left) and subthalamic (right) electrode sites, using the same format as Figure 2.2C.

B,C) For neural correlates of dyskinesia, the magnitude of the absolute correlations of dyskinesia
to theta, beta and narrowband gamma 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. D,E) The ability to predict dyskinesia scores using linear
regression models with various sets of predictors: narrowband gamma alone, the combination of
narrowband gamma and beta, or the combination of all three rhythms, at the cortical site (D) and
subthalamic site (E). The green and red dots in (E) denote data points corresponding to subjects
analyzed in greater detail in the subsequent panels. F,G) Single-subject examples of beta-
gamma-dyskinesia interactions in the right subthalamic nucleus of subject 15 (green labeled data
point in Figure 2.5E), for which including beta as an independent predictor increased predictive
power by 37% (F) and the left hemisphere of subject 4 (red labeled data point in Figure 2.5E), for
which including beta did not add predictive power (G). (Figure caption continued on the next page)
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(Figure caption continued from the previous page) Top left plot illustrates how dyskinesia scores
(colored 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). The top right plot
shows how peak beta (red) and gamma (green) are distributed across the timeseries. The bottom
plot shows how beta (red) and gamma (green) fluctuate throughout the timeseries.

The green asterisk (*) denotes a comparison with P<0.05. NBG = narrowband gamma
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A Single subject cortical PSDs
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Fig. 2.6: Low gamma processing method, frequency distribution, relation to clinical
dyskinesia, and correlation to contralateral dyskinesia scores.

A) Single subject example (subject 13, right hemisphere) of overlaid power spectral densities 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) is derived from a two-minute
recording length. (Figure caption continued on the next page)
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(Figure caption continued from the previous page) The average power spectra is overlaid as the
black line. The purple rectangle spanning 40-60 Hz denotes the signal frequencies that
characterize low gamma. B) Overlaid power spectral densities from panel A after removing
aperiodic activity using FOOOF.= The average flattened power spectra is overlaid as the black
line. The black horizontal line is the power threshold used to detect the peak low gamma
frequency. C) Example of overlaid power spectral densities from the caudal (left) and dorsal (right)
recording configurations of the subthalamic lead using the same format as panel A. D) Overlaid
power spectral densities from panel C after removing aperiodic activity using FOOOF, similar to
panel B. E) The distribution of peak low gamma frequencies in cortical (orange) and subthalamic
(green) sites. F) A scatterplot of low gamma frequencies across sites in subject hemispheres
where low gamma 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. G) Contingency tables relating a clinical history of dyskinesia with low gamma for cortical
(left) and subthalamic (right) electrode sites. Each data point represents a subject, where each
subject was classified as exhibiting low gamma if one or both hemispheres had low gamma. H)
The distribution of peak low gamma frequencies in cortical (orange) and subthalamic (green)
sites. 1) Boxplots of correlation coefficients across subject hemispheres for subthalamic low
gamma and cortical low gamma, showing that while subthalamic low gamma positively correlated
to dyskinesia scores, cortical low gamma anticorrelated to the scores. J) Pearson correlation lag
analysis illustrates the strength and direction of the correlation of each lag value. Dyskinesia
scores are temporally shifted either prior to (positive lag scores) or after (negative lag scores) low
gamma spectral power from either subthalamic (green) or cortical (orange) electrode sites. K)
Comparison of 0 and -2 minute lag times with maximum low-gamma dyskinesia correlations
across electrode sites.

The asterisk (*) denotes a comparison with a P<0.05 using a t-test, STN = subthalamic, FDR =
false discovery rate
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TABLES

Table 2.1 Subject demographics

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
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Table 2.2 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
S 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
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SUPPLEMENTAL FIGURES
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Fig. 2.7: Methodology for defining the peak frequency of narrowband gamma in a
timeseries.

A) In this schematic, we apply our method of defining the peak frequency for narrowband gamma
(65-90 Hz, range denoted in the blue inset rectangle). First, we inspect whether each epoch
contains narrowband signal greater than the threshold, defined as two standard deviations greater
than the mean at 65 Hz (red dotted line). Epochs with eligible signal are denoted with a green
check mark. The maximum peak frequency of each eligible epoch is then counted, and the peak
frequency with the maximum counts is used as the peak frequency for all subsequent analyses.
B) An example of the intra-subject variability of peak narrowband gamma is shown with a
histogram of peak narrowband gamma frequency counts across the epochs from the right

hemisphere of subject 4 at the cortical (left) and subthalamic (right) sites.
STN = subthalamic nucleus
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A. Comparison of clinical dyskinesia ratings (UPDRS) and
average wearable dyskinesia scores
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Fig. 2.8: Segregation of wearable dyskinesia scores and integrated gamma scores
by preoperative UPDRS IV.

A) A scatterplot of the UPDRS scores and average wearable dyskinesia scores across subject
hemispheres used for Spearman’s statistics. The relationship between UPDRS scores and
averaged wearable dyskinesia scores remains significant with P<0.05 regardless whether the
UPDRS=4 datapoints, which could be construed as outliers, are included. Residual histograms
display the distribution of respective counts. B) Box plots representing the averaged integrated
narrowband gamma scores, differentiated by clinical history of dyskinesia at the cortical (left) and
subthalamic (right) sites, with a significance of P=0.045 and P=0.007, respectively. The green
asterisk (*) denotes a Welch’s t-test with P<0.05.

UPDRS = Unified Parkinson’s Disease Rating Scale, NBG = narrowband gamma, STN =
subthalamic nucleus
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A. Cortical electrode localization of subject hemispheres with

UPDRS dyskinesia
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Fig. 2.9: Presence of cortical gamma oscillations in relation to electrode placement
A) Density plots of cortical electrode localisation of subject hemispheres with a clinical history of
dyskinesia with narrowband gamma present (green) and absent (red). The coordinates are shown
as MNI X (left) and Y (right) coordinates with the “Right-Anterior-Superior” orientation system.
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Fig. 2.10: Differences in absolute power of average peak narrowband gamma
spectral power across subjects.

A) A boxplot comparison of the unflattened, non-log transformed power spectra values of peak
narrowband gamma at the cortical and subthalamic sites. The mean cortical power was 0.51, and
the mean subthalamic power was 0.0970. The cortical oscillations have greater absolute spectral
power than the subthalamic oscillations (t-statistic = 3.353, p-value = 0.0021). The green asterisk
(*) denotes a t-test with P<0.05.
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A. cortical NBG-bradykinesia correlations

B. cortical NBG-tremor correlations
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Fig. 2.11: Correlates of cortical narrowband gamma to other contralateral motor
sign wearable scores.

A) The correlations between the time series of cortical narrowband gamma and wearable
bradykinesia scores from the contralateral side across our subject subcohort with cortical
narrowband gamma and a clinical history of dyskinesia. B) The correlations between the time
series of narrowband gamma and wearable tremor scores across the subject subcohort with
narrowband gamma and a clinical history of tremor and dyskinesia. C) Boxplots of correlation
coefficients of cortical narrowband gamma signal to motor scores derived from wearable devices
of dyskinesia, bradykinesia, and tremor. D) Boxplots of absolute values of correlation coefficients
from Supplementary Figure 2.11C. We used different statistical tests to compare the results
against tremor and bradykinesia scores: the Mann-Whitney U test for tremor scores and t-test for
bradykinesia scores.

Asterisk denotes significance at false discovery rate-corrected P<0.05, NBG = narrowband
gamma, UPDRS = Unified Parkinson’s Disease Rating Scale
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A. STN NBG-bradykinesia correlations B. STN NBG-tremor correlations
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Fig. 2.12: Correlates of subthalamic narrowband gamma with contralateral
wearable scores for off-state motor signs.

A) The correlations between the time series of subthalamic narrowband gamma and wearable
bradykinesia scores from the contralateral side across our subject subcohort with subthalamic
narrowband gamma and a clinical history of dyskinesia. B) The correlations between the time
series of subthalamic narrowband gamma power and wearable tremor scores across the subject
subcohort with subthalamic narrowband gamma and a clinical history of tremor and dyskinesia.
C) Boxplots of correlation coefficients of subthalamic narrowband gamma signal to wearable
device motor scores of dyskinesia, bradykinesia, and tremor. D) Boxplots of absolute values of
correlation coefficients from Supplementary Figure 2.12C. We used t-test comparisons across all
motor sign distributions.

Asterisk denotes significance at false discovery rate-corrected P<0.05 using ANOVA, STN =

subthalamic nucleus, NBG = narrowband gamma, UPDRS = Unified Parkinson’s Disease Rating
Scale
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A. Counts from hemispheres with cortical B. Counts from hemispheres with STN NBG

NBG and non-zero UPDRS dyskinesia scores and non-zero UPDRS dyskinesia scores
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Fig. 2.13: Relationship between wearable dyskinesia scores in on-state
subdomains versus ordinal groupings

A,B) The counts of on-state subdomain (Figure 2.4G, Figure 2.4l) wearable scores from subject
hemispheres with cortical (A) and subthalamic (B) narrowband gamma within each ordinal
grouping (Figure 2.4C, Figure 2.4F). There is a highly significant relationship (P < 1e-15) between
the binned dyskinesia categories generated from each ordinal grouping and the three on-state
subdomain categories when comparing across both the cortical (x> = 10080, Cramer’s V = 0.85)
and subthalamic (x* = 7087, Cramer’s V = 0.71) sites.
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SUPPLEMENTAL TABLES

Table 2.3 Presence and localization of low gamma across study subjects

Subject id

Implant site
STN
STN
STN
STN
STN
STN
STN
STN
STN
STN
STN
GP
GP
GP
GP
GP

UPDRS IV

- 0O 0 O N 2N =2 O NNN=S N =S B

Left cortical

Low gamma Correlation

True

False
False
False
False
False
False
False
False
True

False
False
False
False
False
False

True

False
False
False
False
False
False
False
False
True

False
False
False
False
False
False

Right cortical
Low gamma
True

False

False

False

False

False

False

False

False

True

False

False

False

NA

False

NA

Correlation

True
False
False
False
False
False
False
False
False
True
False
False
False
NA
False
NA

Left subcortical

Low gamma Correlation

True

False
False
False
True

False
False
False
False
True

False
False
False
False
False
False

True

False
False
False
True

False
False
False
False
True

False
False
False
False
False
False

Right subcortical
Low gamma Correlation
False False
False False
False False
False False
True True
False False
False False
False False
False False
True True
False False
False False
False False
NA NA
False False
NA NA
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Chapter 3:
Entrained gamma oscillations are functionally and behaviorally distinct from

levodopa-induced gamma oscillations

INTRODUCTION

Narrowband gamma oscillations (60-90 Hz) may play a role in the genesis of levodopa-induced
dyskinesia. Cortical recordings of Parkinsonian rodent models treated chronically with levodopa
have shown that 60-90 Hz narrowband gamma oscillations are predictive of dyskinesia [1-3].
Very similar narrowband gamma oscillations have been detected in humans with Parkinson’s
disease in the on-medication state [4]. In a prior study, we used a sensing-enabled implantable
neurostimulator attached to both basal ganglia and cortical leads to study levodopa-induced
gamma oscillations, prior to initiating therapeutic stimulation, during normal daily activities.
Recordings were paired with data from wrist-wearable sensors providing ratings of dyskinesia
severity. Our findings showed that levodopa-induced gamma oscillations scale with dyskinesia
severity, in close temporal precision, similarly across the subthalamic nucleus and

motor cortex [5].

Several small case series have shown that deep brain stimulation (DBS) can entrain subthalamic
or cortical gamma oscillations to a subharmonic of the stimulation frequency, often to one-half of
the stimulation frequency [6,7]. The stimulation parameters leading to entrainment have been
modeled using a coupled oscillator framework, in which the driven oscillator is the motor network
that has a natural oscillation frequency in the gamma range, and the driving oscillator is the
neurostimulator [6]. However, DBS-entrained gamma oscillations have not been systematically
studied in a larger cohort [8], raising several important questions: (1) How common are entrained

gamma oscillations during chronic stimulation, (2) which basal ganglia stimulation sites are
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associated with cortical entrainment, and (3) does entraining levodopa-induced gamma

oscillations alter their behavioral correlates and statistical properties.

To answer these questions, we studied entrained gamma oscillations in the same cohort of
subjects in which we previously characterized levodopa-induced gamma oscillations [5]. We
analyzed 993 hours of cortical and basal ganglia field potential recordings at home during normal
daily activities, with 656 hours recorded prior to initiating stimulation, in 20 hemispheres of 13
patients with Parkinson’s disease. We collected data in three stimulation conditions: (1) prior to
initiating basal ganglia stimulation [5], (2) during the initial slow increase in DBS amplitude to
therapeutic settings, and (3) after at least five months of chronic therapeutic stimulation. For the
stimulation increase condition, we also recorded 31 hours of dyskinesia scores using wrist-
wearable sensors. We found that entrained cortical gamma oscillations are common and equally
likely to entrain from the pallidal and subthalamic stimulation sites. Chronic entrainment of
levodopa-induced gamma oscillations reduces their pro-dyskinetic effect and alters the

distributions of peak frequencies and spectral power.

METHODS

Subject Selection and Assessment

The study was approved by the IRB, registered on clinicaltrials.gov (NCT03582891), and included
data from 13 subjects with Parkinson’s disease using Medtronic’'s Summit RC+S device [9]. Two
subjects were excluded due to lack of chronic stable stimulation recordings. Depth leads were
placed in the subthalamic nucleus or globus pallidus, with paddle leads over pre-central and post-
central gyri [10]. Data from these subjects have been published in an analysis of neural recordings
prior to the onset of DBS, paired with wearable measures of dyskinesia [5]. Subjects were

recruited from UCSF’s movement disorders clinic, with inclusion criteria of idiopathic Parkinson’s
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and standard DBS indications [11,12], and exclusion criteria of significant cognitive impairment or
untreated mood disorder. Baseline motor function and dyskinesia severity were assessed using

UPDRS scales.

Surgical implantation

Subjects were implanted with cortical leads (Figure 3.1A) and quadripolar cylindrical leads in the
subthalamic nucleus (Figure 3.1B) or globus pallidus (Figure 3.1C), and quadripolar paddle-type
cortical leads using established methods [4,7]. Cortical leads were placed parasagittally and
confirmed intraoperatively with CT fused to MRI. Brain leads connected to a Medtronic interface
[13]. Post-implantation, precise electrode localization was refined using CT and MRI image
analysis, verified by visual inspection, and adjusted for brain shift [14,15]. Electrode locations

were then mapped to standardized brain spaces for group analysis [16,17].

Signal Recording

Neural field potentials from sensorimotor cortical and basal ganglia regions were recorded from
subjects with implanted cortical paddles and depth leads at home. Data were streamed via the
Summit RC+S interface to a tablet, with each RC+S device recording from two channels per
cortical paddle and depth lead. Recordings started one to four weeks post-implantation, with
adjustments for optimal signal-to-noise ratio. During stimulation amplitude increases, recordings
were made up to two months post-stimulation onset, while monitoring for adverse effects. Chronic
recordings were made at least five months after stimulation onset. Table 3.1 lists the subject
cohorts included in each stimulation paradigm. Six subjects used Apple Watch monitors to stream

data to the StrivePD app during stimulation adjustments.
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Signal Processing

Neural field potentials were downsampled to 250 Hz, and power spectral density was calculated
using non-overlapping Hann windows in 2-minute intervals for chronic entrained gamma and 1-
minute intervals for stimulation amplitude increases (Figure 3.1D). A processing pipeline was
utilized to determine which epochs contained gamma oscillations (60-90 Hz), and of those
epochs, the corresponding frequency with maximal power (Figure 3.1E). An integrated
narrowband gamma score, considering both power and duration, determined the dominant
channel for analysis. Wearable data from Apple Watch monitors provided validated dyskinesia
scores in 1-minute intervals [18]. These scores were binarized using a 50% threshold to determine

dyskinetic episodes.

Statistics

Sklearn and SciPy statistics modules in Python were used for statistical analyses. Chi-squared
test of independence was used to compare distributions across categorical variables. The Shapiro
normality test was used to assess normality. The mean gamma power in epochs with gamma
oscillations was compared using independent t-tests. Levene's test assessed the equality of
variance in gamma frequency and power. The kernel probability densities across distributions,
the kernel probabilities were rescaled using minimum-maximum normalization [19] onto a 0-1
scale for visualization purposes. For logistic regression analysis, statsmodels and sklearn were
used with a 50:50 training-test data split for statistical inference and predictive ability. To train the
model across a cohort with individualized thresholds for entrainment, entrained gamma
oscillations were normalized with a linear shift such that power values below the channel-specific
threshold for containing entrained gamma oscillations were negative. The log-likelihood ratio

determined the fit of the logistic regression.
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A subject was scored as having gamma oscillations if either hemisphere contained gamma
oscillations. The hemisphere with maximal neural recordings was used to determine the total

hours recorded by each subject.

RESULTS

Subject characteristics

We studied 20 hemispheres from 13 subjects with Parkinson’s disease with cortical and basal
ganglia leads (1/13 female, mean age at surgery 5919 years, Table 3.1). Eleven subjects had a
clinical history of dyskinesia (UPDRS IVa dyskinesia score>0), nine of whom had implants in the
subthalamic nucleus. Previously, we examined levodopa-induced gamma oscillations from this
cohort [5]. Here, we examine how entraining levodopa-induced gamma oscillations impacts their

behavioral and statistical properties.

Entrained gamma oscillations after chronic therapeutic DBS: incidence in a large cohort
and relationship to levodopa-induced gamma oscillations across subjects

To objectify the relationship between levodopa-induced narrowband gamma oscillations and
DBS-induced gamma entrainment, we investigated these neurophysiological phenomena prior to
and during chronic DBS. Recordings were subdivided into 2-minute epochs and the presence of
gamma oscillations in each epoch was determined by inspecting its flattened power spectral
density plot for spectral power greater than two standard deviations above the 1/f background, in
the range of 60-90 Hz (see methods, Figure 3.1). The frequency of entrained gamma oscillations
was always at one-half of the stimulation frequency at either 130 Hz or 150 Hz (Figure 3.1D)
regardless of the exact frequency at which levodopa-induced gamma oscillations occurred prior
to stimulation. Cortical entrained gamma oscillations were observed in 16/20 hemispheres (11/13

subjects) and occurred in the context of either pallidal (4/5 hemispheres) or subthalamic (12/15
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hemispheres) stimulation (Figure 3.2A). Subcortical entrained gamma oscillations appeared in
8/20 hemispheres and 6/13 subjects and occurred in the context of either pallidal (1/5) or
subthalamic (7/15) hemispheres (Figure 3.2B). See Table 3.2 for the subject hemisphere-labeled

dataset.

During chronic DBS, once entrained gamma oscillations occurred, non-entrained oscillations
(those not at a subharmonic of DBS frequency) were not typically observed. While most
hemispheres had both levodopa-induced gamma oscillations prior to stimulation and entrained
gamma on chronic stimulation (Figure 3.2C-D), in some hemispheres stimulation-entrained
gamma rhythms occurred even though levodopa-induced gamma oscillations were absent

without stimulation.

Anatomic localization

Cortical electrode arrays spanned the precentral gyrus, with at least one contact over the
postcentral gyrus. We recorded from the same two cortical channels before and after the onset
of DBS. In hemispheres with levodopa-induced gamma oscillations and entrained gamma
oscillations, entrained gamma oscillation predominantly occurred at the same cortical channel as
levodopa-induced gamma oscillations in 13/14 hemispheres. These findings suggest that the
same cortical circuit is susceptible to levodopa-induced gamma and DBS-induced entrainment.
To anatomically localize the cortical region with the most prominently entrained gamma
oscillations, we examined the nine hemispheres where the cortical bipolar montages were not
interleaved. Regardless of whether levodopa-induced gamma oscillations appeared, cortical
gamma oscillations entrained primarily at the primary motor cortex, rather than the somatosensory

cortex, in 9/9 hemispheres.
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Relation to the clinical history of dyskinesia

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 entrained gamma
oscillations if the signal appeared in one or both hemispheres. Entrained cortical gamma
oscillations appeared in 2/3 of subjects who did not meet the criteria for dyskinesia preoperatively
(UPDRS IVa score = 0), and in 9/10 subjects who did meet the criteria (Figure 3.2E). Entrained
subcortical gamma oscillations also appeared in 2/3 subjects who did not meet the criteria for
dyskinesia preoperatively and 5/10 subjects who did meet the criteria (Figure 3.2F). The
observed patterns among subjects suggest that a clinical history of dyskinesia is not a prerequisite
for the occurrence of entrained gamma oscillations compared to levodopa-induced

gamma oscillations.

Entrained gamma oscillations do not co-occur with episodes of dyskinesia during
stimulation amplitude increases

Although levodopa-induced gamma oscillations fluctuate in relation to wearable dyskinesia [5],
the relationship between entrained oscillations and dyskinesia is unknown. Of the six patients (10
hemispheres) with stimulation amplitude increases and wearable recordings, we examined the
subset of three patient hemispheres (two subjects) with entrained gamma oscillations.
Supplementary Figure 3.5 shows the relationship of entrained gamma oscillations to stimulation

amplitude increases in all subjects.

Each epoch was scored for the presence of a dyskinetic episode, defined as an epoch with a
wearable probability of dyskinesia score greater than 50%. Across the three hemispheres,
dyskinetic episodes were most likely to occur in pt12 left hemisphere, the subject with the least

cortical and subthalamic entrained gamma oscillations. The remaining analyses focus primarily
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on dyskinetic episodes from pt12 left hemisphere (44 epochs with cortical recordings, 53 epochs
with subthalamic recordings) since the remaining two hemispheres had dyskinetic episodes
during less than 1.1% of the recordings (n=5 for pt13 left; n=7 for pt13 right). To compare the
relationship of entrained gamma oscillations to dyskinesia across the cohort, the channel-specific
entrained gamma threshold was subtracted from each score, such that only values with entrained
power were positive. Across the normalized power distribution of cortical (Figure 3.3A) and
subthalamic (Figure 3.3B) entrained gamma oscillations, there was no entrainment during 37/56
and 46/62 epochs with dyskinetic episodes. Logistic regression was used to assess the
relationship between the presence/absence of a dyskinetic episode (dependent variable) and
entrained/not entrained gamma oscillations (independent variable), with an intercept term to
account for the imbalanced sample. Gamma oscillations that did not entrain classified epochs
with dyskinesia (log-likelihood ratio P<1e-4; Wald coefficient of the intercept <-2.1, P<1e-3; Wald
coefficient of gamma power <-1.6; P<1e-3) and had an average area under the receiver operating
characteristic (AUC-ROC) curve of 0.69 for cortical (Figure 3.3C) and 0.77 for subthalamic
(Figure 3.3D) gamma oscillations during chronic stimulation. These results suggest that
entraining levodopa-induced gamma oscillations dissociates them from their

pro-dyskinetic effect.

To validate the robustness of these findings, we evaluated the fit of the linear regression model
and generated the AUC-ROC curve using dyskinesia scores that were binarized with thresholds
from 10% to 40%. Our results confirm that the classifier performed similarly using either cortical
(mean auc=0.67, range=0.64—-0.69) or subthalamic (mean auc=0.73, range=0.66—-0.79) gamma

oscillations, with a log-likelihood ratio P<1e-4.
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Statistical properties of entrained gamma oscillations during chronic therapeutic DBS

are distinct from levodopa-induced gamma oscillations

To better understand the statistical oscillatory properties that might drive the behavioral
differences between levodopa-induced gamma oscillations and chronic therapeutic entrained
gamma oscillations, we examined potential differences in peak gamma frequency and power
across 2-minute epochs in the 14 hemispheres with gamma oscillations across stimulation
conditions. First, we examined variance in the peak gamma oscillation frequency across epochs
with gamma oscillations. Figure 3.4A shows an example of overlaid power spectral epochs with
gamma oscillations across the two stimulation conditions in a single hemisphere, with black
arrows denoting the peak frequency distributions across each stimulation condition. The
distributions of these peak frequencies in a single hemisphere are then shown in Figure 3.4B.
Across the cohort, levodopa-induced peak frequencies varied more than entrained gamma peak
frequencies in 13/14 cortical hemispheres (Figure 3.4C) using Levene’s test of variance (false

discovery rate-corrected P<0.05).

We also assessed differences in the distributions of gamma power at the peak frequency. Figure
3.4D-E shows an example of the distributions of gamma power across epochs of levodopa-
induced and entrained gamma oscillations in a single hemisphere. Entrained gamma oscillations
had higher overall power than levodopa-induced gamma oscillations in 12/14 cortical
hemispheres (Figure 3.4F) with independent t-tests (family discovery rate-corrected P<0.05).
Lastly, we assessed differences in the variance of the peak gamma power at the peak frequency
(see Figure 3.4G-H for a single-subject example). Entrained gamma oscillations had more
variance than levodopa-induced gamma oscillations in 11/14 cortical hemispheres (Figure 3.4l)
using Levene’s test of variance (false discovery rate-corrected P<0.05). Supplemental Figure

3.6 assesses these statistical comparisons for subcortical gamma oscillations. Supplemental
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Figure 3.7 assesses whether the difference between the entrained peak frequency and levodopa-

induced gamma frequency correlates to these statistical differences.

DISCUSSION

We investigated the relationship between levodopa-induced gamma oscillations and DBS-
entrained gamma oscillations in a cohort of 13 Parkinson’s disease patients with 993 hours of
recordings from an investigational, sensing-enabled neurostimulator. We studied stimulation-
entrained gamma oscillations in the same cohort of subjects in which we previously showed that
levodopa-induced gamma oscillations predict dyskinesia severity, prior to initiating
neurostimulation [5]. To investigate how DBS may alter the behavioral correlates of gamma
oscillations, we also concurrently collected wearable monitor recordings providing continuous
dyskinesia scores in three hemispheres during DBS amplitude increases up to clinically
therapeutic settings. Both pallidal and subthalamic stimulation entrained cortical gamma
oscillations in most patient hemispheres and stimulation could entrain gamma rhythms even in
hemispheres in which levodopa-induced gamma oscillations had not been previously identified.
Entraining levodopa-induced cortical gamma oscillations decreased their prodyskinetic
association. Entrainment by stimulation altered the peak frequency, frequency variance, and
mean and variance of gamma power spectral density, compared with levodopa-induced

oscillations in the off-stimulation state.

Physiologic and pathophysiologic role of narrowband gamma oscillations

For cortical functioning, it is crucial to differentiate between two types of gamma activities:
narrowband and broadband. Narrowband gamma rhythms in field potentials reflect underlying
oscillatory synchronization and have a peak in the field potential’s power spectral density, typically

within the 40-90 Hz range. Outside of the motor system, narrowband gamma rhythms are a
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ubiquitous feature of healthy neocortical function and represent rhythmic interactions between
excitatory neurons and inhibitory interneurons. On the other hand, broadband gamma activity,
sometimes called "high gamma," generally appears between 50-200 Hz and is associated with
movement initiation in the sensorimotor cortex [20]. It is a non-oscillatory phenomenon thought to
reflect the underlying asynchronous spiking activity [21]. Our study focuses on narrowband
gamma oscillations and was not confounded by underlying broadband changes because we

removed the aperiodic spectral component from each epoch.

While narrowband gamma oscillations have been extensively studied in rodents and nonhuman
primates, these investigations have primarily focused on networks unrelated to motor function
[22]. In the neocortex, gamma oscillations are primarily observed in the second and third layers
and are thought to reflect "bottom-up" sensory input, while alpha/beta oscillations, which are more
prevalent in layers five and six, indicate "top-down" cognitive control and typically show an inverse

relationship with gamma activity [23].

In rodent models of parkinsonism, narrowband gamma activity in the motor cortex has been
causally linked to the induction of dyskinesia by levodopa. Consistent with this, in chronic invasive
at-home recordings in humans with Parkinson’s disease, levodopa-induced cortical and

subthalamic gamma oscillations scale with dyskinesia severity [5].

Mechanisms of DBS-entrained gamma oscillations

Some small case series examining neurophysiological effects of neurostimulation have shown
that subthalamic DBS can entrain gamma oscillations in the motor cortex at a subharmonic
stimulation frequency, most commonly at one-half of the stimulation frequency [5,24,25], and has

since been modeled across a range of stimulation frequencies and amplitudes. The model
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predicts 1:2 entrainment across stimulation parameters in relation to the peak frequency of
levodopa-induced gamma oscillations, where a larger difference in levodopa-induced peak
gamma frequency and stimulation frequency requires more stimulation amplitude to entrain.
Furthermore, this model shows that 1:2 entrainment is nonlinear — as stimulation amplitude
increases, there is a transition from 1:2 to 1:1 entrainment, during which 1:2 entrainment is
subsequently lost [6]. While we captured positively correlated data from some subjects across
stimulation amplitude increases up to the maximal 1:2 entrainment (pt13), other subjects recorded
data during the transition to 1:1 entrainment, resulting in negative correlates (pt6)

(Supplementary Figure 3.5).

Our findings shed light on the circuit mechanism by which subcortical stimulation entrains cortical
gamma. One candidate mechanism for subthalamic stimulation-entrained cortical gamma is
antidromic activation of the hyper-direct pathway, which is known to occur in both rodent models
and humans [26,27]. However, we found that pallidal stimulation also entrains cortical gamma
oscillations, and the pallidum does not have a known hyper-direct innervation from the motor
cortex. Therefore, to account for entrainment phenomena induced by stimulation at either target,
it is more likely that the mechanism of entrainment is orthodromic (STN-internal pallidum-

thalamus-cortex).

Previously, entrainment at a subharmonic stimulation frequency was often dismissed as
artifactual, in part due to the lack of a physiological differentiating factor when considering this
signal over a short time period [28]. Recent findings have since shown that entrained gamma
oscillations have a physiological origin — entrained gamma amplitude fluctuates in accordance
with the medication cycle, is more prominent at a more distant site from the stimulating contact

than adjacent to it, and takes additional time to “wash out” when the stimulation is turned off [25].
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Our findings that entrained gamma power has more variance than levodopa-induced gamma
oscillations (Figure 3.4) further confirm that entrained gamma oscillations are not artifactual, but

tied to a physiological function.

Entrained gamma oscillations do not have a pro-dyskinetic effect

The major clinically effective treatments for Parkinson’s disease — dopaminergic medication [29],
DBS [24], and pallidal thermolesion [30] — induce narrowband gamma oscillations across various
structures in the motor network. While dopaminergic medication has been observed to induce
gamma oscillations that correlate with the severity of dyskinesia [5], treatments like pallidal DBS
[31] and thermolesion [32] typically suppress dyskinesia. This variance suggests that “all gamma
oscillations are not alike” in their tendency to produce a prodyskinetic state. Our findings that
entrained gamma oscillations appear in the majority of patients without a clinical history of
dyskinesia and that pallidal stimulation entrains cortical gamma oscillations at a similar rate to
subthalamic stimulation (Figure 3.2) suggests that entrained gamma oscillations may not be
prodyskinetic. In support of this, we found that dyskinetic episodes recorded by wrist-wearable
sensors tended to occur during periods without entrained gamma oscillations (Figure 3.3). This
is in contrast to the effect of levodopa-induced gamma oscillations, studied in the exact same

cohort of subjects with similar recording and analytic methods.

Understanding the statistical properties that differentiate entrained from non-entrained gamma
oscillations might resolve this apparent paradox and lead to novel therapeutic interventions.
Although the power of levodopa-induced gamma oscillations scales with the severity of
dyskinesia, entraining levodopa-induced gamma oscillations tend to increase their higher overall
power while reducing their prodyskinetic link (Figure 3.4), ruling out spectral power as the sole

differentiating factor. Another statistical difference lies in the frequency variance: levodopa-
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induced gamma oscillations have a larger variance in peak frequency than entrained gamma
oscillations, possibly because levodopa-induced gamma frequency is modulated by movement,
while entrainment locks gamma oscillations to a much more monotonous frequency [8]. Entraining
gamma oscillations to a subharmonic of the stimulation frequency typically shifts the peak gamma
frequency away from its “natural” resonant frequency in the basal ganglia thalamocortical loop,
unless a subharmonic stimulation frequency happens to fall exactly at the resonant frequency.

This shift may mitigate the prodyskinetic effects of levodopa-induced gamma oscillations.

Programming

As sensing-enabled stimulators are becoming widely available, oscillatory activity, such as beta-
band desynchronization, is increasingly used to guide stimulator programming [33]. Given that
some sensing-enabled stimulators can also detect gamma oscillations, understanding the effect
of entrainment on levodopa-induced gamma oscillations may improve programming protocols. To
effectively use gamma oscillations as a programming biomarker, future research should explore
the optimal relationship between entrained gamma frequency and the peak levodopa-induced
gamma frequency that best mitigates dyskinesia. In theory, various combinations of stimulation
amplitude and frequencies can achieve similar levels of entrainment [6]. Future studies could
benefit from investigating whether similar clinical outcomes are obtained from equivalent gamma
entrainment achieved through different stimulation settings. The impact of entrained gamma
oscillations on classic Parkinsonian motor signs, such as bradykinesia, rigidity, and tremor,

warrants further examination.

Limitations
The cross-subject correlations in this study were underpowered due to the relatively small number

of subjects, as is typical of invasive human studies. Our subject cohort with both entrained gamma
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oscillations and nonzero wearable dyskinetic scores was small (three hemispheres), the
wristwatch-style sensor captured only upper body dyskinesia and not leg dyskinesia. This study
uses a different wrist-wearable watch and dyskinesia algorithm from our previous study, which
compared levodopa-induced gamma oscillations to dyskinesia scores from PKG© watches. On-
stimulation chronic home recordings could only be done at the clinician-selected stimulation
settings, and we did not always find entrained gamma oscillations in the clinically therapeutic
stimulation settings. This may be because the clinical stimulation settings were not within the
range of settings that elicited entrained gamma oscillations for that subject, which could be further
investigated in shorter, in-clinic studies in which entrained gamma oscillations are mapped across
a wide range of stimulation settings [6]. The decreased likelihood of subthalamic gamma
oscillations to entrain relative to levodopa-induced gamma oscillations may have been due to the
limited recording montages available when recording from the same contact array used for
stimulation. Stimulation-induced entrainment was typically studied in bilaterally implanted
subjects with both sides activated, so we could not rule out the possibility that both contralateral

and ipsilateral entrainment effects occurred.
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FIGURES
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Fig. 3.1. Anatomic localization of recording contacts and signal processing pipeline
A) Cortical contact placement across subjects transformed onto a template brain, where each
contact is labeled by color. An example of cortical leads in an individual subject (pt13) on a
parasagittal (top row) and axial (bottom row) MRI. Each contact is labeled 1-4 in the anterior to
posterior direction. The green arrow points to the central sulcus. B, C) Location of subthalamic
(B) and pallidal (C) depth leads across subjects transformed onto a template brain. Each panel
contains an example of leads from pt13 and pt14 on an axial MRI showing the dorsal subthalamic
nucleus (B) and globus pallidus (C) at the anterior and posterior commissures. D) A single-subject
example (pt13 right hemisphere) of the peak gamma frequency is shown across all epochs for
each stimulation condition. The shaded regions represent one standard deviation. Prior to the
onset of stimulation, the peak gamma frequency is at 80 Hz (grey). After the stimulation frequency
is set to 130 Hz, the peak frequency shifts to one-half stimulation frequency, 65 Hz (orange). E)
A schematic that shows how gamma oscillations are quantified in each epoch: Flattened power
spectra are generated for each 2-minute neural recording epoch. Then, a threshold (horizontal
blue dashed line) is computed to determine whether an epoch contains an oscillation in the
gamma frequency band (frequencies from 60-90 Hz, which are included in the grey inset
rectangle) by calculating two standard deviations greater than the mean at the lowest gamma
frequency (60 Hz) across all epochs. Epochs with gamma are denoted with a horizontal green
bar. The gamma frequency with maximal power, which we refer to as the peak frequency (vertical
dotted black line) is denoted for each epoch with entrained gamma. The most commonly occurring
peak gamma frequency across epochs with entrained gamma (65 Hz) is then used as the peak
gamma frequency for analyses that are not epoch-specific (Supplementary Figure 3.6,

Figure 3.3).
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Fig. 3.2. Levodopa-induced and entrained gamma at chronic therapeutic settings
across subjects: presence, anatomical localization, and relation to the clinical
history of dyskinesia.

A, B) Contingency tables of the presence of cortical (A) and subcortical (B) entrained gamma
across implantation sites show that cortical entrained gamma is prolifically entrained with either
pallidal or subthalamic stimulation. (Figure caption continued on the next page)
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(Figure caption continued from previous page) C, D) Contingency tables of hemisphere counts
with the presence of levodopa-induced and entrained gamma at the cortical (C) and subcortical
(D) sites show that the presence of levodopa-induced gamma and entrained gamma do not
always co-occur. E, F) Contingency tables of subject counts relating the clinical history of
dyskinesia with the presence of entrained gamma at the cortical (E) and subcortical (F) electrode
sites show that the entrained gamma is likely to occur regardless of the clinical history of
dyskinesia.
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A Group-level distribution of cortical gamma power across
dyskinetic and non-dyskinetic epochs
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Fig. 3.3. The relationship of dyskinesia to entrained gamma across stimulation
amplitude increases.

A, B) Group-level distributions of normalized gamma power (linearly shifted such that non-
entrained values are negative) across epochs with cortical (A) and subthalamic (B) entrained
gamma, where epochs with dyskinetic episodes are red. The cortical bimodal distribution is due
to pt13’s left hemisphere is entrained at a higher amplitude than the other hemispheres.
Distributions of dyskinetic epochs show that 37/56 of the dyskinetic epochs occurred when cortical
gamma was not entrained (normalized gamma power < 0), and 46/62 of the dyskinetic epochs
occurred when subthalamic gamma was not entrained. C, D) Logistic regression shows that the
presence of entrained gamma can classify the absence of a dyskinetic episode with an average

area under the receiver operating characteristic curve of 0.69 for cortical (C) and 0.77 for
subthalamic (D) entrained gamma.

STN = subthalamic nucleus, DBS = deep brain stimulation
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Fig. 3.4. Spectral features of cortical levodopa-induced gamma and chronic
therapeutic entrained gamma: fluctuations in peak frequency and power

across epochs.

A) A single-subject example (pt13 right hemisphere, STN) is shown across epochs with detected
gamma oscillations for each stimulation state. Black arrows denote the distributions of peak
frequencies across stimulation conditions. The remaining aspects of the plot are equivalent to
Figure 3.1D. B) The same single-subject example from Figure 3.3A with probability densities of
peak gamma frequency across epochs with levodopa-induced gamma in the absence of
stimulation (grey) and stimulation-entrained gamma (orange). The levodopa-induced gamma
frequency distribution ranges across a wider set of frequencies in relation to the entrained gamma
frequency distribution. C) Group-level comparisons of the variance in peak gamma frequency

across epochs for each stimulation condition at the cortical site. (Figure caption continued on the
next page)
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(Figure caption continued from the previous page) Most subject hemispheres have less variance
in peak frequency after the onset of stimulation (green data points) using Levene’s statistic with
false discovery rate-corrected p-value < 0.05 across hemispheres. D) The same single-subject
example as Figure 3.3A, with horizontal dashed lines that denote the differences in mean gamma
power across stimulation conditions. E) The same single-subject example from Figure 3.3D with
box plots of the gamma power at peak frequencies across epochs with levodopa-induced gamma
(grey) and entrained gamma (orange) shows that entrained gamma power is larger than
levodopa-induced gamma power. F) Group-level comparisons of mean power at the peak gamma
frequency across stimulation conditions at the cortical site. Most subject hemispheres have more
entrained mean power (green data points) using independent t-tests with false discovery-rate
corrected p-value < 0.05 across hemispheres. A small subset of hemispheres have less entrained
mean power (red data points). G) The same single-subject example as Figure 3.3D, with vertical
arrows that denote the variance in mean gamma power across spectral epochs. H) The same
probability densities as Figure 3.3E with arrows that show how the variance in entrained gamma
is larger than the variance of levodopa-induced gamma. |I) Group-level comparisons of variance
in power across stimulation conditions at the cortical site. Most subject hemispheres have more
variance in entrained gamma power after the onset of stimulation (green data points) using
Levene’s statistic with false discovery rate-corrected p-value < 0.05 across hemispheres. A small
subset of hemispheres have less variance in entrained gamma power (red data points).

DBS = deep brain stimulation, STN = subthalamic nucleus
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TABLES

Table 3.1. Subject demographics

The UPDRS dyskinesia rating is from question UPDRS IVa 4.1. The UPDRS OFF-ON score is
the percent change in overall motor symptoms (UPDRS lll) between clinically defined off- and on-
medication states. The off-medication state is defined as 12 hours after withdrawal of
antiparkinsonian medication, and the on-medication state is defined as 30-45 minutes after a
supratherapeutic dose of carbidopa-levodopa.

UPDRS = Unified Parkinson’s Disease Rating Scale, MOCA = Montreal Cognitive Assessment,
OFF = off medication, ON = on medication, m = male, f = female, pt = subject, GP = globus
pallidus, STN = subthalamic nucleus

Motor signs Levodopa  Subject age UPDRS Neural recordings Neural recordings Wearable recordings

Study id (yrs) UPDRS (Off) UPDRSIV (mg) (yrs) Gender MOCA (OFF-ON) Implant site Implanted sides >5mo DBS onset 0-2mo DBS onset  0-2mo DBS onset
ptl 7 49 4 1425 54 m 26 0.9 STN bilateral Yes No No

pt2 9 66 1 900 66 m 29 0.64 GP unilateral Yes No No

pt3 19 45 1 955 63 m 30 0.51 STN bilateral Yes No No

pté 4 41 1 1314 40 m 30 0.65 STN bilateral Yes No No

pt5 12 44 2 2100 58 m 27 0.75 STN bilateral Yes No No

pté6 10 39 2 1755 48 m 27 0.59 GP bilateral Yes Yes No

pt7 13 89 0 1083 64 f 27 0.53 GP bilateral Yes No No

pt8 7 29 2 1525 71 m 26 0.58 STN bilateral Yes No No

pt9 10 34 2 800 58 m 28 0.73 STN bilateral Yes Yes No

ptio 4 31 0 1580 65 m 26 0.51 GP unilateral Yes Yes Yes

ptil 6 35 0 570 61 m 27 0.67 STN bilateral Yes Yes Yes

pti2 12 32 1 920 45 m 26 0.84 STN bilateral Yes Yes Yes

pti3 7 49 2 2031 67 m 27 0.76 STN bilateral Yes Yes Yes

pti4 8 49 0 1213 51 m 27 0.61 GP bilateral No Yes Yes

ptis 13 31 1 1036 73 m 28 0.67 STN bilateral No Yes Yes
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Table 3.2. Presence of levodopa-induced and entrained gamma across study
subjects.

The implantation sites and presence of levodopa-induced and entrained gamma at least 5 months
after deep brain stimulation onset (True or False) are shown across sites for all subject
hemispheres.

presence of pre-stimulation gamma presence of chronic entrained gamma
subject hemispheres implantation site cortical subcortical cortical subcortical
pt1l STN True True True False
ptir STN True True True False
pt2l GP True False True False
pt3l STN False False False False
pt3r STN True False False False
pt4l STN True False True True
pt4r STN True True True True
pt5I STN True True True False
ptSr STN True False True False
ptér GP True False True False
pt7l GP True False True False
pt7r GP True False True True
pt8l STN True True False False
ptol STN True False True False
pt10l GP False False False False
pt11l STN True False False True
pt1ir STN True False True True
pt12l STN True True True True
pt13l STN True True True True
pt13r STN True True True True
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SUPPLEMENTAL FIGURES

A Differences in entrained cortical gamma power across B Differences in entrained STN gamma power across
stimulation amplitudes throughout the subject cohort stimulation amplitudes throughout the subject cohort
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Fig. 3.5: The power of entrained gamma across stimulation amplitude increases

A, B) Comparisons of entrained gamma power across stimulation amplitudes at the cortical (A)
and subthalamic (B) sites from the cohort. Error bars are included with one standard deviation.
Gamma power in 5/5 hemispheres at the cortical site (A) differs across stimulation amplitudes
using Spearman’s rho with false discovery rate-corrected p-value<0.05 (green-labeled data
points) across subject hemispheres. Gamma power in two of the three subthalamic hemispheres

(B) did not differ (grey-labeled data points). Wearable dyskinesia data was also recorded across
a subset of annotated subjects (+).
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A Group-level variance in subcortical gamma across
epochs of each stimulation state
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Fig. 3.6: Spectral features of subcortical levodopa-induced gamma and chronic
therapeutic entrained gamma: fluctuations in peak frequency and power across epochs.
A) The same statistical comparison from Figure 3.3C for subcortical gamma. B) The same
statistical comparison from Figure 3.3F for subcortical gamma. C) The same statistical
comparison from Figure 3.3 for subcortical gamma.
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A, B) The same results from Figure 3.3C-D, with data points that are color-labeled by the
difference between the cortical (A) and subcortical (B) peak gamma frequency in the levodopa-
induced gamma oscillation and entrained gamma. (Figure caption continued on the next page)
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(Figure captaion continued from the previous page) Smaller differences are darker and larger
differences are lighter. C, D) The same results from Figure G-H, where the data points are color-
labeled using the same method as Supplemental Figure A-B for the differences in cortical (C) and
subcortical (D) peak gamma frequency. E, F) The same results from Figure 3.3K-L, where the
data points are color-labeled using the same method as Supplemental Figure A-B for the
differences in cortical (E) and subcortical (F) peak gamma frequency.
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Chapter 4:
Deep brain stimulation entrainment of gamma oscillations can be modelled

by neuronal population models

INTRODUCTION

Deep Brain Stimulation (DBS) is a form of invasive neuromodulation, where electrical impulses
are delivered to specific brain regions by implanted electrodes. In the context of Parkinson's
disease (PD), high-frequency DBS (130-180 Hz) is primarily used to alleviate motor symptoms
(bradykinesia, rigidity and tremor [1-2]) when medications provide inadequate benefit. While a
diverse range of effects of DBS have been observed in both behavior and neuronal rhythms, the

mechanisms underlying these responses are not fully understood.

Activity in the gamma band (approximately 30 to 100 Hz) has become a target for
neuromodulation as it is associated with various cognitive performance features [3] as well as
motor control [4]. However, it is necessary to distinguish between broadband gamma and finely-
tuned gamma (FTG). While broadband gamma reflects neuronal spiking activity over a broad
frequency range (which can be as wide as 30-200 Hz), FTG represents narrowband oscillatory
activity with a peak frequency between 60-90 Hz [5, 6]. Here, we will be focusing on FTG
oscillations, which were first revealed through invasive recordings of the basal ganglia in PD
patients on antiparkinsonian medications [7, 8]. These have been thought to represent a
“prokinetic” brain rhythm, in contrast to “antikinetic” beta rhythms (13-30 Hz). Recently, prominent
FTG oscillations have been found during invasive recordings from motor cortical areas in PD [5,
9, 10], and may be associated with dyskinesias. Additionally, similar cortical oscillations have

been observed in rat models of dyskinesia [11, 12].
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Entraining FTG in patients with PD has potential to be beneficial (in the absence of dyskinesia).
Transcranial alternating current stimulation (tACS) at gamma frequency was observed to increase
motor velocity in PD, while tACS at beta frequency saw it decrease [13]. It was hypothesized that
entrainment (specifically 1:1 entrainment at stimulation frequency) of both gamma and beta
oscillations would explain this observation by enhancing “prokinetic” and “antikinetic” rhythms,
respectively. Additionally, a shifted FTG peak frequency has been noted in the motor cortex in
response to high-frequency DBS of the STN [5, 10, 14]. The gamma peak, off-stimulation between
65 and 80 Hz, locks to the half harmonic of stimulation, corresponding to 1:2 entrainment.
Together, these studies suggest that the entrainment of FTG by DBS could play a role in
ameliorating PD-associated motor symptoms. Moreover, the half-harmonic lock indicates that the
response to stimulation is complex and goes beyond entraining rhythms solely at the frequency
of stimulation or suppressing them. However, there is currently no theoretical understanding of
1:2 gamma entrainment in PD and generally no framework to predict the occurrence of specific

entrainment regimes in response to brain stimulation.

In this study, we use a model-based approach that utilizes chronic invasive cortical recordings in
PD patients to predict the properties of entrainment of cortical activity by basal ganglia DBS. We
postulate that by constraining the parameters of a neuronal population model, it will be possible
to predict stimulation parameters that lead to 1:2 gamma entrainment for patients with off-
stimulation (medication induced) FTG. We provide a theoretical introduction to 1:2 gamma
entrainment through the concepts of Arnold tongues (regions of entrainment in the stimulation
frequency and amplitude space) and rotation number (the ratio of the average number of
oscillation cycles to stimulation pulses). We proceed to develop a patient-specific approach by
fitting a model representing interacting neural populations, the Wilson-Cowan model, to features
of invasive chronic electrocorticography (ECoG) data recorded off stimulation from patients with
PD. Using the fitted-models, we predict the regions of 1:2 entrainment in the stimulation parameter
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(frequency and amplitude) space. We proceed to verify key features of the 1:2 entrainment
regions with follow-up recordings from the same patients. Lastly, these results are discussed and

the implications are highlighted for future stimulation therapies.

METHODS

Arnold tongues and rotation number

The frequency locking (entrainment) behavior of a neural rhythm to external stimulation across
stimulation frequency and amplitude can be described by Arnold tongues [15]. Arnold tongues
are the regions in the stimulation frequency and amplitude space where frequency-locking occurs.
Frequency locking is observed when a rotation number of the form p:q, where p and g are coprime
integers (i.e. no integer other than 1 divides both p and q), is maintained for several stimulation
periods. In general, the rotation number may not be a ratio of integers (it is a ratio of integers only
when there is frequency locking), and corresponds to the average number of oscillatory cycles
achieved by the rhythm between two periodic pulses of the driving stimulation.

Previously, Arnold tongues have been used to describe 1:1 entrainment in response to
noninvasive neuromodulation [16-19]. Depending on the system considered and the stimulation
waveform, Arnold tongues can theoretically exist for various rotation numbers, including p:q with
large p and/or gq. However, in real systems, often only the tongues corresponding to the most
stable rotation numbers, with low p and q values, will be observed. Arnold tongues often have
different shapes for different dynamical systems. Generally, an Arnold tongue expands in width
across larger frequency ranges as stimulation amplitude increases. This continues up until an
amplitude where the tongue may border a region with another frequency-locking ratio or lose

entrainment altogether.
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Data collection

Human neural data were collected from three patients with Parkinson's disease (Table 4.1).
Cortical data off-stimulation were collected to fit the Wilson-Cowan model. On-stimulation data
(subcortical stimulation) at variable stimulation frequencies and amplitudes were then used to
validate predictions from the fitted model. Patient clinical symptoms assessed 90 days pre-
operation are summarized in Table 4.2. Patients were selected for participation in this study
based on the presence of a peak in gamma band activity in the primary motor cortex off-
stimulation (which is a necessary condition to fit a model to off-stimulation gamma activity).
Patients were diagnosed with idiopathic Parkinson's disease by a movement disorders
neurologist and underwent DBS surgery of either the subthalamic nucleus (STN) or globus
pallidus (GP). Target choice was based on the patients' neuropsychological test results, which
indicated pallidal implantation for patients with mild cognitive impairment or history of clinical
depression [20, 21]. Patients were bilaterally implanted with the Medtronic Summit RC+S
bidirectional neural interface (clinicaltrials.gov identifier NCT03582891, USA FDA investigational
device exemption number 180097, IRB number 18-24454) quadripolar cylindrical leads into
subcortical nuclei (Medtronic model 3389 or 3387 for STN and pallidum, respectively), and
subdural paddle-type leads over the primary motor cortex in the subdural space (Medtronic model
0913025), see Figure 4.1 A1-3 for RCS02, Figure 4.1 B1-3 for RCS10 and Figure 4.1C 1-2 for
RCS18. Implantations of subcortical leads were performed using frame-based stereotaxy, and
confirmed by intraoperative cone beam CT and microelectrode recording (MER) in the awake
state using standard methods in RCS02 and RCS10 [22], and by intraoperative cone-beam CT
alone in RCS18 [23]. For RCS10, the active contact array was localized in the GP using MER
mapping of single-unit cells to traverse the postero-lateral regions of the external globus pallidus
(GPe) and globus pallidus internus (GPi), Figure 4.1B1. For RCS02, the motor territory of the
STN was confirmed by eliciting movement-related single-cell discharge patterns during MER
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when the DBS lead was placed with the middle two contacts in dorsal STN. Surgical placement
of subdural cortical paddles has been previously described in detail [24]. Similar to subcortical
contacts, localization of subdural paddles was confirmed by computationally fusing a

postoperative CT scan to the preoperative planning MRI scan, see Figure 4.1.

Prior to the initiation of standard therapeutic DBS, we recorded four-channel LFPs of the cortical,
and pallidal (n = 1) or subthalamic (n = 2) sites of each hemisphere between two and four weeks
post implantation. The data were streamed from patients during normal activities of daily living
and while on their schedule of antiparkinsonian medication. Only the cortical prestimulation data
were used to fit the model. The recording methods and data processing were similar to those
described by Gilron et al. [10]. Briefly, neural data were recorded from subcortical (STN or GP,
as per patient's DBS target; Figure 4.1A1, B2, C1) and cortical (contact pairs 11-9 and 10-8 for
RCS02, 11-10 and 9-8 for RCS10 and RCS18, Figure 4.1 B3, C2) sensing electrodes via a
patient-facing graphical user interface application. Neural data were collected at 250 Hz. The
Summit RC+S has two onboard filters applied after digitization that were set to a high pass of
0.85 Hz and a low pass of 450 Hz before amplification followed by 1700 Hz low pass filter after

amplification.

After several months of continuous subthalamic (n = 2) or pallidal (n = 1) stimulation at clinically
optimized parameters, we conducted a follow-up in-clinic recording session with each subject in
their on-medication state to validate the initial model predictions. During recordings, we cycled
through a range of stimulation frequencies and amplitudes to further explore the DBS parameter
space (Table 4.1). In each participant, we delivered stimulation at their clinical contact in the STN
or GP, while recording from cortical sensing contacts 11-10 and 9-8. In each trial, we tested a
single frequency-amplitude combination for 30 seconds while the patient was at rest. Sessions
lasted two to three hours, and the number of data points collected was different in each patient
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due to patient fatigue. While it is not clear if fatigue plays into 1:2 entrainment, the testing order
of stimulation parameters was not predetermined, making the point at which each tongue
boundary was tested effectively random. In particular, the top tongue boundaries were not tested
only later in the sessions when we would expect fatigue to be higher. It should also be
acknowledged that non-stationary medication levels, associated with intermittent medication
intake, could affect 1:2 entrainment at certain stimulation parameters. Filter settings for cortical

contacts were the same as during off-stimulation recordings.

RESULTS

We fit the Wilson-Cowan model, a model of interacting neuronal populations, to prestimulation
ECoG recordings in three patients with PD. Using the fitted models, we predicted for each patient
the stimulation parameters leading to 1:2 entrainment of FTG. We then verified these predictions

in follow-up on-stimulation recordings from the same patients.

Prediction of 1:2 entrainment of FTG using a fitted Wilson-Cowan model

For all patients, the Wilson-Cowan model fitted to the patient's prestimulation cortical FTG
successfully reproduced all three FTG features. The top ranked model parameter sets had
average R2 values (across 50 simulations) of 0.961, 0.944 and 0.868 for RCS02, RCS10 and
RCS18 respectively, with good or satisfactory fits across all three The fitted models oscillate at
the patient's FTG natural frequency (between 75-80 Hz in the absence of stimulation).

In the presence of low amplitude stimulation, all three models display a 1:2 Arnold tongue (i.e.
entrainment region) around a stimulation frequency between 150-160 Hz (the 1:2 tongue stems
from twice the natural frequency of the model). This is shown by the green 1:2 Arnold tongue in
Figure 4.2 A, D and G, which correspond to a region of 1:2 entrainment (constant rotation number

of 0.5). The 1:2 Arnold tongue is bordered by a larger zone of 1:1 entrainment, indicated by the
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red regions. When stimulation is provided at 130 Hz (indicated by the black line), the excitatory
population can be entrained at 65 Hz for a range of stimulation amplitudes. In all three fitted
models, the 1:2 tongue is left leaning (more of the tongue is to the left of the frequency it stems
from, see Figure 4.2 A, D and G), which suggests that stimulation frequencies lower than the
stem of the tongue are more likely to lead to 1:2 entrainment. The range of stimulation frequencies
that can give rise to 1:2 entrainment (given an appropriate stimulation amplitude) is the narrowest
in RCS02 (110-160 Hz), and the broadest in RCS18 (60-160 Hz). In all cases, we note that
increasing stimulation amplitude above a certain value will result in the loss of 1:2 entrainment.
The left lean of the 1:2 Arnold tongues does not depend on whether stimulation is applied to the
inhibitory population or the excitatory population. Additionally, the 1:2 entrainment region exhibits
a left lean regardless of whether the stimulation being applied is in the form of a single time step
pulse train, pulse trains with various recharge durations or more complicated waveforms.
Additionally, the fitted Wilson-Cowan models predict that the highest spectral peaks will occur at

the lowest frequencies for which 1:2 entrainment arises, as seen in Figure 4.3 B, E and H.

DISCUSSION

Here, we studied entrainment of cortical FTG by basal ganglia deep brain stimulation, using a
computational model in conjunction with sensorimotor cortex ECoG sensed from chronically
implanted bidirectional interfaces in three patients with PD. We show that through fitting a model
of interacting neuronal populations to off-stimulation data, we can predict the region of stimulation
parameters (frequency and amplitude) for which 1:2 entrainment is possible. Our model predicts
that 1:2 entrainment is lost when stimulation amplitude is increased above a certain value.
Furthermore, the 1:2 Arnold tongue is generally left leaning, implying that 1:2 entrainment can be
achieved for stimulation frequencies markedly lower than twice the frequency of the natural
gamma rhythm, but not for frequencies markedly higher. Lastly, the model further predicts that
there would be a greater entrained gamma power at lower stimulation frequencies that result in
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1:2 entrainment. Data recorded during therapeutic neurostimulation, after the modelling results
were obtained, showed 1:2 Arnold tongues that generally validate these predictions. Hence, the
model can capture a range of sub-harmonic entrainment features without being constrained by
entrainment data. The work indicates that effects of DBS at clinically relevant stimulation
parameters can be understood using the conceptual framework of a mathematical model
representing interacting neural populations being externally perturbed by the periodic

neurostimulation.

Entrainment and adaptive DBS

By solely analyzing the presence of 1:2 entrainment, we avoid the prominent artifact at stimulation
frequency. Hence, this analysis of the data provides a valuable insight into the neuronal
responses to stimulation. Bounding the 1:2 tongue from above, as we lose 1:2 entrainment at
increased stimulation amplitudes (all three patients at 150 Hz), provides further evidence that the
gamma peak at half stimulation frequency is unlikely to be artifactual. This is aligned with the
model prediction that 1:2 entrainment will be lost when amplitude is increased beyond a certain
point. Additionally, the model predicts that parameter changes that result in the loss of 1:2
entrainment would see a transition to 1:1 entrainment. However, the presence of 1:1 entrainment

is difficult to assess as the resulting power spectral peak can be masked by the stimulation artifact.

1:2 entrainment presents opportunities for adaptive deep brain stimulation (aDBS). aDBS relies
on a closed-loop control policy where a biomarker is used to adjust DBS parameters. Cortical
gamma-band activity was shown to be a promising candidate biomarker for aDBS [5], [10], and
stimulation-entrained gamma has been used to control clinically successful aDBS [26].
Additionally, entrainment in the gamma frequency band has been linked with dyskinesia [5].

Moreover, 1:2 entrainment has an entirely predictable frequency, which simplifies implementation,
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particularly for chronic devices with limited spectral recording frequency bands (such as the

Medtronic Percept).

Entrainment in the Wilson-Cowan model

1:2 entrainment is not an intrinsic property of the Wilson-Cowan model (large regions of parameter
space do not lead to 1:2 entrainment). Additionally, if the parameters of the Wilson-Cowan model
do produce 1:2 entrainment, the 1:2 tongue can also be right leaning or symmetrical about the
central frequency. Hence, the parameters of the Wilson-Cowan model need to be tuned to
reproduce the data. Among the top-ranked Wilson-Cowan fits, there is some variability between
the parameter sets and the corresponding entrainment predictions. This demonstrates that the
model parameters are non-identifiable. However, as the best fits converge on results that all
include a left leaning 1:2 tongue and given the validation of some of the model predictions by
follow-up recordings, we can conclude that the fitted model remains a good candidate to make
predictions for future investigations. It would be possible to fit Wilson-Cowan model parameters
to on-stimulation entrainment data, which may or may not reproduce off-stimulation data. This is
not something we are investigating as more value is provided by predicting the response from off-

stimulation fits.

While only 1:2 entrainment is investigated here, entrainment will occur at other sub-harmonics of
stimulation if there is a neuronal rhythm present to entrain and the corresponding Arnold tongue
is large enough to encompass the neuronal rhythm. Similarly to 1:2 entrainment, sub-harmonic
entrainment at every harmonic of stimulation is not an intrinsic property of Wilson-Cowan models.
However, other sub-harmonic entrainment ratios can be observed for certain model parameter
sets. By increasing stimulation frequency, for example to around 225 Hz, it would be possible to

investigate other sub-harmonic entrainment ratios such as 1:3 entrainment of the FTG rhythm.
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The observation of the highest spectral peaks occurring at the lowest frequencies of stimulation
in the model may be somewhat counter-intuitive, since one could expect more stimulation energy
to provide more oscillatory power. However, due to the increased time between successive pulses
of stimulation at lower frequencies, the trajectory of the population activity covers a larger distance
in phase space. This means that the range of values that activity reaches for each population is
greater, producing a higher power spectral peak for the given resultant frequency. Population
activity having a larger range can also be interpreted as there being greater synchrony of neurons
within the populations, as increased peak firing rates and decreased minima suggest more

neurons are firing together.

Because the endogenous FTG is stronger for RCS02 and stimulation amplitude is lower, more
variability in the on-stimulation entrained power is expected, which may explain the worse model
performance for this patient (Figure 4.2). Specifically, the off-stimulation features of RCS02 show
a higher gamma peak in the PSD, a larger peak amplitude of the envelope PDF, and a shallower
slope at lower amplitudes of the envelope PDF than RCS10 and RCS18. Therefore, it is expected
to be more difficult to perturb the underlying oscillators away from the natural gamma frequency
of the network, which leads to a 1:2 tongue with a much smaller width over the stimulation
frequency axis. Given that the stimulation amplitude used for RCS02 is also smaller than for the
other patients (see Figure 4.2), the strength of the endogenous FTG relative to stimulation
amplitude is significantly greater, and natural fluctuations in the endogenous FTG have a larger
impact on the power measured. This leads to more variability in Figure 4.2C and a worse
correspondence with the fitted model. However, the fitted model still manages to predict a 1:2
tongue with a smaller area and a significantly lower top boundary compared to the other models,
as observed in the entrainment data. Hence, the model can predict features of the 1:2 tongue

even with stronger endogenous rhythms.
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Our modelling approach is based on ECoG recordings, but alternatives could be explored in future
work. While non-invasive electroencephalography (EEG) has been used to study cortical gamma
cross-frequency coupling with DBS [25], ECoG recordings have a markedly better signal-to-noise
ratio. Thus, whether FTG features obtained from EEG are sufficiently accurate to enable reliable

FTG entrainment predictions through model fitting requires further investigation.

Study limitations

As a pilot study, there was no systematic mapping of tongue boundaries, with large regions of
untested parameters for some patients and a non-standardized approach to selecting stimulation
parameters. Both shortcomings will be the focus of further investigations. However, extensive
mapping of the 1:2 Arnold tongue boundary may be limited by patient fatigue and discomfort as
some parameters tested are subtherapeutic and thus likely to lead to brief exacerbation of motor
signs. In particular, there are relatively few data points to show the disappearance of 1:2
entrainment at high stimulation amplitudes (see Figure 4.2C F, and I). At these higher amplitudes,
patients often experienced adverse effects which could be mildly unpleasant. Hence, following
the documentation of loss or reduction of entrainment, higher amplitudes were not explored
further. Provided these adverse effects can be better mitigated, the disappearance of 1:2

entrainment at high stimulation amplitudes will be confirmed in future studies.

Additionally, the absence of data on the clinical significance of gamma entrainment is a major
limitation of this study and will be a focus for future work. However, Oehrn et al. recently reported
that FTG power entrained at the half stimulation harmonic can predict hyperkinetic states in PD
patients at home, and was identified as the optimal control signal for aDBS aimed at reducing

residual motor fluctuations [40]. FTG-controlled aDBS resulted in improved motor symptoms and
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quality of life during normal daily activities at home compared to standard-of-care continuous

stimulation.

Given that ECoG data represents the activity of populations of neurons, the Wilson-Cowan model
(a neural population model) is the appropriate level of description for this type of data. However,
this doesn't allow us to observe or model the behaviour of individual neurons in response to
stimulation and during 1:2 entrainment. Our approach is nonetheless adequate to predict
stimulation parameters leading to 1:2 entrainment. Additionally, we have not included a population
to represent the basal ganglia in our model. This was because there was no consistent subcortical
off-stimulation gamma peak to fit a Wilson-Cowan network to for these patients. Subcortical
narrowband oscillations in the basal ganglia have been recorded in long term recordings in other
patients [10]. It may also be possible to observe 1:2 entrainment in the subcortex and while this
study only considers cortical populations, the methodology presented here can be translated to
any network of interacting excitatory and inhibitory populations of neurons. Furthermore, we did
not consider plasticity in our model. While short-term response to stimulation (such as during the
follow-up on-stimulation recordings reported here) can be described by models without plasticity,
the several months of chronic stimulation between the prestimulation and follow-up recordings

are likely to have led to plasticity, which we did not account for here.

The orthodromic projections from STN or pallidum to cortex are all polysynaptic, and whether the
effect of basal ganglia DBS on cortex is excitatory or inhibitory is not well understood. There exist
strong connections from STN to GPe [27], [28] and direct GABAergic projections from ChAT
(choline acetyltransferase) and prototypic neurons from the GPe to the cortex [28]. Hence,
stimulation from these two sites may act primarily on inhibitory populations of the cortex. However,
there is not sufficient understanding of the effects of DBS on the basal ganglia as well as the
exact nature of the projections from the basal ganglia to the cortex. It is also unclear how
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antidromic activation of the stimulation targets would effect the motor cortex. To accommodate
for this uncertainty, we consider DBS with both GABAergic and glutamergic tendencies.
Stimulation to our fitted models consistently produces 1:2 entrainment with a left leaning tongue
regardless of the population being stimulated. Hence, this choice is inconsequential and the
presence of 1:2 entrainment is more specific to the dynamics of the cortical populations than the

excitatory bias of the stimulating pulse.

Implications

This work demonstrates that brain rhythms can have nonlinear responses to stimulation, such as
entrainment at harmonics of stimulation frequency, and non-monotonic rhythmic responses to
stimulation amplitude. We argue against the simple view that only brain rhythms close to the

stimulation frequency can be entrained (through 1:1 entrainment).

These findings might have implications across frequencies. 1:1 entrainment has been reported
for example in the alpha band through single pulse transcranial magnetic stimulation when
treating depression [16], with rhythmic visual stimulation [17], and with tACS [29]. If rhythms can
lock to harmonics of stimulation frequency, as supported by this study, it is possible that current
stimulation protocols targeting any frequency band could induce unexpected responses at sub-
or supra-harmonics of the stimulation frequency. Thus, when designing stimulation protocols one
should be aware of potential ramifications of stimulation on neuronal rhythms at multiple
frequencies. For instance, stimulation targeting lower frequency oscillations, such as beta
rhythms, may be able to entrain gamma at a 2:1 rotation number, or even alpha at a 1:2 rotation
number. Similar considerations have been employed when designing stimulation protocols in a
canine with epilepsy [30]. More recently, a principled approach to selectively promote rhythms
close to the stimulation frequency while preventing entrainment at sub- and super-harmonics was

put forward in [31].
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FIGURES

Fig. 4.1. Contact localization across three subjects.

The patients are presented as RCS02 (A1-3), RCS10 (B1-3) and RCS18 (C1 and 2). (A1-3, B2-
3, C1-2) Localization of contacts with a postoperative CT scan that is computationally fused with
the preoperative planning MRI scan. (A1 and C1) subthalamic nucleus (STN) lead on a T2-
weighted MRI scan. In C1, the red dot indicates the left STN lead. (A2-3, B3, C2) Quadripolar
subdural paddle lead on sagittal T1-weighted MRI shows the relationship between the central
sulcus (red arrow) and contacts (white numbered arrows). For RCS10 (A2-3) and RCS18 (C2),
contacts 11 and 10 were both over the pre-central gyrus whereas contact 9 was on the post-
central gyrus. RCS02 (B3) was implanted slightly more anteriorly and contacts 9 and 10 were on
the pre-central gyrus and 11 on the superior frontal gyrus. (Figure caption continued on next page)

103



(Figure caption continued from previous page) (B1) globus pallidus (GP) contact localization
(black numbered rectangles) with respect to the boundaries of the internal globus pallidus (GPi)
(yellow) and external globus pallidus (GPe) (blue) as defined by micro-electrode recording
mapping of single-unit cells (black dots). (B2) GP lead on an axial T2-weighted MRI, which
visualizes the GP as regions of T2 hypointensity (GPe highlighted by a white contour).
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Figure 4.2: Testing model predictions of a cortical circuit’s response to an external
stimulus using human neural data during neurostimulation. Stimulation frequency is the
horizontal axis for all panels, while stimulation amplitude is the vertical axis for all panels.
Stimulation amplitude has arbitrary units (a.u.) for all model panels (A, B, D, E, G, and H) and is
in mA for the data panels (C, F and I). Panels A-C are for RCS02, D-F for RCS10 and G-I for
RCS18. Panels A, D and G have colour scales indicating the rotation number (as explained in the
Arnold tongues and rotation number section) resulting from the stimulation parameters at that
point, where 1:1 entrainment is in red and 1:2 entrainment is in green. For these panels, the black
line indicates the 130 Hz stimulation condition used in [5], [14]. (A, D, G) The entrainment field of
the Wilson-Cowan model with the top ranked parameters. The stimulation applied is a single time
step pulse with no recharge. (B, E, H) The maximum height of the entrained peaks as predicted
by the top-ranked Wilson-Cowan model fit, calculated as laid out in the Providing stimulation and
entrainment analysis in the model section. (Figure caption continued on the next page)
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(Figure caption continued from the previous page) The grey rectangles indicate comparable
stimulation parameter ranges to those used in the variable stimulation response data, with
stimulation amplitude scaling calculated as outlined in the Correspondence between stimulation
amplitude in the model and in the data section. (C, F, I) The height of entrained peaks obtained
from patient recordings for a series of different stimulation parameters. Circles display peak height
(represented by the color scale) of parameters that displayed entrainment (as seen e.g. in insert
F1), while black triangles are for parameters that did not display entrainment (as seen e.g. in
insert F2). The occurrence of both a black triangle and a circle at the point (140 Hz, 1.4 mA) in
panel C and point (150 Hz, 2.5 mA) in panel F indicate intermittent entrainment, hence, this will
likely be on the boundary of the tongue. Inserts F1-3 and 11-2 show the logarithm of PSDs over
frequencies around half the stimulation frequency. For inserts 11-2 the grey arrow and line indicate
stimulation parameters where 1:2 entrainment was observed and black where it was not.
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TABLES

Table 4.1. Patient information summary.
LEDD: levodopa equivalent daily dose, UPDRS: Movement Disorders Society Unified Parkinson's
Disease Rating Scale, UPDRS (off-on): percent change off vs on medication, STN: subthalamic
nucleus. “Time of charting” refers to on-stimulation data collection to test model predictions.
*RCS18's right lead was deactivated during testing since it was recently reimplanted and
undergoing clinical optimization.

Patient RCS02 RCS10 RCS18
Age (years) 54 64 67
Disease Duration (years) 7 13 7
Gender M F M
LEDD (mg/day) 1425 1083 2031
UPDRS-III off med 49 89 49
UPDRS (off-on) 90% 53% 76%
DBS Target STN Pallidum STN
Duration of chronic DBS prior to 30 10 7

collection of entrainment data

(months)

Clinical Stimulation Settings

Titration Ranges

R: 1-C+, 2.6 mA, 60 ps, 130
Hz L: 2-C+, 2.4 mA, 60 ps,
130 Hz

R/L: Freq.: 110-170 Hz,
Amp.: 0.7-3.1 mA

R: 1-2-C+, 5.0 mA, 90 ps, 150
Hz L: 2-C+, 5.0 mA, 90 ps,
150 Hz

R/L: Freq.: 130-150 Hz, Amp.:
0-6.5 mA

R: 2-C+, 2.3 mA, 60 ps, 130
Hz L: 2-C+, 2.4 mA, 60 ps,
130 Hz

R: OFF* L: Freq.: 40-180 Hz,
Amp.: 0.9-4.3 mA
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Table 4.2. Patient clinical symptom summary.
All assessments were done 90 days pre-operation. A few supplemental sub-scores are included
(*MDS-UPDRS Part IV,** sum of all MDS-UPDRS-III tremor scores for each side, off medication).

' UPDRS IIT | UPDRS TII % change time with Ij”unt:timl&l OFF-med
Patient OFF-med ON-med UPDRS dyskineasia* impact of tremor
when ON dykinesia* score™*

RCS02 49 5 90% 4 0 L:2;R: 0

RCS10 89 42 53% 0 0 L:9; R: 11

RCS18 30 7 76% 2 1 L: 1; R: 1
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